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Abstract 

The formation of new particles from gas phase condensation has been shown to significantly 

enhance concentrations of cloud condensation nuclei (CCN) in the Earth's atmosphere.  Particles 

that have grown to CCN size contribute significantly to Earth's radiation balance. And particle 

nucleation has been observed throughout the atmosphere in varying meteorological conditions.  

Yet the chemical processes involved in particle nucleation are not well understood. Sulfuric acid 

has long been recognized as a contributor to new particle formation.  However, sulfuric acid 

condensation alone cannot account for high particle production and growth rates observed in 

many regions of the atmosphere. Scientific understanding of these processes has been limited by 

available instrumentation and the chemical complexity of the atmosphere.  A novel Chemical 

Ionization Mass Spectrometer (cluster-CIMS) has been developed, in collaboration with 

colleagues at the National Center for Atmospheric Research, to characterize homogeneously 

nucleated molecular clusters produced in a controlled laboratory environment.  The cluster-CIMS 

gently ionizes neutral molecular clusters for quadrupole mass filtration with a minimum of 

disturbance to cluster composition. It is capable of characterizing particles from molecular sizes 

up to 1.5 nm in diameter with a resolution of +/- 1 amu.  A climate controlled photochemical 

reaction chamber, designed as a 1000 L batch reactor, was built to produce nucleated molecular 

clusters at atmospherically relevant conditions.  Laboratory experiments were conducted to 

elucidate potential molecular candidates for particle nucleation.  The role of amines in particle 

formation was experimentally examined after atmospheric observations revealed enhanced 

sulfuric acid nucleation rates in the presence of amine compounds.  Experimental results obtained 

with the cluster-CIMS, as well as other aerosol instrumentation, support the hypothesis that 

amines enhance sulfuric acid nucleation rates. 
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Chapter 1 

Introduction to Particle Nucleation 
 

1.1 Objectives 

The intent of this research was to further elucidate the chemical and physical 

characteristics of nucleation in the atmosphere. Binary (H2SO4-H2O), and ternary 

(H2SO4-H2O- amine) systems were investigated to determine the extent to which amines 

and other photochemically produced organic species contribute to atmospheric 

nucleation. The specific research objectives achieved were:     

• The design and construction of a photochemical reaction chamber with 

controllable temperature, relative humidity, and precursor concentrations to 

clarify what role amines or oxidized organic species play in atmospheric 

nucleation and particle growth.  

• The laboratory nucleation and growth of stable neutral molecular clusters from 

photochemically reacted precursor gaseous species, under physically relevant 

conditions, and precursor concentrations typical of those measured during robust 

nucleation events in the continental troposphere.  

• The design and construction a chemical ionization mass spectrometer (CIMS) 

capable of observing stable neutral molecular clusters consisting of sulfuric acid 

molecules and associated amine molecules. 

• The measurement of particle size distributions from molecules and freshly 

nucleated clusters, up to “detectable” particle sizes.  The cluster-CIMS will 
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measure cluster distributions in the 0-1 nm size range, i.e. clusters that contain 

from one to six sulfuric acid molecules along with associated basic compounds. A 

new aerosol mobility spectrometer will measure particle distributions from 1 to 3 

nm.  This is the first time such measurements have been reported in laboratory 

experiments. 

• The use of laboratory results to elucidate chemical processes responsible for 

nucleation in the atmosphere. 

•  

Future work with the cluster-CIMS and Photochemical Reaction System include: 

• Perfection of chamber materials and methods.  In particular, a replacement 

material for Teflon film to minimize reactant species absorption into chamber 

walls. 

• Continued exploration of the role of amines and photochemically produced 

organic species in particle nucleation and growth. 

• Application of nucleation theories to steady state particle distributions formed in 

the reaction chamber and measured by the cluster-CIMS and sizing 

instrumentation.  This will require further quantification of cluster-CIMS size and 

charge dependent response factors.  

The ultimate goal is to obtain laboratory measurements that may aid in the development 

of more physically realistic nucleation and growth models. 
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1.2 Aerosol Definitions 

Aerosols in the atmosphere are separated into two primary groups based on particle 

size: fine particles and coarse particles (Figure 1.1).  Particles with diameters greater than 

2.5 µm are defined as coarse particles.  Particles with diameters less than 2.5 µm are 

defined as fine particles.  The accumulation mode, largest in the fine particle range, 

describes particles with diameters between 0.1-2.5 µm.  Particles smaller than 0.1 µm are 

called ultrafine particles and are split into two modes, nucleation and Aitkin modes.  

Aitkin mode includes particles between 0.01-0.1 µm and nucleation mode includes 

nanoparticles and molecular clusters less than 0.01 µm (<10 nm) (McMurry, Shepherd 

and Vickery, 2004).  Nucleation mode molecular clusters are formed by gas phase 

condensation. Ultrafine particles grow rapidly by condensation of monomer onto the 

cluster and/or coagulation of clusters onto one another.  Beyond 1 µm particle growth 

slows significantly (Jacob, 1999). Thus most coarse particles are the result of mechanical 

surface abrasion.   

 



 

Figure 1.1 Particulate aerosol modes based on particle diameter.
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atmosphere, relative to the species equilibrium saturation vapor pressure (Meszaros, 

1999).  The ultimate goal of this research is to observe nucleation on the molecular level, 

which may support classical theories or may point to alternative theories of nucleation.   

One such theory that the research presented here-in began to investigate is the ability of a 

secondary species, amine compounds in this case, to stabilize small sulfuric acid clusters 

and thus allow them to nucleate below strict supersaturation concentrations. 

   Heterogeneous nucleation refers to the condensation of atoms or molecules onto 

existing aerosol particles.  Homogeneous nucleation increases the number of aerosol 

particles, while heterogeneous nucleation increases the size of existing aerosol (Weber, 

1999).  

 

1.3 Aerosol Climate Forcing 

The latest Intergovernmental Panel on Climate Change (IPCC) assessment states that 

it is “extremely likely”, meaning a greater than 95% probability, “that humans have 

exerted a substantial warming influence on [Earth’s] climate” (Forster et al. 2007).  

Aerosols may warm or cool depending on particle composition – for example black sooty 

particles absorb solar radiation and warm the mid to upper troposphere (Ramanathan, et 

al. 2007, Pilewskie 2007, Stone, E. et al. 2007, Seinfeld 2008).  The net effect of aerosols 

on climate is one of cooling.  It has been suggested that current global warming trends 

have been, and continue to be mitigated by the cooling effects of particulate pollution 

(Feichter et al., 2004; Alpert and Kischka, 2008).  This has led proponents of 

geoengineering, the intentional alteration of climate, to propose injecting cooling aerosols 

into the stratosphere until human civilization can curb its fossil fuel addiction and /or 
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significantly reduce greenhouse gas emissions (Crutzen, 2006; Wigley, 2006; Rasch, 

Crutzen and Coleman, 2008). 

  A deeper understanding of atmospheric nucleation is essential for understanding the 

impacts of increased industrialization on global aerosol concentrations and subsequent 

potential for global climate forcing.  Aerosols in the atmosphere play a significant role in 

climate by affecting Earth’s radiation balance (Houghton et al., 1996). Scattering of 

incoming solar radiation by aerosols is known as the aerosol “direct effect”.  Aerosols 

may also grow to sufficient sizes to aid cloud production.  Changes in cloud reflectivity, 

processes and dynamics are referred to collectively as the aerosol “indirect effect”.  A 

graphic of the aerosol direct and indirect effects is shown in Figure 1.2.   

 

 

Figure 1.2 Schematic of the aerosol direct effect (particulate light scattering), indirect effects (cloud 

reflectivity, height and dynamics) and semi-direct effect (cloud evaporation without rainout and 

redistribution of light scattering particulates).  Unperturbed clouds naturally reflect some incident sunlight.  

Polluted clouds with high cloud droplet number concentrations (CDNC) are more reflective and thus 

increase the atmosphere’s albedo.  Polluted clouds with increased CDNC may also exhibit increased liquid 

water content (LWC) resulting from suppressed precipitation.  This increases cloud height and cloud 

lifetime, resulting in greater reflected incident solar radiation.  Finally, clouds that have not released 
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precipitation, i.e. that have not rained-out particles, may evaporate leaving suspended particulates to scatter 

incident solar radiation and/or recycle through the indirect effect processes (Forster et al., 2007) 

 

The aerosol direct effect refers to scattering of incident solar radiation by atmospheric 

aerosol. Ultrafine particles with diameters slightly smaller than visible and ultraviolet 

wavelengths of light are particularly efficient at scattering solar radiation.  This results in 

a near equal scattering of incident light in the forward and reverse directions, mostly 

independent of particle shape (Seinfeld and Pandis, 1998).  Thus a significant portion of 

incoming solar radiation is scattered back into space.  Anthropogenic aerosols, i.e. 

human/pollution produced aerosols, also readily absorb water vapor at high relative 

ambient humidity (Tang, 1980). Water vapor absorption increases the scattering cross 

section of the aerosol which increases albedo (the ratio of reflected to incident solar 

radiation) and decreases ground level visibility (Jacob, 1999).
 
 

The indirect aerosol effect occurs by the growth of nucleated particles to cloud 

condensation nuclei (Mertes et al., 2005), leading to increased cloud cover and a 

subsequent increase in the Earth’s albedo.  Particulate laden clouds also exhibit different 

dynamics than “clean” clouds.  An increase in cloud droplet number concentration 

(CDNC) reduces precipitation as droplets may not grow to sufficient sizes by water 

condensation to be rained-out.  Drizzle suppression can have an enormous impact on 

human populations.  For example, it has been suggested that polluted clouds produced by 

sulfate aerosol in North America may have been responsible for the North African 

droughts of the 1980’s (Rotstayn and Lohmann, 2002). Increases in CDNC thus result in 

increased cloud persistence and cloud height, further increasing cloud albedo (National 

Research Council, 1996).    Water may evaporate from particulate laden clouds with 
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reduced cloud droplet size (reduced precipitation) to release and redistribute light 

scattering particles, referred to as the semi-direct effect (Forster et al. 2007). 

Direct, semi-direct and indirect aerosol effects combine to increase Earth’s albedo.  

Thus atmospheric aerosols have a net cooling effect on local and global climates by 

influencing Earth’s Energy budget – the balance of absorbed and reflected incident solar 

radiation to absorbed and transmitted outgoing thermal radiation (Figure 1.3).  An 

example from nature is the eruption of the Mount Pinatubo in 1991 which lofted sulfate 

aerosols far into the stratosphere, resulting in cooler global temperatures for a few years 

following the eruption (Hansen et al., 1992; Robock and Mao, 1992 ;Stowe, Carey and 

Pellegrino, 1992; Minnis et al. 1993; Trepte, Veiga and McCormick, 1993; Parker et al., 

1996).  Another term used to describe a change in the balance of incoming and outgoing 

energy in the Earth’s atmosphere is radiative forcing.  Earth’s surface temperature scales 

linearly with radiative forcing, thus it is an important gauge of climate response 

(Pilewskie, 2007).  Positive radiative forcing causes regional or global warming, while 

negative radiative forcing causes regional or global cooling.  The spatial scale of impact 

is determined by the concentration and lifetime of contributing species in the atmosphere. 

Aerosols have lifetimes of a few weeks (but are continuously produced), where as 

greenhouse gases have lifetimes of hundreds or thousands of years.   
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Figure 1.3 Global energy budget diagram showing incident solar radiation (orange) and outgoing 

thermal/longwave radiation (pink).  Aerosols affect reflectivity of clouds and atmosphere, increasing the 

amount of reflected solar energy, and resulting in regional/global cooling.  Conversely, green house gases 

decrease transmission of outgoing thermal/longwave radiation, resulting in global warming (Trenberth, 

Fasullo and Kiehl, 2009). 

 

 

Modeling of CCN from anthropogenic sources over continental regions (Prenni et al. 

2001; Sortiropoulou et al. 2006) and in global climate models (Scott et al., 2000; 

Rotstayn, 2002; Spracklen et al., 2005) is hindered by an inadequate fundamental 

understanding of processes that lead to new particle formation and growth.  In fact, when 

it comes to assessing current climate trends and predicting future climate change, direct 

and indirect aerosol radiative forcing processes have the greatest associated uncertainties 

(Figure 1.4, Houghton et al., 2001; Forster et al., 2007).  
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Figure 1.4 Radiative forcing due to natural and anthropogenic causes.  Note total aerosol forcing (6
th

 and 

7
th

 bars from the top of the figure) is in the negative direction and contributes most to overall radiative 

forcing uncertainty (bottom bar) (Forster et al., 2007). 

 

Increasing our knowledge of the chemical species responsible for particle nucleation 

and growth will help global climate models produce more accurate climate projections, 

assist regulatory agencies in defining sources of particulate pollution, and aid policy 

makers in drafting comprehensive climate legislation for the future of our planet. 

 

1.4 Aerosol Detection 

1.4.1 Instrumentation limits 

Size detection limits in standard particle sizing instrumentation, such as Condensation 

Nuclei Counters (CNC) and Differential Mobility Analyzers (DMA), prohibit the direct 
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measurement of neutral clusters smaller than 3 nm (Stolzenburg and McMurry, 1991; 

Chen et al., 1996).  Mass characterization instrumentation employed for aerosol 

measurements, such as the Thermal Desorption Chemical Ionization Mass Spectrometer 

(TD-CIMS), Time of Flight Mass Spectrometry (TOF-MS) and Aerosol Mass 

Spectrometer (AMS) have detection limits in the tens to hundreds of nanometers 

(Murphy and Thomson, 1995; Salt, Noble and Prather, 1996; Jayne et al. 2000, Voisin et 

al., 2003; Jimenez et al. 2003, DeCarlo et al. 2006).  Freshly nucleated clusters, while 

semi-stable in the atmosphere, are easily destroyed or modified by sampling processes, 

particularly thermal desorption techniques.  To more thoroughly understand nucleation 

processes we desire to analyze the chemical composition of intact molecular clusters. 

Freshly nucleated clusters have diameters of roughly 1nm, resulting in a lag between 

actual particle nucleation and particle growth to detectable sizes.  This growth may occur 

on the order of minutes to an hour leading to an uncertainty in the chemical and physical 

conditions at the time of nucleation (Kulmala et al. 2004). Furthermore, the smallest 

particle that can be analyzed chemically with current instrumentation (roughly 10 nm; 

Smith et al. 2010) contains about 1000 times more mass than the smallest stable clusters 

formed by nucleation (roughly 1 nm).  It is highly likely that nucleated particles undergo 

substantial changes in composition as they grow from 1 to 10 nm.  The species and 

processes responsible for new particle formation have thus far been inferred from these 

larger particle measurements, despite evidence that different species may contribute to 

nucleation versus growth to detectable particle sizes (see section 1.5).   

Alternative methods to optical and thermal measurements have been sought for 

measuring neutral molecular clusters.  A unipolar charging system in line with an Air Ion 
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Spectrometer, called a Neutral Air Ion Spectrometer (NAIS) was developed by Kulmala 

et al. (2007) to detect “neutral clusters” down to 1.8 nm in diameter.  The NAIS mobility 

spectrum, however, encompasses the full atmospheric background - both clusters 

contributing to nucleation as well as spectator species - and considers all of these 

compounds as “neutral clusters”.  Because the instrument provides sizing data only, not 

mass (i.e. chemical composition), there is no way to distinguish background signals from 

actual nucleated clusters. Further, work done within our lab shows that the number of 

ions produced by a unipolar charger will likely interfere with measurements, especially at 

the lower end of detection reported in the study.  The NAIS sampled directly from air, 

thus the unipolar charger would have produced a large number of radicals that may have 

affected measurements.  The mass spectrometer developed here-in can distinguish 

between background and species of interest, and hone-in on those relevant molecular 

clusters. 

A novel mass spectrometer, the cluster-CIMS, has been designed, built and deployed 

to directly measure neutral, intact nucleated molecular clusters of importance to particle 

formation (described in detail in Chapter 2).  A new particle sizing instrument with 

particle detection limits lowered to 1 nm was employed in tandem with the cluster-CIMS, 

as will be described in Chapters 4 and 5. 

 

1.4.2 Ion-induced and Ion-mediated �ucleation 

Ions are produced naturally in the troposphere by interaction of gases and aerosols 

with cosmic rays and products of soil radioactive decay (Israёl, 1970; Bazilevskaya et al., 

2008; Hirsikko et al., 2011).  Thus there is a constant presence of small ions in 
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tropospheric air.  It should be noted that ion mobility instrumentation is capable of 

detecting charged clusters much smaller than 3 nm, i.e. clusters formed by ion processes 

(Horrak, Salm and Tammet, 1998). Ion-induced and ion-mediated process could enhance 

nucleation rates due to Coulombic attractions between ions and condensable vapor 

(Lovejoy, Curtius and Froyd, 2004; Eisele et al., 2006). The role of ion-induced and ion-

mediated (ion-ion recombination) processes in new particle formation events has been 

extensively studied.  A recent review article of nearly 300 papers by Hirsikko et al. 

(2011) concluded that neutral nucleation processes far outweigh ion-mediated nucleation 

in the continental boundary layer.  The contribution of ion-induced processes to 

nucleation events have been reported as high as 30% (high altitude site, Manninen et al., 

2010), but are typically less than 10% for rural continental sites (Iida et al. 2006; Kulmala 

et al. 2007; Manninen et al. 2009; Manninen et al., 2010; Lehtipalo et al., 2011).  Ion 

induced nucleation may be significant on days with particularly low nucleation rates, and 

in dark and/or especially cold regions of the atmosphere (Laakso et al., 2002; Laakso et 

al,. 2004; Curtius et al., 2006; Yu, 2010).  Yet ion-induced processes have been found to 

contribute only negligibly to new particle formation during typical tropospheric 

nucleation events, at least during summertime when temperatures are elevated (Eisele et 

al., 2006; Hanson and Lovejoy, 2006; Iida et al. 2006).   

 

1.5 �ucleation Theories and Atmospheric �ew Particle Formation  

Sources of tropospheric aerosols include combustion processes, agricultural 

emissions, ocean wave action, dust, mechanical erosion, plants and other biogenic 

sources.  Direct particle injection, such as sea salt aerosol lofted by wave breaks, is 
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known as primary particle formation.  Nucleation of condensable vapors, such as the 

photochemical production of sulfuric acid and subsequent condensation, is known as 

secondary particle formation. Stratospheric aerosols are largely produced by volcanic 

activity, including the photochemical transformation of sulfur dioxide (SO2) emitted by 

volcanic eruptions to form sulfate aerosols.  Stratospheric sulfate aerosols reduce the 

amount of sunlight that reaches the troposphere. The research presented here-in focuses 

on continental tropospheric aerosol chemistry, particularly homogeneous heteronuclear 

nucleation and particle growth.   

 A number of theories have been proposed to describe nucleation mechanisms 

including binary, ternary, dimer-controlled, cluster-activated, barrierless kinetic, and ion-

induced or ion-mediated nucleation (Zhang et al., 2010a; Zhang et al., 2010b).   

 

1.5.1 Binary �ucleation  

Classical binary nucleation (CBN) in the sulfuric acid – water system (H2SO4 -

H2O) is based on minimization of the Gibbs free energy of droplet formation, determined 

by the free energy of the vapor and liquid phases, as well as the free energy required to 

form the droplet surface (Becker and Döring, 1935; Jaecker-Voirol and Mirabel, 1989).  

Kinetic Binary (H2SO4-H2O) theory is based in CBN but considers nucleation to be 

controlled by evaporation and condensation of sulfuric acid from clusters smaller than the 

“critical cluster” – the metastable cluster for which addition of sulfuric acid leads to 

favorable, spontaneous growth of the cluster (Yu 2007).  

Atmospheric binary nucleation is described as a sulfuric acid-water system, based 

on observations of nucleation in the atmosphere.  Local new particle formation generally 
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follows a diurnal pattern in the atmosphere.  Nucleation events occur predominately 

during daytime hours, although nighttime nucleation events have been routinely 

observed.  These nocturnal events occur almost exclusively following a daytime 

nucleation event, and appear to operate by different mechanisms and with slightly 

different contributing species than daytime events (Junninen et al., 2008; Lee et al. 2008; 

Suni et al. 2008; Svenningsson et al., 2008; Lehtipalo et al. 2011).  All events depended 

to some degree on sulfuric acid concentration (produced photochemically from SO2 

emissions) (Hirsikko et al. 2011).  Thus, photochemical processes are thought to play a 

major role in new particle production.    

 Hydroxyl radical (OH) is a dominant species in atmospheric photochemistry.  

The main production path for OH is the photolysis of ozone (O3) by ultraviolet 

wavelengths, to produce singlet oxygen.  Subsequent reaction with water vapor produces 

OH, with concentrations peaking near midday.   
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Roughly 90% of the O(
1
D) produced  is quenched to O(

3
P)  by N2 and O2 in the 

atmosphere.  O(
3
P) reforms O3, completing the cycle (Eisele and Tanner, 1991; 

Berresheim et al. 2000).   

Sulfuric acid, along with water vapor, is a likely precursor gas for atmospheric 

nucleation. Sulfuric acid is produced photochemically in the atmosphere, exhibits a low 

saturation vapor pressure, and low volatility over sulfuric acid-water solutions (Jacob, 

1999). Sulfuric acid is formed in the atmosphere by photo-oxidation of sulfur dioxide 

(SO2), as shown in reactions (I)-(III) below (Stockwell Calvert Mechanism).  SO2 is 
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produced anthropogenically by fuel combustion, or naturally by volcanic eruptions.  It is 

also a reaction product of dimethyl sulfide in the costal boundary layer, which is 

produced by phytoplankton. 

 

OH + SO2 + M � HSO3 + M      (1.3) 

HSO3 + O2 � SO3 + HO2      (1.4) 

SO3 + H2O + M � H2SO4 + M     (1.5) 

 

where M is an inert collision partner, typically N2 or O2 (Krieger and Amold, 1994). 

Reaction (1.3) is the rate limiting step occurring in the continental troposphere on the 

order of days, while reactions (1.4) and (1.5) occur on the order of micro- and 

milliseconds, respectively (Sander et al., 2006).  Reactions (1.3) – (1.5) are well 

understood and thus the production rate of H2SO4 is reasonably well known (Eisele and 

Tanner, 1993; Tanner and Eisele, 1995).   

Similar diurnal patterns have been observed for sulfuric acid and ultra-fine particle 

concentrations, as would be expected for H2SO4 acting as a precursor gas for new particle 

production.  There appear to be different mechanisms dominating nucleation depending 

on the geography and atmospheric elevation of the area under study.  Nucleation in the 

marine boundary layer may occur by different processes than those exhibited over 

continental regions, and further differentiation may occur from clean to polluted air 

sheds.  Yet sulfate compounds appear to play a major role in nucleation in all regions.   

The correlation between H2SO4 and ultra-fine particle production may be seen in 

Figure 1.5 for measurements taken at a remote continental site in Colorado (Eisele and 



17 

 

McMurry, 1997).  The solid vertical line indicates the time of sunrise and subsequent 

increase in H2SO4 concentration.   

Figure 1.5 (a) H2SO4 and (b) ultra-fine particle concentrations as a function of local time.  The solid 

vertical line shows time of sunrise, solid curved line shows the average clear day solar flux intensity (Eisele 

and McMurry, 1997) 

 

As noted by Eisele and McMurry (1997), the discrepancy between H2SO4 and ultra-fine 

particle concentrations near the late afternoon/early evening is likely due to cloudy 

weather and rain, i.e. decreasing production rate of H2SO4 and increasing wet deposition 



18 

 

of particles.  An increase in detectable ultra-fine particles follows the rise in H2SO4 

concentration (Figure 1.6). 

 

 

Figure 1.6. Comparative plot of [H2SO4], ultra fine particle (2.7-4 nm) concentrations with respect to local 

time.  (Weber et al. 1997) 

 

Similar correlations between H2SO4 and ultra fine particle production were more recently 

observed over a 2.5 year study at a remote, relatively clean continental site in 

Hohenpeissenberg, Germany, as shown in Figure 1.7 (Birmili et al., 2003).   
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The left hand side of Figure 1.7 shows a typical contour plot characteristic of observed 

new particle formation. Such an occurrence is known as a nucleation event.  Particle 

diameter is shown along the ordinate, time of day along the abscissa, and color indicates 

the lognormal population distribution.  The right hand side of Figure 1.7 shows the 

number concentration for 3-11 nm particles, total particle concentrations, OH and H2SO4 

concentrations for the same time period.  Again note the similar diurnal patterns and 

correlated increase in H2SO4 concentration and the detection of particles larger than 3 

nm.  

The feasibility of binary nucleation in the atmosphere has been examined by 

comparison of binary theory and atmospheric measurements (e.g. Weber et al., 1996; 

Clarke et al., 1998a; Weber et al., 1999). Binary theory is able to predict nucleation rates 

for conditions typical of the upper troposphere and stratosphere such as low temperatures 

and low preexisting particle concentrations, as well as in regions with high relative 

humidities and high H2SO4 concentrations (Kulmala et al. 2002).  Yet for most boundary 

layer (lower tropospheric) conditions binary theories were found to underestimate 

Figure 1.7 Particle size distribution (left), ultra-fine number concentration (N3;11), total number 

concentration (Ntot), H2SO4 and OH concentrations (right) for a measured nucleation event (Birmili et al., 

2003). 
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nucleation rates, often by several orders of magnitude (Covert et al., 1992; Weber et al., 

1997; Clarke et al., 1998b; Kulmala et al., 1998; O’Dowd et al., 1999; McMurry et al., 

2000).  The split of nucleation processes is seen in Figure 1.8, which shows conditions 

reported during nucleation events for a variety of atmospheric regions and elevations, 

along with binary theory predictions.  

 

Figure 1.8. Relative acidity and humidity conditions for observed nucleation events for ground based and 

flight measurements.  Ground based studies were conducted at Idaho Hill, Colorado (Weber et al., 1997);  

Mauna Lao Observatory, Hawaii (Weber et al., 1995).  Low and high altitude flights were conducted (Jung, 

Adams and Pandis, 2006) over Macquarie Island (0.043 km and 0.55 km above ground surface), and the 

remote Pacific (Pem-T: 0.17 km above surface, Cloud: 3.5 to 6.3 km above surface).  Wilemski/Kulmala 

(W-K) and Jaecker-Virol/Mirabel (J-M) binary nucleation theories are the dashed and solid lines, 

respectively (Wilemski, 1984; Kulmala, Laaksonen and Pirjola, 1998; Kulmala, Pirjola and Makela, 2000) . 

W-K and J-M theories differ primarily in the treatment of droplet surface molecules and parameterization 

of the acid activity (Weber et al., 1999).   

 

Binary theory predictions describe nucleation as it occurs in most of the cloud 

outflow measurements, but do not predict nucleation for the low altitude/ground based 

sites.  Binary nucleation theory generally fails to predict nucleation under common 

tropospheric conditions or significantly under-predicts nucleation rates.   And particle 

growth rates are also often much higher than can be explained by sulfuric acid 

condensation alone (Stolzenburg et al., 2005; Weber et al., 1998; Kuang et al., 2010).   
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1.5.2 Ternary �ucleation 

The failure of binary nucleation theories to describe boundary layer nucleation rates 

has led to speculation about a third critical species for low to mid-level tropospheric 

nucleation.  Ternary nucleation has been proposed for H2SO4-H2O with ammonia 

(Coffman and Hegg, 1995; Weber et al., 1997; Kim et al., 1998; Korhonen et al. 1999; 

Kulmala, Pirjola and Mäkelä 2000; Weber et al., 2003; Benson et al. 2009), inorganic 

acids (Arstila et al. 1999), organic acids (R. Zhang et al., 2004), terpenes (Marti, Weber 

and McMurry, 1997), methane sulfonic acid (van Dingenen and Raes, 1993), iodine 

containing compounds (Hoffman et al., 2001; O’Dowd et al., 2002b) and amines (Kurtén 

et al., 2008).    

Ammonia has been long been considered a candidate for atmospheric nucleation due 

to the prevalence of NH3 in the atmosphere, and the ability of ammonia to lower the 

vapor pressure of H2SO4 when added to sulfuric acid-water solutions (Stelson, Bassett 

and Seinfeld, 1984; Marti, Weber and McMurry, 1997). Laboratory studies have shown 

enhanced nucleation of H2SO4-H2O in the presence of less than unit ppbv concentrations 

of NH3 (Ball et al., 1999).  Ternary nucleation with NH3, amines or other organic species 

may enable nucleation to occur below supersaturations, or at lower precursor gas 

concentrations, than those necessary for the binary nucleation of sulfuric acid and water. 

Recent developments of CIMS, TD-CIMS and AMS mass spectral instrumentation have 

allowed for real time chemical characterization studies of 5-100 nm particles.  In urban 

regions the smallest of these particles have been shown to consist primarily of 

ammonium sulfate (Smith et al., 2005; Q. Zhang et al., 2004).     
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Growth of particles, on the other hand, seems to be dominated by species other than 

sulfuric acid.  Thermal denuder techniques – heated desorption of collected particulates 

for chemical analysis – have shown that volatile compounds account for 2/3 of measured 

particle growth (Wehner et al., 2005; Ehn et al., 2007).  There is evidence that organic 

species contribute to particle growth in many different regions of the troposphere 

(Sellegri et al., 2003; Voisin et al., 2003; Q. Zhang et al., 2004; Smith et al., 2005; Smith 

et al., 2008).  In forested regions aerosol particles (> 3 nm) have been found to consist 

primarily of biogenic organic compounds, such as terpene oxidation products (Kavouras, 

Mihalopoulous and Stephanou, 1999; O’Dowd et al., 2002b; Cavalli et al., 2006).  And 

recent TD-CIMS measurements, reported by Smith et al. (2010), show that 

alkylammonium caboxylate salts contribute significantly to particle growth in diverse 

urban and rural continental boundary layers.  Kuang et al. (2010) reviewed studies where 

both H2SO4 concentrations and growth rates were measured.  The review concludes that 

typically 90% of particle growth is due to species other than H2SO4 condensation. 

 

1.5.3 Kinetic Theories 

 Dimer and/or collision controlled nucleation theories propose that nucleation is 

dependent on collisions of condensable molecules to form stable nuclei, with critical 

nuclei of one to two sulfuric acid molecules (McMurry, 1980; McMurry, 1983; Kuang et 

al., 2008).  As mentioned above, observations of nucleation events show correlations 

between increases in [H2SO4] and newly formed particles (section 1.5.1, Figures 1.6, 

1.7).  Correlations are also seen between [H2SO4]
2
 and newly formed particle 

concentrations (Figure 1.9, Kuang et al., 2008). 
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Figure 1.9 Comparison of time-shifted (∆t) sulfuric acid and sulfuric acid squared concentrations to 

increases in the number concentration of newly formed particles (∆NNFP, 3-6 nm) for daytime nucleation 

events measured in Mexico City ((a) and (c), Tecamac campaign, 3/22/06), and Atlanta ((b) and (d), 

7/31/02). 

 

The nucleation rate of 1 nm particles (J1) can be numerically modeled by an 

unconstrained least squares fit, described by: 

[ ] )6.1(421

p
SOHkJ =  

where the prefactor (K) and power dependence (P) are fit empirically.  Kuang et al. 

(2008) shows nucleation rates for 1 nm particles across a wide range of boundary layer 

measurements is best fit with a power dependence (P) of 2.  The squared dependence on 

sulfuric acid “suggesting a kinetically limited nucleation mechanism in which the critical 

cluster contains two sulfuric acid molecules” (Figure 1.10). Fittings by Sihto et al. (2006) 
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based on measurements taken in Hyytiala, Finland support sulfuric acid power 

dependence between 1 and 2.  However, prefactors (K) varied up to1000x from one 

location to another, due to some extent to diverse atmospheric conditions during each 

event, but also likely indicating significant differences in species other than sulfuric 

contributing to particle nucleation. 

 

Figure 1.10 Nucleation rate and Sulfuric acid concentration for diverse boundary layer measurements.  The 

solid black lines show upper and lower boundaries for observed nucleation events, fitting a squared 

dependence on sulfuric acid concentration.  Since the critical cluster depends on the collision of two 

sulfuric acid molecules the prefactor K, can be defined as Kkinetic, and is shown to vary significantly 

between measured regions. (Chongi Kuang, based on Kuang et al., 2008) 

 

1.5.4 Testing of �ucleation Theories 

Models based on the nucleation theories outlined in sections 1.5.1-1.5.3 were recently 

used to parameterize three dimensional air quality models for a variety of atmospheric 

conditions (Zhang et al., 2010a, 2010b).  The best fits for polluted boundary layer 
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conditions were found in the Sinto et al. (2006) power law ([H2SO4]
p
, with P=1 to 2), 

Kuang et al. (2008) power law ([H2SO4]
p
, with P=2) and a binary nucleation fitting by 

Harrington and Kreidenweis (1998) (Figure 1.11). 

 

Figure 1.11 Comparison of observed (solid, green) versus simulated nucleation rates for July 31, 2002 for 

nine different nucleation theories used for model parameterization.  

 

However, none of the theories examined were able to reproduce temporal variations in 

particulate matter number concentration, volume or surface area concentrations and thus 

large uncertainties remain in the parameterization of homogeneous nucleation (Zhang et 

al., 2010b).   

Current work by colleagues (McMurry, Siepmann, Hanson, Zhao, unpublished) 

shifts the focus of proposed nucleation mechanisms to chemical stabilization of nucleated 

clusters by chemical reaction, along the lines of: 
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where k1f and k1r refer to the forward and reverse reaction rates, X is a stabilizing 

species, producing nonvolatile clusters by reaction with sulfuric acid dimer, such that the 

nucleation rate (J1) is now dependent on the reaction rate of X and (H2SO4)2, or the 

sulfuric acid “dimer”. 

 

1.6 Research Objective  

This thesis examines the role of amines as species X in the formation of stable 

clusters by chemical nucleation with sulfuric acid and water.  Freshly nucleated 

molecular clusters were produced photochemically, under consistent physical conditions, 

in a large photochemical reaction chamber and analyzed with a newly developed mass 

spectrometer (cluster-CIMS) and particle sizing instrumentation.  Distinct differences 

were observed between H2SO4-H2O and H2SO4-H2O-amine nucleation experiments 

supporting the potential contribution of amines to new particle formation.  The ultimate 

goal of this research is to advance the understanding of nucleation processes in the 

atmosphere.  This work was conducted in close collaboration with colleagues conducting 

atmospheric measurements of nucleated clusters and precursor species at the National 

Center for Atmospheric Research (Fred Eisele and Jun Zhao) and Augsburg College 

(David Hanson).   
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Chapter 2 

Laboratory Cluster – CIMS  

2.1 Introduction: Mass Spectrometry of �eutral Molecular Clusters 

Particle formation in the atmosphere has been most thoroughly studied as a physical 

phenomenon, with measurements focused on particle size and shape.  Chemical understanding of 

nucleation processes has become increasingly important as the research community struggles to 

understand the affects aerosols are having on human health as well as regional and global 

climates (Jayne et al. 2000).  Chemical information is often inferred by measurements of 

hygroscopicity, a particle’s affinity to absorb water.  And methods of mass spectrometry have 

greatly increased our understanding of the chemical composition of atmospheric particles. 

The first measurements of freshly nucleated sulfuric acid clusters were obtained by 

colleagues at the National Center for Atmospheric Research (NCAR), Fred Eisele and David 

Hanson, using a chemical ionization mass spectrometer developed by the pair.  Chemical 

ionization was chosen as a gentle, gas phase ionization technique to sample intact molecular 

clusters.  The experimental system consisted of a flow tube reactor and quadrupole mass 

spectrometer.  Eisele and Hanson observed clusters of up to eight sulfuric acid molecules (Eisele 

and Hanson, 2000), as well as the integration of ammonia into these clusters (Hanson and Eisele, 

2002) supporting their role as instigators of new particle formation. 

Aerosol Mass Spectrometers (AMS) are widely in the aerosol research community.  AMS 

systems consist of a set of aerodynamic lenses for size analysis, laser vaporization or thermal 

desorption ionization techniques, and time of flight (TOF) and/or quadrupole mass analysis 

(Murphy and Thomson, 1995; Salt, Noble and Prather, 1996; Jayne et al. 2000, Jimenez et al. 
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2003, DeCarlo et al. 2006).   These systems combine particle size and chemical composition 

measurement into a single piece of equipment.  TOF mass analyzers are capable of producing 

spectra of high resolution and high mass accuracy, greater so than more traditional quadrupole 

mass analyzers.  Instrument size detection limits depend on the aerodynamic lens and laser 

systems that are employed (for both ionization and detection).   Lower size detection limits are in 

the tens to hundreds of nanometers.  Thus, these instruments are not sensitive to freshly nucleated 

molecular clusters, which are closer to 1 nm in diameter.  On a molecular scale, a factor of ten 

increase in particle size will significantly obscure the chemical identity of species responsible for 

the initial stages of particle formation.  Thermal desorption and/or laser ionization techniques 

would also cause degradation and fragmentation of molecular clusters. We desire to measure 

intact clusters to obtain information about their chemical composition, as related to the size and 

number distribution of freshly nucleated particles.   

A recently developed Atmospheric Pressure Time of Flight (APi-TOF) instrument has 

been tested for sensitivity to sulfuric acid and ammonia aerosols (Junninen et al. 2010).  A major 

advantage of this system is its high mass resolution, able to differentiate chemical composition 

based on atomic mass defects and isotopic patterns.   A major disadvantage of this is system is 

that it only measures atmospheric ions.  As has been shown by Iida et al. (2006), new particle 

formation in the continental troposphere is dominated by neutral nucleation mechanisms, i.e. not 

ion induced (for a comprehensive review of the topic see Hirsikko et al. 2011). Feasibility 

experiments with the APi-TOF used heated mirofluidic chips to nebulize sulfuric acid, followed 

by beta source ionization, which the authors admit has sufficiently high energy to break apart 

clusters.  Based on what we know thus far of atmospheric nucleation, the APi-TOF does not seem 

to be looking towards the dominant atmospheric processes in areas of interest to this thesis. 
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A new chemical ionization mass spectrometer (CIMS) was recently developed by Eisele 

and colleagues to observe nucleated molecular clusters in the atmosphere (Zhao et al. 2010).  This 

system will be referred to as the atmospheric cluster-CIMS or ac-CIMS.  This thesis describes the 

development of a novel and complementary CIMS system designed to observe neutral molecular 

clusters produced in a laboratory photochemical reaction chamber
2
. My system will be referred to 

as the laboratory cluster- CIMS or lc-CIMS.  The lc-CIMS is smaller and thus operates at lower 

flow rates than the ac-CIMS, but their functionality is similar.  The final lc-CIMS design was 

modified from a design for an instrument of similar dimensions, but differing functionality, 

provided by colleagues at NCAR. 

2.2 Instrument Design  

2.2.1 Basic Design 

The lc-CIMS vacuum chamber is cylindrical in shape with a volume of roughly 30 L
 

(Figure 2.1).  A baffle separates the chamber into two equal regions, the front holding octopole 

ion guides and the rear holding a quadrupole mass filter (Figure 2.2).  The chamber is constructed 

of no. 304 stainless steel, and fits standard 6 in. flanges on either end.  An inlet attaches to the 

front flange, while an electron multiplier sits in a small compartment attached to the rear flange.  

Spigots on the top of the chamber fit standard ISO 160 flanges to hold vacuum pumps.  The 

vacuum chamber is sealed using standard flanges and vacuum quick disconnect fittings.  The rear 

flange is equipped with a valve to allow the chamber to be back-filled with nitrogen gas when not 

in operation. Sample flow enters the chamber through an inlet holding a micron sized pinhole 

aperture.  All machining was done by the Engineering Research Shop at the University of 

Minnesota, predominately by machinist Robin Russell. 

                                                           
2
 All work was conducted in cooperation with colleagues at NCAR in Boulder, CO, namely Dr.’s Fred 

Eisele and Jim Smith, as well as Dr. Dave Hanson at Augsburg College, in Minneapolis, MN 
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Figure 2.1 External view of vacuum chamber from rear plate angle 

 

 

Figure 2.2 Sectional view of vacuum chamber showing, from left to right: octopole ion guide, baffle, 

quadrupole region, and electron multiplier holder. 
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2.2.2 Vacuum Conditions 

Pressure within the mass spectrometer vacuum chamber is reduced to the mid to low 10
-5

 

Torr range by two, approximately 300 liter per second, turbomolecular pumps monitored by rack 

controllers (T-V301 Navigator pump, 280 l/s in N2 and T-V301 ¼ Rack Controller, Varian 

Vacuum Technologies, Palo Alto, CA).  The turbo-pump blades operate at high rotational speeds 

(56,000 revolutions per minute) and may be seriously damaged if run outside of recommended 

operating conditions or if pressure unexpectedly rises within the chamber.   If pump temperature 

exceeds recommended operating conditions the controller will automatically shut down the turbo-

pump.  To prolong run time, an air cooling system (fan) was attached to cool the turbo-pump 

closest to the front of the vacuum system.  The turbo-pumps are backed by an oil free, 500 liter 

per minute scroll pump (Triscroll 600 Pump, single phase, Varian Vacuum Technologies, Palo 

Alto, CA).  The scroll pump is fitted with an isolation valve to prevent back flow of room air 

when the pumps are not in operation (Vacuum Pump Isolation Valve (VPI) NW25 KF, 120VAC, 

Varian Vacuum Technologies, Palo Alto, CA).  The scroll pump is connected to the turbo pumps 

by roughly 1 meter of vacuum tubing.   

Pressure within the vacuum system is measured with three ion gauges: A convectron 

gauge after the scroll pump but prior to the front turbo pump, a second convectron gauge on the 

rear flange, and an yttria-coated iridium micro-ion gauge also on the rear flange (Granville-

Phillips 275203 (convectron), 355001-YA (micro-ion), monitored by Series 358 Mirco-Ion 

Vacuum Gauge Controller, Helix Technology Corporation, Longmont, CO). The convectron 

gauges, which measure down to 1x10
-4

 Torr, are used to monitor the system as it pumps down.  

The micro-ion gauge is used to monitor the system below 10
-4

 Torr, i.e. during normal lc-CIMS 

operation. The pressure gauges at the rear flange (micro-ion and one convectron) utilize quick 

vacuum connections to stainless steel elbows.  This prevents ions produced by the micro-ion 
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gauge from reaching the electron multiplier.  The internal pressure, measured at the rear of the 

system, depends on the selected diameter of a pinhole aperture at the system inlet.  An operating 

pressure of less than 5.0x10
-5

 Torr is reached after 20 minutes of pump-down for a 100 µm 

pinhole aperture (precision round apertures, nickel substrate, 100 ± 4 µm, National Aperture, Inc., 

Salem, NH). 

The vacuum gauge controller is programmed to protect the micro-ion gauge from high 

pressure damage.  With an increase in pressure above 2x10
-4

 Torr, as measured by the aft 

convectron gauge, the controller will shut off power to the micro-ion gauge.  A relay switch was 

built to protect other sensitive electronics from high pressure (relay HH54PW-L, Fuji Electric, 

Fremont, CA).  The vacuum gauge controller is programmed to shut off this relay if chamber 

pressure rises above 5x10
-5

 Torr, cutting power to a secondary power-strip and protecting the 

electron multiplier and quadrupole from a sudden pressure increase should a seal or vacuum 

pump fail.   

When not in use the system is filled with pure nitrogen to protect the pinhole and 

sensitive electronics from potential water vapor damage and/or particulate deposition.  Nitrogen 

back-fill is accomplished through two access ports on the rear flange.  A ball valve fitted to a 

standard 1/4 in. port is used as the nitrogen fill line.  Overpressure is prevented by the use of a 

one way check valve on the second rear flange access port (SS-8c-1/3, Swagelok, Chaska, MN). 

2.2.3 System Inlet 

The lc-CIMS chemical ionization region uses nitric ions to “softly” ionize neutral 

molecular clusters.  The reagent ion is produced by passing nitric acid vapor through a 

radioactive, alpha-particle emitting source (Americium- 241), producing negative nitric acid ions 

capable of charge exchange with sulfuric acid clusters (see Chapter 4 for more details).  The 



33 

 

ionization region is outside of the vacuum chamber and is thus an atmospheric pressure chemical 

ionization method.  The lc-CIMS inlet has an airfoil shape to reduce sampling flow turbulence 

thus minimizing flow recirculation (see Chapter 4, section 4.6.4 for more details) .  The inlet 

consists of four pieces – a stainless steel top plate, nitrogen diffuser plate, pinhole aperture, and 

inlet base (see Figure 2.3).  Stainless steel no. 316 was chosen for the inlet due to its inert nature.  

The inlet base (diameter: 7.4 cm, depth 2.8 cm) is affixed to the fore-plate of the vacuum chamber 

with insulator lined screw channels.  The top plate is also affixed to the inlet base with Teflon 

screws.  Thus different voltages may be applied to each unit to create an accelerating electric 

field.  All interfaces are fitted with standard O-ring groves and O-rings to provide a high vacuum 

seal. 

 

Figure 2.3: Full and cross-sectional views of lc-cluster CIMS inlet. 

 

Voltage is applied to the top plate, pinhole and inlet base to direct ions into the CIMS 

system. The diffuser region supplies a counter flow or “sheath flow” of nitrogen gas to minimize 

sampling of non-ionized species and reduce water condensation on the clusters as they enter the 

vacuum system.  While associated water molecules are mostly lost from the cluster, the sulfuric 

acid content of the cluster remains intact (Hanson and Eisele, 2002).  Ions and gases enter the 
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vacuum system though a pinhole aperture sandwiched between the diffuser plate and inlet base.  

Once through the pinhole, ions and gases travel though a short conical channel that expands to a 

final diameter of 0.89 cm. 

The inner inlet region protrudes into the vacuum chamber to a depth of roughly 0.84 cm 

and nestles into an Ultem (polyetherimide) insulator ring holding the octopole ion guides (SABIC 

Innovative Plastics, Pittsfield, MA).  Teflon was used as an electrical insulator in preliminary 

CIMS designs but was found to off-gas (out-gas) and significantly interfere with desired ion 

signals.  For example, the presence of Teflon inside a vacuum system has, in the past, produced 

perfluro-octanoic acid, and CF2 clusters which may interfere with desired ion signals (Hanson).   

Ultem was chosen as an insulating material for its rigidity, machine-ability, and low out-gassing 

properties. 

2.2.4 Ion Detection 

 Ions are detected using a charge sensitive preamplifier (A-101, Amptek Inc., Bedford, 

MA) and ceramic channel electron multiplier (CEM) in a pulse counting mode (7550m, K&M 

Electronics/ITT Industries, West Springfield, MA).  The preamplifier (hermetically sealed) and 

CEM are mounted in a small compartment attached to the rear flange of the vacuum chamber.  

The pre-amplifier/CEM circuit uses only vacuum compatible resistors and capacitors.  The CEM 

is capable of measuring 5x10
6
 counts per second with electron gains of 3x10

7
.  Maximum 

operating pressure is 3x10
-4

 Torr, requiring that it be protected from high pressure damage.  This 

is accomplished by use of the relay “safety” switch mentioned earlier in this chapter.  Power is 

supplied to the preamplifier by a 5 VDC supply (liner power supply, 1.5 A, International Power, 

Oxnard CA).  The supply voltage to the front and rear of the electron multiplier must be increased 

throughout the life of the CEM to maintain electron gain.  This is accomplished by the use of 

adjustable high voltage power supplies: a fore supply of 0 to 4000 or 0 to -4000 VDC, and an aft 
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supply of 0 to 6000 VDC (4AA12-P4, 4AA12-N4, 6AA12-P4, Ultravolt, Ronkonkoma, NY; 

Input voltage supplied by 12 VDC, 1A supply, Power-One, Camarillo, CA). Bipolar power 

supplies throughout the system allow the CIMS to be operated in either positive or negative ion 

detection mode.  

2.2.5 Data Acquisition  

 A data acquisition board (DAQ) was wired to drive the quadrupole, record the electron 

multiplier signal and read voltage settings for the CIMS system using Labview software (PCI 

6025E;  Labview, National Instruments, Austin, TX).  The program code, modified from a code 

written by Dr. Jim Smith of NCAR, allows the CIMS to operate in mass scan, single mass or 

multiple mass monitoring modes.  The CIMS signal is recorded as CEM counts per second (Hz) 

for a given mass to charge ratio (m/z). 

2.3 Performance of the lc-CIMS 

2.3.1 Ion Transmission  

The octopole ion guides have a length of 18 cm, and consist of eight tapered stainless 

steel poles with applied DC voltage and oscillating RF frequency to guide ions towards the 

quadrupole entrance (Figure 2.4).  Uncharged species pass thorough spaces between the poles and 

are removed by the pumping system.   The octopoles operate best at a fore-chamber pressure in 

the high 10
-4

 Torr range (aft chamber pressure of low 10
-5

 Torr). The internal pressure can be 

modified by the diameter of the pinhole orifice placed in the CIMS inlet.  For proper octopole 

function a pinhole aperture of greater than 75 µm in diameter is required.  A 100 µm aperture was 

chosen to balance the need for a slightly elevated fore-chamber pressure for octopole function and 

a reduced aft-chamber pressure to prolong the working life of the electron multiplier.   
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Figure 2.4 Octopole ion guide 

 

The octopoles have a 3 to 1 tapper in pole diameter to compresses the ion-air volume by a 

factor of 3, increasing pumping and transmission efficiency. Poles were manufactured using a 

precision threading machine to assure uniform thickness and proper alignment of ion guides.  

Poles are held in place by Ultem rings at the front and rear of the fore-chamber.  The rear 

octopole ring is fixed to the baffle at the center of the vacuum chamber.  The front octopole ring 

is free standing, which allows the front plate to be easily removed for system maintenance.  

However, the vacuum chamber front plate fits snugly around the ring to hold the octopole guide 

in place during normal operation.  Three Ultem rods, running parallel to the stainless steel ion 

guides, provide additional unit support.   

The octopole rods are alternately wired together, every-other pole (24 AWG wire).   

BNC-style electrical connectors were spot-welded through the vacuum chamber, near the 

tubropump flange. Electrical wire inside the vacuum system is attached to these electrical 

feedthroughs by push-on connectors to avoid potential contamination, as might occur if solder 
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was used inside the vacuum chamber (BNC coaxial feedthroughs and Power Push-On 

Connectors, Insulator Seal, Sarasota, FL).   

An oscillating frequency is provided by a waveform generator (MAX038, Maxim 

Integrated Products, Sunnyvale, CA) mounted on a specially designed electronic control board.  

The board receives a small analog voltage (>5 VDC) provided by a potentiometer controlled DC 

linear power supply, and positive and negative DC input voltages (48 VDC/ 1 A, Condor, 

Oxnard, CA; ±15 VDC/ 0.8 A, Power-One, Camarillo, CA). The octopoles in the lc-CIMS are 

typically operated at a frequency of 1 MHz and sufficiently low peak-to-peak amplitude to avoid 

unintentional evaporation of sampled molecular clusters.  All electronic control boards and power 

supplies are contained in a rack system, allowing relative ease of disassembly and transport of the 

lc-CIMS system.   

2.3.2 Mass Filtration 

The octopole rods extend through the mid-chamber baffle, and terminate at the front of 

the quadrupole mass filter.  A filament and accelerating screen were installed on the baffle in the 

quadurpole chamber to provide test ions for system calibration (EX100 Tugnsten Filament, 

Extrel, Pittsburg, PA).  System calibration and quantification will be discussed in detail in 

Chapter 3. The quadrupole mass filter used in this system is a tri-filter, with pre and post-filters 

for optimal ion transmission (19mm [3/4 in.] Quadrupole Mass Filter, Extrel Core Mass 

Spectrometers, Pittsburgh, PA).  The poles are housed in a vented stainless steel can to allow 

further vacuum removal of unwanted species.  The vented can is equipped with entrance and exit 

lenses.  Accelerating voltages applied to the quadrupole filters/lenses are provided by a single, 

split supply (48 VDC/1A, Condor/SL Power, Ventura CA.), which is controlled manually 

thorugh high resistance potentiometers, and monitored through voltage test points.  The 19 mm 

poles have a mass range from 0 to 1000 m/z.  Specialized cable termination feed-throughs were 
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welded to the rear mass spectrometer flange to power the quadrupole mass filter (CT-375E, 

Alberox/Morgan Advanced Ceramics, New Bedford, MA).  The RF frequency is provided by an 

880 KHz oscillator (purchased from Extrel), and the DC voltage by a ±24 V supply (liner power 

supply, 3.6A, International Power, Oxnard CA).  The RF frequency and applied voltages (pole 

bias) are controlled by a specially made electronics board (purchased from NCAR’s Atmospheric 

Chemistry Division, Electronics Shop) and Labview operating system (National Instruments, 

Austin, TX).  The quadrupole RF frequency was resonated within the mass filter according to the 

user’s manual (Extrel, 2005).  Resonating the quadrupole to a maximum applied amperage allows 

for the greatest mass detection range.  It was later found that a fully resonated system regularly 

failed to resolve mass peaks in the 200 to 600 m/z range.  A slight “de-tuning” of the RF supply 

solved this problem, which seemed to be caused by electronic feedback.  However, de-tuning the 

RF supply decreased the functional mass detection range below the factory specified 1000 m/z. 

Resolution in the de-tuned quadrupole is compromised for ions of mass ratio 700 m/z and greater. 

2.3.3 Qualitative Calibration 

 Initial calibration of the mass spectrometer was accomplished in negative ion mode using 

a small doughnut shaped radioactive (alpha particle) source attached to the inlet.  Nitric acid 

vapor, obtained by passing the cap off a bottle of pure nitric acid briefly in front of the inlet, was 

ionized as it passed through the radiation source.  Characteristic de-protonated molecular ions 

were observed at 62, 125, 188 and 251 m/z as nitric acid monomer, dimer, trimer and tetramer, 

respectively.  Peaks 125 and 188 m/z were observed as the most abundant molecular nitric 

clusters.   The mid-peak mass was set for 125 and 188 m/z clusters by adjusting the DC and RF 

current offsets.  Peak height and width were optimized by adjusting the quadrupole RF and DC 

multiplying voltages.  Resolution was adjusted through small changes in these multiplier input 

values.  Quadrupole settings will be discussed further in Chapter 3. 



39 

 

 The system was tested for bi-polar function using ions produced by a gas stream passed 

through an Americium-241 alpha-particle emitting source (see Chapter 4 for inlet details).  The 

polarity of ions detected by the lc-CIMS depends on the polarity of voltages applied to internal 

surfaces.  These voltages are controlled both manually and through the Labview software code.  

Further, ions are directed towards the mass spectrometer inlet by applying accelerating voltages 

to key features.  High and low resolution spectra of positive and negative air ions were observed 

showing robust mass spectrometer signal (Figures 2.5 & 2.6).  

 

Figure 2.5 Low resolution positive (+, left hand figure) and negative (-, right hand figure) ion spectra of 

filtered compressed air, with pinhole nitrogen sheath flow (solid, blue line) and without pinhole nitrogen 

sheath flow (dashed, red line). 
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Figure 2.6 High resolution positive (+, left hand figure) and negative (-, right hand figure) ion spectra of 

filtered compressed air with pinhole nitrogen sheath flow. 

 

As previously mentioned (see System Inlet) a sheath of nitrogen gas is introduced in front 

of the inlet pinhole.  Sheath flow reduces water condensation and sampling of non-ionized gases, 

and protects the pinhole from small fibers or particles.  If deposited on the pinhole such 

fibers/particles become charged and deflect incoming ions, resulting in a diminished or 

completely abolished ion signal. Thus the system is always operated with a pinhole sheath flow of 

approximately 100 sccm (standard cubic centimeters per minute, i.e. 0.1 lpm).  However, it is 

important to note that the presence of a nitrogen sheath affects the relative intensity of ion peaks, 

as can be seen by comparing dashed and dotted lines in Figure 2.5.  Sheath flow is controlled by 

an in-line mass flow control (MFC) unit and four-channel power supply/digital readout, 

calibrated with a bubble flow meter (1259B/2000 sccm N2 MFC, and type 247 4-channel readout, 

MKS Instruments, Orland Park, IL; Gilian Gilibrator-2 Primary Flow Calibrator, Sensidyne LP, 

Clearwater FL).   
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 Also observable in Figures 2.5 and 2.6 is peak broadening/poor peak resolution at mid to 

high m/z ratios.  This was eventually determined to be due to electrical feedback from a fully 

resonated quadrupole power supply (see Mass Filtration).  Slight detuning of the power supply 

removed this interference.  Figure 2.7 shows fully resolved ion signals up to 800 m/z for ionized 

room air/nitrogen gas.  The functional range of the system is from 1 to approximately 700 m/z 

with a mass resolution of ± 1 m/z.  Signal intensities are comparable but a smaller (lighter) 

average mass is observed for negative ions relative to the positive ion spectrum.  These results are 

consistent with measured bi-polar charging ratios of air ions (Adachi, Okuyama and Kousaka, 

1983; Hoppel and Frick, 1986; Wiedensohler et al. 1986). 

 

Figure 2.7 High resolution, positive (+, left hand figure) and negative (-, right hand figure) spectra of 

ionized nitrogen gas, insets show high mass detail. 

 

A comparison was made between the lc and ac-CIMS systems (University of Minnesota 

and NCAR instruments, respectively).  As mentioned previously the lc-CIMS was designed to 

model ac-CIMS functionality, but specifically engineered for laboratory measurements, where 
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cluster concentrations are somewhat higher than in the atmosphere.  Figure 2.8 shows ac-CIMS 

mass spectra for nitric acid vapor in nitrogen carrier gas passed through an Americium-241 

radioactive source.   

 

Figure 2.8 NCAR’s lc-CIMS positive (+, left hand figure) and negative (-, right hand figure) ion spectra of 

nitric acid vapor in pure nitrogen carrier gas. 

 

Figures 2.7 (lc-CIMS) and 2.8 (ac-CIMS) cannot be directly compared due to the 

presence of nitric acid vapor in the ac-CIMS scans.  Nitric monomer and dimer (125 and 188 

m/z) dominate the ac-CIMS negative ion scan, which was stopped at an upper limit of 500 m/z.  

However a comparision of Figure 2.8 with Figure 2.7 shows that the spectral structures, 

resolution and mass range are similar for the lc-CIMS and ac-CIMS systems.  Note especially the 

similarity of lower intensity peaks seen in the inset graphs for mid to high mass to charge ratios.  

For example, what looks like mass doublets in the inset positive ion spectra in both Figures 2.7 

and 2.8 above 350 m/z.  It is reasonable to assume that, based on instrument performance, the two 

CIMS systems function similarly in terms of mass detection and resolution. 
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2.4 Summary 

A chemical ionization mass spectrometer, the lc-CIMS, was designed and built to 

measure charged molecular clusters in a laboratory setting.  The lc-CIMS was modeled after 

NCAR’s ac-CIMS, designed to observe particle nucleation in the lower troposphere.  Both the lc-

and ac-CIMS systems operate as quadrupole mass spectrometers.  Unique features of these 

cluster CIMS instruments include gentle ionization of neutral molecular clusters (discussed 

further in chapter 4) and octopole ion guides for increased ion transmission though the vacuum 

system.    Spectra measured by the lc-CIMS show fully resolved mass peaks from 0 to 700 amu, 

for both positive and negative detection modes, with a resolution of ± 1 amu.  Comparisons of lc-

CIMS and ac-CIMS spectra show similar structure, mass range and resolution in the two systems.  

Measurement ratios of charged aerosols by the lc-CIMS agree with bipolar distributions reported 

in the literature.  With the lc-CIMS system functioning according to desired specifications, 

further calibration of system parameters will be conducted (Chapter 3), bringing the system a step 

closer to real time measurement of freshly nucleated molecular clusters. 
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Chapter 3 

Cluster-CIMS Calibration by the 

Electrospray-Differential Mobility 

Separation Method 

3.1 Introduction and Background 

3.1.1 Calibration for Meaningful Measurements 

The cluster-CIMS was developed with the intention of studying the molecular 

composition and concentrations of freshly nucleated atmospheric particles (Eisele and Hanson, 

2000).  Operated in tandem with particle sizing equipment (mobility analyzers), the combined 

results provide the most complete picture yet of the physical and chemical processes that lead to 

particle nucleation in the atmosphere.  Overall, this endeavor aims to connect observations of 

particle formation and growth from the molecular regime up through micron sized particles.  

Figure 3.1 (McMurry et al., 2005) presents this goal visually, showing similar behavior but 

magnitude disagreement between kinetic nucleation theory (McMurry, 1980; McMurry 1983) and 

measured particle distributions, as well as a large measurement gap below a particle diameter of 3 

nm.  Through this work, as will be shown in chapter 5, we have closed the measurement gap, 

measuring complete size spectra down to molecular clusters.  In order to obtain this “complete 

snapshot” accurate calibration methods are required.   
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Figure 3.1 Comparison of measured number distributions for freshly nucleated particles to kinetic 

nucleation theory of sulfuric acid molecular clusters.  Similarity in distribution shape, as well as other 

correlations (see Chapter 1), support the underlying sulfuric acid composition of freshly nucleated particles.  

However, there is more than an order of magnitude difference between measured and modeled 

distributions, indicating that kinetic nucleation alone (i.e., collision-limited formation of clusters from 

sulfuric acid) cannot account for particle growth to particles larger than 3 nm in diameter. Using the cluster 

CIMS we hope to connect theory to measured distributions by filling in the measurement gap below 3 nm.  

(From McMurry et al. 2005) 

 

Calibrations require quantification of the relationship between the Cluster-CIMS 

response and cluster concentrations (i.e., the sensitivity), and establishment of the relationship 

between different measures of size: mass by the Cluster CIMS and mobility by aerosol 

instruments.  This chapter describes laboratory calibrations of sensitivities for the lc and ac-CIMS 

systems with particle size standards and sizing instrumentation.  We relied on earlier work by 

Fernandez de la Mora and coworkers for establishing the relationship between cluster mass, m, 

and mobility diameter, dp(Ku and Fernandez de la Mora, 2009; Larriba et al.2011).   They showed 

that 

)1.3(300.0 nmdd pm −=  
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where dm is particle mass diameter, m is particle mass, and ρ is particle density. 

Obtaining accurate particle size distributions is essential for understanding the physical and 

chemical pathways of particle formation and growth.  Thus quantification of sampling, transport, 

and detection efficiencies within new aerosol instrumentation is necessary to obtain meaningful 

results.  To obtain accurate particle size distributions of molecular clusters, sampled both from the 

atmosphere and our photochemical reaction chamber, sampling biases within the CIMS systems 

were evaluated.  A high resolution differential mobility analyzer (HDMA) in combination with an 

electrospray (ES) ionization source (Rosser and Fernandez de la Mora, 2005) was used to 

produce molecular ions of known mass and concentration for quantifying sampling efficiencies 

and response factors in the ac-CIMS, and calibrating mass measurement in the lc-CIMS.   

3.1.2 Differential Mobility Analyzers 

Particle sizing instrumentation provides physical characterization of sampled species in 

the form of mobility or geometric diameter.  In differential mobility analyzers (DMA) aerosol 

species are separated according to particle mobility in an applied electric field (Knutson and 

Whitby, 1975).  Ions are transported radially across a sheath flow of clean, laminarized air 

between concentric cylindrical electrodes.  For a particular applied field only particles of a 

limited mobility range will reach the detector.  By scanning over a range of classifying voltages 

one can obtain a mobility distribution and thus infer the aerosol size distribution (Wang and 

Flagan, 1990). 
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Traditional DMAs consist of a concentric cylindrical column and rod system.  Resolution 

and range are determined by instrument design and sheath flow characteristics.  Resolution in 

traditional DMAs is hindered by flow imperfections and diffusion broadening (Brownian 

broadening of ion trajectories) (Stolzenburg, 1988, Fernandez de la Mora, 2002).  Increasing the 

sheath flow rate will reduce diffusion broadening and increase resolution, but only in so far as 

laminar flow can be maintained. The bell shaped geometry and polished interior surfaces of the 

high resolution DMA (HDMA) used in our experiments provided mobility resolution down to the 

unit nanometer range (Rosser and F. de la Mora, 2005).  As mentioned in Ude and F. de la Mora, 

the irregular shape of the HDMA requires the determination of an instrument constant (k) to 

relate voltage (V) to mobility (Z), such that k = ZV/Q, where Q is the sheath gas flow rate.  This 

constant is determined by calibration of the HDMA with an aerosol size standard.  Once the k-

value has been identified the mobility and diameter of unidentified species may be determined.   

3.2 Atmospheric Cluster-CIMS Calibration 

3.2.1 System Schematic 

An ES-DMA system was used to examine mass dependent response factors in the ac-

CIMS located at NCAR in Boulder, CO.  These measurements were done in collaboration with 

post-doctoral researcher Dr. Jun Zhao (Zhao et al., 2010).  Nanometer sized droplets of molecular 

clusters with known characteristic masses were used to evaluate the ac-CIMS mass-response 

factors.  The experimental set-up (Figure 3.2) was also used to optimize the ac-CIMS for 

sampling of sulfuric acid clusters of atmospheric relevance, namely clusters in the 200 to 400 m/z 

range. 
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Figure 3.2 Schematic of ac-CIMS calibration experimental set up.  The HDMA selects ions of a narrow 

mobility range produced by electrospray atomization.  Ion mobilities correspond to characteristic ions of 

known mass for the compounds tested. These ions are then delivered to either the ac-CIMS or ion counter.  

 

3.2.2 Electrospray Ionization 

Nanometer sized molecular droplets were produced by electrospray atomization of ionic 

liquids (Rosell-Llompart and F. de la Mora, 1994).  The “homemade” ES system utilized in these 

experiments consisted of a fused silica capillary tube with one end sanded to a 45 degree point 

(365 µm OD/40 µm ID, Polymicro Technologies, Phoenix, AZ).  The capillary was threaded 

through a small metal tube with insulated fittings at either end.  The blunt end of the capillary 

extends into a 2 mL sample vial.  The sharpened end of the capillary extends into a metal 

electrospray chamber equipped with observation windows (Figures 3.3 and 3.4).   

Zhao et al. (2010) JGR  

Capillary 

gas
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Figure 3.3 Electrospray set up: (from left to right) solution vial with conducting wire, capillary gas port 

(tape labeled ES1), metal transport tube providing rigid support for the glass capillary, insulating tube 

fitting, and electrospray chamber with viewing windows (viewed from side in this image: windows are held 

in brass fittings).  

 

 

Figure 3.4 Electrospray capillary tip as seen through electrospray chamber windows using a magnifying 

lens. 

 

The silica capillary is electrically insulating, allowing accelerating potentials to be 

applied to metal chamber surfaces.  High voltage is applied to the metal transport tube and 

electrospray chamber using an adjustable 0 to 15 VDC power supply attached to a voltage 

amplifier (HY152A, Hangzhou Huayi Electric, Hangzhou, China).  The amplifier converts input 

voltage to an output voltage between 0 and ±12,000 VDC (0.16 mA, E121 EMCO High Voltage 
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Corp., Sutter Creek, CA).  The electrospray system is not electrically insulated, but the low 

current prevents risk of serious electrical shock (10 to 20 mA current is required for sustained 

muscle contraction (NIOSH, 2009)). The ES tube and chamber could be wrapped in an insulating 

material if desired.  An “insulated” version of this ES system, with voltages inaccessible to 

operator contact, was developed for subsequent experiments and will be mentioned in section 

3.4.1 

A thin stainless steel wire extends from the metal transport tube into a vial containing an 

electrically conductive solution. Thus, voltage applied to the metal tube electrifies the solution.  

The test solution is forced through the capillary by a small, regulated volume of dry filtered air.  

This flow will be referred to as the capillary flow and is set by pressure regulators attached to an 

air filter line (0-160 psig, R26/R08-02, Wilkerson Corp., Richland, MI).  The small diameter of 

the tube forces electrified solution into close contact within the capillary.  Electrical potentials of 

equal magnitude but opposite polarity are applied to the ionic solution and electrospray chamber.  

Repulsive forces among solution ions, as well as attractive forces between solution ions and 

chamber walls cause droplets to “explode” from the sharpened capillary tip (TSI 2000).  A stable 

electrospray is referred to as being in “cone-jet” mode, characterized by a stable Taylor cone (i.e. 

a clean, non-sputtering liquid cone).  A narrow jet of droplets, orders of magnitude smaller than 

the cone diameter, forms at the tip of a Taylor cone (Figure 3.5: Collins et al. 2008; Cherney, 

1999).   
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Figure 3.5 Collins et al. 2008: Modeled and photo image of electrospray Taylor-cone production of 

molecular droplets. 

  

A capillary flow between 2 and 4 psi of pressure and pre-amplified voltage of 2.5 VDC 

(approximately 2,400 VDC applied) is required to form a stable Taylor-cone in our ES system. 

The capillary pressure and applied voltage varied slightly depending on the test solution.  Of the 

solutions tested (see section 3.2.2), higher molecular weight salt solutions more readily formed 

stable electrospray Taylor cones relative to lower molecular weight salts.  

In the electrospray chamber droplets mix with a flow of dry filtered air, which will be 

referred to as the carrier flow.  Solvent evaporation reduces the charge stability of droplets 

resulting in fissioning of droplets to small charged molecular clusters and individual ions (Figure 

3.6) (Ikonomou et al. 1991).  
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Figure 3.6 Diagram of droplet formation and fission to molecular ions in an electrospray ionization source 

(Westman-Brinkmalm and Brinkmalm 2002). 

 

The carrier flow, controlled by a pressure regulator and  rotameter, sweeps molecular 

clusters into the HDMA (0-160 psig, R26-02, Wilkerson Corp., Richland, MI; 0-150mm P-type, 

Aalborg Instruments, Orangeburg, NY).  Rotameter flow was calibrated using a bubble flow 

meter (Gilian Gilibrator-2 primary reference standard, Sensidyne LP, Clearwater FL).  The carrier 

flow was set to 5.86 Lpm to match vacuum pull through a critical orifice at the rear of the HDMA 

system.  The carrier flow rate could be increased over this above mentioned, balanced value to 

“push” ions through system, increasing ion concentrations.  A downside to this method was 

increased sample solution evaporation and thus a decrease in the run-time available for a 

particular experiment. 

3.2.3 Electrospray Solutions  

The relationship between electrical mobility (Z) and mass diameter (dm) has been well 

established for particles of diameter > 0.7 nm by both semi-empirical modeling (Tammet, 1995) 

and measurement (Ku and Fernandez de la Mora, 2009, Larriba et al. 2011).  As mentioned in 

section 3.1.1, work by Ku and F. de la Mora on particle mobility and mass of electrosprayed alkyl 
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halide salts (and other ionic liquids) has lead to the establishment of the relation dp = dm+dg, 

where dp is mobility diameter, and dg is the carrier gas diameter with a value of 0.300 nm).  Note, 

for spherical particles the mass diameter is exactly equal to the geometric diameter.  Mobility and 

geometric diameter differ due to an increase in particle collision cross section for particles with 

associated carrier gas molecules. 

Hydrocarbon ammonium halide salts (Figure 3.7) where chosen to provide charged 

molecular clusters of known and relevant mass and mobility for quantifying the cluster-CIMS 

response (Tetramethyl Ammonium Iodide: CAS 75-58-1, Tetrapropyl Ammonium Iodide: CAS 

631-40-3, Tetrabutyl Ammonium Iodide: CAS 311-28-4, Tetraheptyl Ammonium Bromide: CAS 

4368-51-8, Sigma Aldrich, St. Louis, MO).  An electrospray of tetra-alkyl ammonium salts 

produces ions and molecular clusters with mobility diameters between 1 and 2 nm, and masses 

between 74 and 900 amu (Ude and F. de la Mora, 2005).   
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Figure 3.7 Chemical structures of hydrocarbon ammonium salts utilized in this work due to their capacity 

to form molecular clusters of desired charge, size and mass under electrospray ionization. 

 

Experiments with the ac-CIMS were conducted using small quantities of a given salt 

dissolved in formamide, a highly viscous solvent, to form ionic solutions with millimolar 

concentrations (CAS 75-12-7, Fluka Analytical/Sigma Aldrich).  Although toxic, formamide was 

chosen as a solvent due to its low volatility.  Other ES solvents were investigated, such as water-

acetonitrile, and water-methanol mixtures.  The higher volatility of these solvents resulted in 

crystallization of the salt solutions at the capillary tip.  Only a very small volume of salt-

formamide solutions was used in any given testing period, and the sheath exhaust was always 

vented to either a laboratory hood, or outside of the laboratory building.  Experiments with the lc-
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CIMS were conducted using high grade methanol as the ES solvent.  Crystallization of salt in the 

capillary was prevented by using professionally manufactured capillary needles and carfully 

cleaning the ES with solvent after each experiment (see section 3.3.2). 

3.2.4 HDMA Operation 

The HDMA body was purchased from NanoEngineering Corporation (West Palm Beach, 

FL). Sheath flow is provided by a vacuum blower which pulls room air though a series of filters 

at the bottom of the HDMA body - a standard automotive filter, vacuum filter screen and two 

flow laminarization screens. An AC voltage regulator (variac) was used to provide adjustable 

power to the vacuum blower, thereby allowing sheath flow rates to be adjusted from 0 to 1400 

Lpm (1665-13 Lamb Electric, Kent OH; 72-110 Variable Auto Transformer, Tenma, Centerville 

OH). Flow velocity and sheath tube dimensions were measured to calculate sheath flow per unit 

of power applied to the vacuum blower. 

In a traditional DMA a region of electrically insulating material is required to safely 

connect the electrode slit to an external electrometer.  Ude and de la Mora (2005) found that this 

insulator region resulted in significant electrostatic losses, particularly for nanometer sized 

particles of interest to our research.  To avoid such loses our system was set up to operate in 

“reverse” DMA mode, with the central electrode electrically grounded and outer metal cylinder at 

high voltage.  This set up allows the aerosol outlet to feed directly into an electrometer or mass 

spectrometer inlet, minimizing electrostatic losses.  An adjustable power supply, controlled by 

data acquisition software, supplied 0 to ±3000 VDC to the HDMA body (205A-03R, 

Bertan/Spellman High Voltage, Hauppauge, NY;  Labview software, National Instruments, 

Austin, TX).  Measurements of ion spectra are acquired by scanning over a range of voltages, 

where as particles of a narrow mobility range are selected by sitting on one particular voltage.  

For operator safety a protective plastic shield was built to fit around the system and a series of 
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resistors attached to quickly dissipate charge once power was shut off.  When experimental setup 

required removal of the safety shield, resistors were attached to the DMA chamber to create a 

parallel circuit, cutting current should the system accidentally be touched by the operator.   

After mobility selection particles pass through an ion-counter and electrometer (Faraday 

cage) to measure the particle current.  A critical orifice, attached to a in-house vacuum supply line 

at the rear of the electrometer, provides a 5.86 Lpm sample flow rate.  Ions were detected by 

either an ion counter/electrometer pair capable of measuring femto-amp currents (Mark 

Emery/UofM Mechanical Engineering Machine Professional Shop; 642 electrometer, Keithly, 

Cleveland, OH) or an aerosol electrometer (model 3068, TSI Inc., Shoreview, MN).  

3.3 Atmospheric Cluster-CIMS Calibration 

The ES HDMA system was operated as outlined in section 3.2 with the exception that the 

mobility selected ions were alternately fed to either the ion-counter to measure current (later 

converted to number concentration), or to the ac-CIMS to measure mass to charge ratio.  Mass 

biases inherent in the ac-CIMS system were investigated by comparison of ion-counter 

measurements to CIMS signal.    

3.3.1 Characteristic Ions 

 Spectra of positively charged electrospray alkyl salt solutions, as measured by our 

HDMA system, are shown in Figure 3.8.  Monomer ions (labeled A+) were formed via loss of the 

halide species. Clustering of monomer ions with neutral salt molecules (labeled ABn) created 

higher mass (lower mobility) charged species, thus providing a wide range of characteristic 

masses to detect in the cluster-CIMS. 
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Figure 3.8 HDMA scans showing normalized detector response for various inverse mobilities of (a) 

tetramethyl ammonium iodide (b) tetrapropyl ammonium iodide (c) tetrabutyl ammonium iodide and (d) 

tetraheptyl ammonium iodide ions with monomer (A
+
) and first molecular clusters (A

+
(AB)1) identified. 

Note: the large, sharp peak produced by the methyl salt (TMAI) with a mass of 199 amu was not identified 

as a cluster peak, but is characteristic of this particular salt, and thus utilized in the cluster-CIMS 

calibration.  It is likely related to the parent ion, or possibly a fragment of a larger, metastable ion. 

 

The peak width of each ion species is sufficiently narrow such that there is little overlap 

between ions.  Further, to select a specific ion produced by electrospray the HDMA is held at a 

characteristic voltage coinciding with the maximum peak intensity for given flow conditions. 

Thus, only an exceedingly narrow mobility range of ions is able to pass through the system, far 

exceeding the selection resolution one might assume upon first glance of Figure 3.8. Spectra with 

improved resolution (diminished peak width) could be collected by significantly increasing the 
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HDMA shealth flow (In fact spectra shown in Ude and F. de la Mora, 2005, were collected at 

near sonic sheath flow velocity).  This modification is unnecessary, noisy, and would require an 

electric supply with a far greater range than was available for these experiments. 

Monomer and cluster ion masses (Table 3.1) were identified by comparing their inverse 

mobility to published literature (Ude and F. de la Mora, 2005). For each identified ion or cluster 

the applied HDMA voltage, sheath flow and literature given mobility values were used to 

calculate the instrument constant, giving a k-value of (3.38±0.07)x10
-2

 cm
-1

.  This constant may 

then be used to infer mobility from applied DMA voltage for unidentified ions.   

Table 3.1 Monomer and first cluster mobility size (nm, mobility diameter from Ude and F. de la Mora 

2005) and mass for electrospray solutions. Note: the A+(AB)1 cluster for TMAI was not detected by the 

cluster-CIMS.  

 

3.3.2. Ion Delivery 

Ions enter the ac-CIMS through a pinhole aperture mounted on an airfoil shaped holder, 

similar to the lc-CIMS inlet described in Chapter 2.  The ac-CIMS inlet penetrates 1 cm into a 15 

cm cylindrical stainless steel tube, roughly 24 cm from the front end and slightly below the flow 

tube center line (Figure 3.9).  A vacuum pump at the rear of the tube creates an 8.61 Lpm flow of 

air though the flow tube.  A cap is attached to the front of the flow tube which fits snuggly around 

a sampling tube (1.3 cm OD) coming from the HDMA aerosol outlet.  Ions are directed into the 

pinhole aperture by electrical potential differences between the flow tube and inlet top plate.  

Standard operating flow tube voltages are in the hundreds of volts DC, thus the voltages applied 

to the HDMA electrodes were raised relative to the tube voltage.   
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Due to the geometry of the ac-CIMS, it was necessary to rotate the DMA slightly to 

switch between ac-CIMS and electrometer measurements.  It was important that the CIMS 

transport tube remain in the same position between experiments to determine mass dependent 

sampling efficiencies.  Thus an additional stainless steel transport tube (1.25 cm ID) was used 

between the DMA and electrometer.  As shown in Figure 3.9, ions were delivered in one of three 

ways– with the sampling tube terminating at the flow tube cap, with the sampling tube 

penetrating some distance into the flow tube along the centerline, and with a bent sampling tube 

to deliver ions in line with the pinhole. 

 

 

Figure 3.9 Schematic of ion delivery to ac-CIMS Inlet, showing transport tube in dark black, with dilution 

(A), centerline (B), and direct delivery (C) transport tubes. 

 

Ions delivered to the front of the flow tube were fully diluted and as a result only the most 

abundant ions were detected.   Greater ion signal intensity was obtained with the long centerline 

tube, but many ions were still too dilute to be detected by the ac-CIMS.  The bent tube, which 

delivered ions directly in front of the pinhole aperture, provided significantly enhanced ion 

signals of all desired mobilities/masses.  However, direct delivery of ions to the CIMS inlet is 

slightly less relevant than the other two sampling scenarios, given that standard cluster - CIMS 

measurements involve transport through the sampling tube. Ion current was measured with the 

electrometer both before and after CIMS measurements for each mobility-size selected particle.   

A. B. C.
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The ion transmission through these transport tubes was measured to correct for any 

differences in ion deposition due to the varying length and shape of transport tubes (Figure 3.10), 

and later used as signal correction factors based on the experimental set up.  

 

Figure 3.10 Size dependent penetration of ES-HDMA selected alkyl salts though stainless steel transport 

tubes relative to direct detection.  Transmission was measured in a 12” straight tube (centerline delivery: 

see Fig. 3.9B, black diamonds), a 9” straight tube (dilution delivery: see Fig. 3.9A, red triangles), and a 15” 

tube with a s-shaped bend (direct delivery: see Fig. 3.9C, green boxes).  These values were used to correct 

for differences in transport efficiencies due to tube length and/or geometry.

 

3.3.3 Experiments 

The atmospheric and laboratory cluster-CIMS instruments were built to examine the role 

sulfuric acid clusters may play in atmospheric new particle formation events.  Calibration of mass 

sensitivity was conducted to provide quantitative correlations between spectral peak intensities 

and cluster concentrations.  

ES produced  molecular ions and clusters varied in mass from 74 to 900 amu, covering 

the operational range of the quadrupole CIMS system.  The ac-CIMS signal was optimized by 

adjusting various components of the system such as the flow tube and inlet voltages, quadrupole 
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entrance and exit lens voltages
3
, quadrupole resolution and octopole operating frequency.  A 

desire to test the system’s ion transmission efficiency over the full mass range necessitated the 

use of a bent tube that delivered ions immediately in front of the CIMS inlet (Figure 3.10, C.).  

Thus, adjustments made to flow tube and inlet voltages were not terribly significant.  Adjustments 

made to the quadrupole entrance and exit lens voltages provided only minor improvement in 

cluster signal.  Operating the CIMS system at a lower quadrupole resolution increased the 

detection of masses above 600 amu, but resulted in significant peak overlap (Zhao et al., 2010).  

A controlling factor in ion transmission was found to be the octopole operating frequency.  The 

range of alkyl ammonium molecular ions was measured over various octopole frequencies from 

350 to 750 kHz.  The CIMS response was then compared to concentration measurements 

collected by an aerosol electrometer and reported as a sensitivity factor of CIMS signal per ion 

per unit volume (Hz/(ion cm
-3

)).  Figure 3.11 shows the ac-CIMS mass sensitivity as a function of  

octopole frequency for various masses.   

 

                                                           
3
 The quadrupole in the ac-CIMS has entrance and exit lenses, but not pre- and post-filters, as mentioned 

for the lc-CIMS in Chapter 2, section 2.3.2. 
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Figure 3.11 ac-CIMS sensitivity to varying octopole operating frequency (350 to 750 kHz) for 

characteristic mass ions. (Originally published in the Journal of Geophysical Research, Zhao et al. 2010.)  

 

Detection of low molecular weight ions (74, 186 amu) was particularly sensitive to 

octopole frequency, with sensitivity increasing by two orders of magnitude between 350 and 750 

kHz for the lightest ion.  Mid-range masses, 200 – 400 amu, were less sensitive to operating 

frequency.  Sensitivity drops rapidly between 400 and 500 amu before leveling off again, with the 

lower operating frequencies providing greater sensitivity.  An operating frequency of 550 kHz 

was chosen to best optimize both low and high mass detection efficiency.  The system operates 

with a relatively flat response curve for masses between 200 and 400 amu, corresponding to 

clusters of two to four sulfuric acid molecules, with response dropping by an order of magnitude 

for clusters of five or more sulfuric acid molecules. At 550 kHz octopole frequency and a 

standard quadrupole resolution setting of ± 1 amu (full width at half height), small sulfuric 

clusters of between one to three molecules will be detected in the ac-CIMS in relative abundance, 

but higher order sulfuric acid cluster signals (masses above 400 amu) may have poorer signal to 

noise ratios.
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3.4 Laboratory Cluster-CIMS Calibration 

The lc-CIMS, described in Chapter 2, was built to study nucleation of sulfuric acid 

systems in a controlled, laboratory setting.  It was modeled to function similarly to the ac-CIMS, 

yet sample a smaller volume of air to maximize time available in reaction chamber experiments.  

The mass filtration component - the quadrupole mass filter - is identical in these two systems.  

The inlet and ocotople ion guides were redesigned to fit in the smaller lc-CIMS system while 

maintaining comparable ion transmission.  The lc-CIMS operates at higher internal pressure than 

the ac-CIMS, using only two turbo pumps compared to three turbo molecular pumps used in the 

ac-CIMS.  While the higher pressure can shorten the electrical life of the ion detector, it also 

results in somewhat improved ion transmission.    

Calibrations similar to those described in section 3.3 were attempted to measure lc-CIMS 

performance.  These experiments demonstrated the capability of the lc-CIMS to mass  analyze 

clusters in the 100 – 700 amu range, as shown in sections 3.4.2 and 3.4.5.  However, we did not 

quantify the sensitivity of the lc-CIMS to ions of known concentration as was done with the ac-

CIMS.  Over the course of a year or more, the instrument response to ions of known 

concentration was found to vary significantly (orders of magnitude) from one day to the next.  

After completing the calibrations and before conducting nucleation experiments, described in 

Chapter 5, the lc-CIMS was modified as described in section 3.4.5.  This led to stable day-to-day 

operations.  Research is currently underway to complete the sensitivity calibrations with the 

modified inlet.  For the results shown in Chapter 5 we assumed that the instrument sensitivities 

are equal to those measures for the ac-CIMS (Figure 3.11).  This assumption needs to be 

confirmed, although it should be a reasonable approximation since the inlets to the two 

instruments are now quite similar. 
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3.4.1  Modifications to Apparatus used to Calibrate the lc-CIMS 

The same HDMA system described in 3.2.4 was used for lc-CIMS calibration 

experiments with a few modifications.  Operation of the HDMA as a reverse DMA, with inner 

electrode grounded and outer electrode (DMA body) at high voltage, presented obvious operator 

safety concerns.  For the lc-CIMS experiments, the HDMA electrical components and ion outlet 

were modified to allow the system to operate in standard mode, with outer electrode grounded.  

Characteristics of the instrument design resulted in electrical arcing at inner electrode potentials 

of greater than 5 or 6 kV.  Fortunately we were interested in CIMS detection of ions the sub-1 to 

2 nm range, which were sufficiently resolved below 6 kV for standard operating conditions.  Ion 

loss in the outlet of the HDMA was reduced by replacing Teflon insulators with static-dissipative 

material (Tecaform SD, an acetal polymer similar to Delrin, surface resistivity of 10
9
 to 10

11
 Ω 

cm
-1

, Plastics International, Eden Prairie, MN).  However, the measured ion signal was still 

significantly lower than that measured in “reverse” mode operation.   

The electrospray was also modified out of concern for operator safety.  A new 

electrospray was designed by colleague Dr. Michel Attoui, of the University of Paris, and built in 

the Mechanical Engineering Professional Shop.  The redesigned system housed electrified 

components inside an opaque resin (Figure 3.12). 
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Figure 3.12 Modified electrospray with electrical potentials shielded inside resin cube.  Capillary flow and 

carrier flow are as described in section 3.2.2. 

 

A source of uncertainty in the ac-CIMS calibration method (Figures 3.9 – 3.11) was 

measurement of aerosol number concentration separately from the CIMS inlet region. Ion 

concentration was measured at the outlet of the HDMA, rather than at the inlet to the CIMS.  To 

rectify this discrepancy the HDMA outlet could be connected directly to the sampling tube inlet, 

and electrometer connected directly to the sampling tube outlet.  However, direct connections are 

not feasible because the HDMA’s inner electrode was operated at a potential of a few thousand 

volts while the CIMS sampling tube was operated at a potential of a few hundred volts.  Also, the 

electrometer electrode operates at ground potential.  Instead, transport tubes made of a material 

that acts as a “leaky insulator” (i.e. very slightly conducting) were used to connect the HDMA, 

CIMS and electrometer (Tecaform AH EHS, olyoxymethylene copolymer, Ensinger Ltd., UK).  

This allowed unique potentials to be independently applied to each system component.   

Unfortunately, combined ion losses in the HDMA outlet and semi-conductive transport 

tubes resulted in a sample flow nearly below electrometer detection limits, and certainly too low 

for meaningful CIMS measurements.  After exhaustive attempts to increase ion transmission 

though the ES-HDMA-CIMS-electrometer configuration it was decided to remove the HDMA 
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system and to directly sample the ES output.  It was reasoned that the sensitivities identified 

through the ac-CIMS calibration could be generally applied the lc-CIMS system due to their 

design similarities. Because the ES output contains a spectrum of masses, this approach precluded 

measurements of lc-CIMS sensitivity to ions of a particular mass. A quantitative measurement of 

number concentration for each particular ion was deemed less important than mass agreement and 

signal optimization in the lc-CIMS.   Thus, the electrospray was connected directly to the semi-

conductive transport tube as shown in Figure 3.13. 

 

Figure 3.13 lc-CIMS calibration experimental set up showing (foreground, from left to right) electrospray, 

“leaky insulator” copolymer tube, CIMS sampling tube/lc-CIMS, “leaky insulator” co-polymer tube, and 

ion counter/electrometer inlet just visible at far right. 

 

3.4.2 Electrospray Experiments 

Solutions of alkyl halide salts, described in section 3.2.3, were used to produce 

characteristic ion clusters by electrospray ionization.  Mass peaks were identified in the lc-CIMS 

on-mass and with good mass resolution (± 1 amu).  lc-CIMS scans of electrosprayed salt solution, 
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with monomer and dimer peaks identified (THABr excluded) are shown in Figure 3.14.  System 

components were adjusted to optimize peak signals, resulting in ion signals of 10
2
 to 10

3
 Hz. 

Optimized flow rates, CIMS inlet, octopole and quadrupole lens/filter voltages and ocotople and 

quadrupole operating frequencies are found in Table 3.2.

 

Figure 3.14 Optimized lc-CIMS system mass scans of monomer (A
+
) and dimer (A

+
(AB)1) peaks: TMAI 

(top left), TPAI (top right), TBAI (bottom left), and THABr (bottom right).
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Table 3.2 Optimized lc-CIMS settings.  Note: inlet voltage settings are particular to experimental set up; all 

voltage polarities are for positive ion detection mode. 

 

 

3.4.3 Sulfuric Acid Vapor Trials 

 In preparation for reaction chamber experiments (Chapters 4, 5) sulfuric acid clustering 

trials were conducted. Sulfuric acid vapor (in a carrier gas of filtered air) was ionized by 

negatively charged nitric acid ions (in a carrier gas of nitrogen) produced in the Americium 

source.  Characteristic nitric and sulfuric clusters were identified by mass (Figure 3.15).  The top 

plot shows maximum peak height for the dominant nitric ion involved in sulfuric cluster 

ionization (nitric dimer, HNO3·NO3
-
, 125 amu).  Deprotonated sulfuric monomer (97 amu), 

sulfuric monomer bound to nitric monomer (160 amu), and sulfuric dimer (195amu) were 

observed, as were clusters of nitric acid.  The presence of the sulfuric dimer is indicative of ion 

induced nucleation (IIN) processes occurring within the inlet region. IIN occurs as  ionized 

sulfuric acid monomer lingers in the inlet region long enough to collide with a neutral sulfuric 

acid molecule, creating a two molecule charged cluster.  A low sampling tube flow rate (1 lpm) 

and moderate electrical field (set by inlet/tube potentials) provided sufficient reaction time for IIN 

to occur.  Increasing the strength of the electrical field and/or the distance between the CIMS inlet 

and ion source will reduce reaction time and decrease IIN (discussed further in Chapter 4 and 5). 

Figure 5.13B was collected during the same sampling period as Fibure 5.13A, but after carrier gas 

Component Set Point Component Set Point

Inlet-Sheath Flow (N2) 100 sccm Quadrupole Prefilter -10 VDC

Sampling Tube Flow 1.09 lpm Quadrupole Postfilter -11 VDC

Sampling Tube 300 VDC Quadrupole Exit Lens -12 VDC

Radioactive Source Holder 280 VDC Electron Mulitplier, Front -2512 VDC

Inlet Front Plate 230 VDC Electron Multiplier, Rear ground

Inlet Base and Pinhole 14 VDC Quad RF Multiplier 0.00861

Octopole Bias -1.25 VDC Quad RF Mass Offset -0.01060

Octopole Frequency 1 MHz Quad DC Mass Offset -1.17070

Quadrupole Front Lens -6 VDC Quad DC Multiplier 1.299
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flows had been turned off to make some minor adjustments to the quadrupole.    Note the increase 

in relative intensity for the sulfuric dimer signal and drop in overall peak intensity for all ions by 

more than a factor of 10.  The drop in signal intensity indicates the presence of repulsive 

potentials in the inlet region, likely created by deposition of charged particles.  Charge 

interference was eliminated by modifications to the lc-CIMS inlet, present in section 3.4.5. 

 

Figure 3.15 Ionized sulfuric acid and source ion (nitric acid) clusters as measured by the lc-CIMS, with 

characteristic clusters identified by composition and mass.  Mass spectrum A was collected under normal 

operating conditions.  Mass spectrum B was collected after a period in which sample and source ion flows, 

and front end external accelerating potentials were turned off.  The decrease in reagent ion (125 m/z) signal 

intensity from A to B is indicative a charge build-up in the inlet region. 
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The decrease in signal intensity seen in Figure 3.15 and attributed to charge deposition 

was observed on many other occasions, although not immediately identified as such. The 

optimized lc-CIMS system provides mass identification at sufficient resolution (± 1amu), with 

maximum signal at expected m/z for all masses up to 700 amu.  However the system seemed 

plagued with intermittent low signal intensity.  Peak intensities in Figures 3.14 and 3.15 are at 

most a few times 10
3
 Hz, increasing to a few times 10

4
 Hz in figure 3.15B, yet reaching 

intensities of a few times 10
5
 or 10

6
 Hz on other occasions.  Another example of this phenomenon 

is shown in Figure 3.16 of positive air ion spectra measured on separate days.  Signal intensities 

varied by a factors of 10 to 1000.   

 

Figure 3.16 Positive air ion spectra, ionized by an Americium-241 source, were collected on September 9 

(solid line) and 11 (dashed line) under identical operating conditions.  While measured peak mass remain 

consistent between days, peak intensities differ by orders of magnitude. 

 

3.4.4 Chemical Contamination 

The CIMS inlet and ionization source fit snugly into the sampling tube, but are not sealed 

air-tight, potentially allowing room air to enter the sample flow.  To prevent this from occurring a 
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vacuum sealing compound, Apiezon, was placed around the inlet and ionization source (Apiezon 

vacuum sealing compound, M&I Materials Ltd. Manchester, UK).  As was noted in Figure 3.16 

signal intensities varied greatly from day to day.  Chemical contamination by and/or charge build 

up on Apeizon was identified as a possible cause for the variation in lc-CIMS performance. The 

sealing compound was removed from the inlet and ion source components and the components 

carefully cleaned.  Further, new insulating holders were machined to near press-fit tightness to 

hold the lc-CIMS inlet and ionization source in the sampling tube.   

Another factor contributing to the inconsistent ion signal was due to residue from trial 

ionic liquids used as electrospray solutions during calibration experiments.  One ionic liquid in 

particular, Cyphos (Cytec, Woodland Park, NJ) - a phosphonium salt, caused considerable 

problems, only resolved after washing the inlet, octopole, and quadrupole in a series of solvent 

washes and finally with distilled water and mild soap (Alconox). 

3.4.5 Inlet Modifications 

The most significant change made to the lc-CIMS system was modification of the inlet.  

With these modifications system measurement inconsistencies disappeared, providing a reliable 

measurement platform for the reaction chamber experiments described in Chapters 4 and 5. 

  A number of modification were made to the lc-CIMS inlet to minimize charge 

deposition and repulsive front end potentials.  The first modification was a material change for 

brackets holding the lc-CIMS inlet and ionization source in the sampling tube.  Delrin, an actyl 

copolymer with low out-gassing (off-gassing) potential, was used in the original design.  

However, it was noticed that after roughly 5 months of exposure to the Americium/nitric acid ion 

source the material was significantly discolored, a sign of damage and depolymerization 

(Dupont).  Inlet and ion source holders were remade using PEEK, a polyetheretherketone 

copolymer with high resistance to chemical and radiation degradation (Victrex, UK).  
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The inlet top plate (stainless steel) was designed to affix to the main inlet body via Teflon 

screws arranged around the outer perimeter.  Due to concerns that the Teflon screws were 

collecting charged particles, the inlet top plate was remade to contain only two screw holes 

(Figure 3.17). Shim stock was used to ensure sufficient electrical connection was maintained 

between top plate and lead wire.  Also shown in Figure 3.17, the telon insulator/nitrogen diffuser 

was remade using an electrostatic dissipative (ESD) PEEK (Tecapeek PVX, Ensinger, UK).  With 

a surface resistivity of between 10
5
 and 10

8
 Ω cm

-1
 this material would allow for dissipation of 

deposited charges while still providing electrical insulation between electrified system 

components.  Unfortunately, the material purchased was defective, exhibiting directional 

variability in surface resistivity, with measured values as low as 10
3
 Ω cm

-1
. 

 

Figure 3.17 lc-CIMS inlet modifications.  Original design (a) and (b), shows the inlet top plate perimeter 

ringed with electrically insulating Teflon screws and a Teflon nitrogen diffuser sandwiched between top 

plate and inlet base.  The bottom images show the modified top plate (c) and electrostatic dissipative (in 

theory) PEEK nitrogen diffuser (d). 

 

b

c d

a
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 The final and most significant modification was to isolate the nitrogen diffuser insert, the 

only portion of the ion channel made of non-conductive material. The original Teflon sandwich 

was reinstalled, but now with a small stainless steel diffuser insert.  An air gap of 0.03 cm was 

maintained between the inlet base and diffuser insert (Figure 3.18).  

 

Figure 3.18 Modified lc-CIMS inlet with stainless steel nitrogen diffuser insert (orange, center) set into an 

electrical insulator/diffuser disk (yellow).  The diffuser insert to conducts charged clusters through the inlet 

front plate (gray, top) and pinhole (green), and into the CIMS vacuum chamber. 

 

 The inlet modification fixed lc-CIMS performance inconsistencies, as can be seen by 

comparison of reagent ion (nitric dimer) signals before and after this fix was implemented (Figure 

3.19).  Reagent ion signals improved by a few orders of magnitude with the stainless steel insert, 

and consistency in day-to-day signal intensity greatly improved. Experimental data collected prior 

to this modification are valid. The optimized settings given in table 3.2 were tested and found to 

remain valid after the inlet modification, and relative mass sensitivities were consistent with 

Figure 3.14, just with increased signal intensities across the instrument operational range.  Thus 

the modified inlet channel greatly increased CIMS ion transmission efficiency.  Note that all 
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reaction chamber data will be normalized to reagent ion signal to account for normal variations in 

day-to-day signal intensity (Chapter 5). 

 

Figure 3.19 Comparison of average daily reagent ion (nitric acid dimer, 125 m/z) signal intensity, as 

measured by the lc-CIMS, both before and after (red dashed line) installation of a conductive inlet channel.  

 

3.5 Summary and Recommendations 

The ac-CIMS calibration by HDMA selection of electrosprayed salt solutions provided 

quantitative insight into mass transmission efficiencies, particularly in the octopole ion guides.  

These first calibration trials informed subsequent operational testing of the lc-CIMS.  The 

combined modifications made to the lc-CIMS inlet resulted in consistent, robust ion signals.  The 

resultant optimized lc-CIMS system, with sampling efficiencies now believed to be sufficient to 

measure higher order sulfuric acid clusters, was integrated into a photochemical reaction system, 

as will be described in Chapter 4.    
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 Work is currently underway to reattempt a quantitative calibration of the lc-CIMS using 

the full ES-HDMA.  Design modifications provided significant improvements to ion transmission 

in the lc-CIMS.  Concurrent work on the HDMA, conducted by fellow lab group members, 

resulted in improvements to that system as well.   With such improvements the probability of 

successfully detecting mobility selected particles in the lc-CIMS is greatly increased.  Such 

results would allow for direct comparison of lc-CIMS and ac-CIMS measurements.   However, 

we believe they are unlikely to significantly change the lc-CIMS reaction chamber results 

presented in the following chapters.  
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Chapter 4 

Photochemical Reaction Chamber 

4.1 Introduction and Background 

Eisele and Hanson conducted the first studies of sulfuric acid-water (H2SO4- H2O) and 

sulfuric acid-water-ammonia (H2SO4- H2O-NH3) nucleation in a flow tube reactor - CIMS system 

(Eisele and Hanson 2000, Hanson and Eisele 2002).   Flow velocities, set to provide 10-15 s 

reaction times, were utilized in the bimolecular (H2SO4- H2O) reaction system in low relative 

humidity conditions.  Later studies added ammonia to the system by direct injection of NH3 into 

the flow tube.  Molecular clusters of up to six sulfuric acid molecules were observed for the 

binary and ternary systems, and ammonia was found to contribute significantly to laboratory 

cluster nucleation. The short reaction times within the flow tube, however, meant that nucleated 

clusters were not able to reach a steady state distribution, hindering attempts to interpret data with 

classical nucleation theories.   

A further weakness of flow tube studies is the H2SO4 delivery method.  The Eisele and 

Hanson studies, as well as other flow tube-style nucleation experiments, administered H2SO4 into 

the reaction system by flowing air over a liquid sulfuric acid bath (Lovejoy and Hanson, 1995; 

Viggiano et al. 1997; Ball et al., 1999; Dunlea and Ravishankara; 2004). In these studies the 

H2SO4 concentration necessary for cluster detection above background signal was on the order of 

10
10

 molecules·cm
-3

.  Typical H2SO4 concentrations observed during atmospheric nucleation 

events
 
are as low as 10

5
, up to 10

8 
molecules·cm

-3
(Weber et al., 1999; Birmili et al. 2003; Kuang 

et al., 2008).   
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A batch- reaction chamber was designed and built to provide photochemical cluster 

formation at near ambient gas concentrations, and cluster growth on atmospheric time scales. Our 

research objective was to observe the nucleation and subsequent condensational growth of nano-

scale neutral molecular droplets in the laboratory using the lc-CIMS system described in Chapter 

2, a newly developed positive-ion chemical ionization mass spectrometer for amines and 

ammonia (the AmP MS), and aerosol sizing instrumentation.  These studies were conducted to 

inform our understanding of nucleation as it occurs in the chemically-complex boundary layer 

atmosphere.  Thus we choose to build a fairly realistic laboratory “atmosphere” in which to 

conduct our nucleation experiments. An advantage of such a batch reactor is that the nucleation 

and growth process can be observed over timescales long enough (up to about 60 minutes) to 

allow steady state sub-10 nm size distributions to be established.  In contrast, flow reactors 

similar to those used in most previous H2SO4 nucleation studies are limited to maximum time-

scales on the order of a few minutes. 

4.2 Chamber Design 

Our experimental photochemical reaction chamber was designed collaboratively between 

Dr. Peter McMurry, then graduate student Mark Emery, and author Mari Titcombe at the 

University of Minnesota, Department of Mechanical Engineering.   Construction and subsequent 

design suggestions and modifications were handled by Mechanical Engineering Professional 

Shop Machinist Robin Russell.   

Our reaction chamber has a volume of roughly 1000 L.  An outer wall of stainless steel 

forms a rigid enclosure for an inflatable Teflon film bag.  The primary gases used in our 

experiments were clean air (purified air), water vapor, sulfur dioxide (SO2), ozone (O3), and later 

various amine compounds.  The system is designed as a batch reactor.  Clean air and humidified 
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air are feed into the bag with sampling ports closed.  As the bag nears capacity sampling ports are 

opened to measure the concentrations of particles and gasses present in the reactor before 

reactants are added and the lights turned on.  Towards the end of the fill time reactant gases (SO2, 

O3, amines) are added to the bag (see Section 4.3).  Upon reaching bag capacity, the fill port is 

shut and ultraviolet (UV) lights are turned on to irradiate sample gases, thus initiating nucleation 

(see Section 4.4).  The space between the aluminum chamber walls and Teflon bag is bathed in a 

stream of purified, dry air to prevent contamination by diffusion or leaking of room air into the 

Teflon film reactor.  The experimental run-time is dependent on the bag volume and sampling 

rates.   Standard experimental run times, to half deflation, are 45 minutes. The chamber is 

equipped with a UV opaque viewing window to visually check remaining bag volume.  The end 

point is also observable by a significant change in the characteristics of various instrument 

spectra, as will be mentioned in more detail later in this chapter. 

Gases and nucleated clusters are sampled through stainless steel ports that penetrate 

through the bottom of the Teflon bag 3 cm into the chamber.  Stainless steel sample tubes/lines 

deliver sampled species to particle sizing and chemical characterization instrumentation located 

directly below the reaction chamber so as to minimize sampling losses.  Two particle sizing 

systems and two mass spectrometers sample from the photochemical chamber.  Combined, these 

systems measure a complete size distribution from single molecules up to 100 nm mobility 

diameter, and provide a molecular picture of sulfate based molecular cluster containing inorganic 

and organic constituents (Section 4.5).  Physical conditions inside the Teflon reactor are 

monitored during each experiment,  including relative humidity (via dew point measurement), 

pressure, SO2 concentration, and O3 concentration (Hygro M4, GE General Eastern Instruments, 

Wilmington, MA; QD-AP-T-316E-12 and panel meter DP63300-TC, Omega Engineering Inc, 

Stamford, CT; 43A, Thermo Environmental Instruments/ Thermo Scientific, Waltham, MA ; 
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1003-AH, Dasibi Environmental Corp, Glendale, CA).  The temperature of the photochemical 

system is controlled by a heat exchanger filled with a 50:50 bath of Ethylene Glycol and distilled 

water (IsoTemp 3016, Thermo Fisher Scientific, Waltham, MA).  Copper coolant lines ring the 

inside of the chamber shell and air within is circulated by three equally space muffin fans (small 

electric cooling fans).  Gases entering the Teflon reactor pass through a tube-in-shell heat 

exchanger to bring reactant flow to the desired experimental temperature (series 23, 16”, 37 tube 

bundle, Exergy LLC, Garden City, NY). Coolant flow through the tube-in-shell exchanger is 

controlled by the larger heat bath.  The overall Photochemical Reaction System is shown in 

Figure 4.1. 
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4.3 Precursor Administration 

Gases are administered into the reaction chamber though Teflon and/or chemically 

cleaned stainless steel tubing connected by stainless steel fittings, and stainless steel or Teflon 

ferrules (Swagelok, Solon, OH).  Gas lines and flow control systems are shown on the right-hand 

side of Figure 4.1.  Clean air is generated by passing house compressed air though a line of 

coalescing filters (R26/R08-02, Wilkerson Corp., Richland, MI) and a pure/zero air generator 

(Aadco Instruments, model  737-12a, Cleves, Ohio).  “Pure” air flow is split into two parts, 

controlled by calibrated rotameters, leading to a wet and dry bulb for humid and dry air, 

respectively (Calibration by Gillian Gilibrator model 801804, Synsidyne of Scheuenburg Int. 

GmbH, Mülheim, Germany).  The split, purified air flow picks up water vapor in the wet bulb by 

bubbling through water.  Residual ammonia is scrubbed from both the water and “pure” air by 

using a 5% (by volume) solution of sulfuric acid in ultrapure water (Sulfuric Acid, 95-98%, ACS 

Reagent, Sigma-Aldrich, St. Louis, MO).  The wet bulb is equipped with heat tape to provide 

variable humidity levels within the bubbler and hence in the humidified air flow.  The dry bulb is 

coated with a filter paper soaked in sulfuric acid to scrub the dry air flow of residual ammonia.  

The scrubbed, wet and dry pure air lines merge with gas inlet lines to carry reactant species into 

the reaction chamber.  Each line is equipped with a ball valve and/or mass flow controller to 

ensure one-way flow (Mass Flo, 179A and 1479A, MKS Instruments, Andover, MA).  A portion 

of the scrubbed dry air flow, controlled by a critical orifice, may be directed to an ozone 

generator capable of producing a maximum concentration of 3 ppm O3 at a flow of 1 lpm ( 97-

0067-01, UVP, LLC., Upland, CA).   Sulfur dioxide (SO2) serves as the precursor to gaseous 

sulfuric acid, which will be produced photo-chemically in the reaction chamber (Section 4.4). 

SO2 flow is controlled by a mass flow controller in line with a SO2 cylinder (97 ppm SO2 in N2, 

660 CGA value, Valley National Gas, New Brighton, MN).  All incoming gases pass though a 

glass fiber filter immediately before the reaction chamber fill valve to remove particles 
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potentially generated by the water bubbler and/or ozone generator (35 mm, Whatman Ltd, Kent, 

UK). 

4.4 Photochemical Processes 

The chemical processes leading to particle nucleation within our experimental system are 

initiated by ultra-violet irradiation.  The chamber frame was designed with three UV light ports.  

Under standard operating procedures, however, two of the ports hold UV lamps (36”, GLM005, 

American Air & Water, Hilton Head Island, SC) while the third port serves as a viewing window. 

This change was made for two reasons, first it was found that three lights provided an over-

abundance of energy to the reaction system.  To slow the photochemical reactions one of the UV 

lights was removed.  The installation of a viewing window also provided more consistency in 

experimental conditions by allowing researchers to observe bag volume and check for any 

obvious leaks to the Teflon film.   A UV opaque (<10% transmission) Plexiglass material with 

was chosen for the viewing window (Optix Acrylic, Plastics International, Eden Prarie, MN). 

Molecular clusters of sulfuric acid are formed in the reaction chamber by the same 

photochemical processes that occur in the atmosphere.  As discussed in Chapter 1, section 5, the 

first step towards nucleation is the formation of hydroxyl radical.  The UV lamps emit light at a 

peak emission wavelength of 253.7 nm, the maximum absorption cross section for ozone.  Ozone 

is split to produce singlet oxygen, most of which reacts with a third body (nitrogen or oxygen) to 

reform ozone.  However, some of the singlet oxygen will react with water vapor to produce 

hydroxyl radical (Equations 4.1 – 4.4, Sienfeld and Pandis, 2006).  
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H2SO4 molecules are easily hydrated and will condense, likely with a third species, to form unit 

nanometer sized molecular droplets, aka molecular clusters.  With the photochemical reaction 

system we are able to investigate the effects of administered tertiary species, such as ammonia or 

ammines, on the nucleation and growth of molecular clusters in a carefully controlled system. 

4.5 Analytical Instrumentation 

Two particle sizing instruments, labeled “PSD” and “DEG”, are seen on the lower left 

hand side of Figure 4.1.  PSD stands for “Particle Size Distribution” and referrers to a system of 

instruments used to filter and measure sampled particles. It consists of two Scanning Mobility 

Particle Spectrometers operated in parallel, one for smaller particles (3-50 nm) and one for larger 

particles (40-500 nm) (SMPS, Wang and Flagan, 1990).  Neutral particles are charged in a 

polonium-210 ionization source, filtered through a Differential Mobility Analyzer (DMA, see 

chapter 3, section 3.1.2), grown by vapor condensation and optically detected in a Condensation 

Particle Counter (CPC, Sinclair and Hoopes, 1975; Bricard et al., 1976; Agarwal and Gilmore, 



84 

 

1979; Wilson et al., 1983; Stolzenburg and McMurry, 1991).  Note the abbreviation UCPC shown 

in Figure 4.1 refers to Ultrafine Condensation Particle Counter).  The PSD system uses 

condensation particle counters that employ butanol as the operating fluid, i.e. butonal is 

condensed on size selected particles, leading to growth of particles to sizes more efficiently 

detected by optical methods.  By scanning over a range of applied voltages in the selection 

column (i.e. the DMA) the PSD system provides the necessary information to calculate the 

number distribution of particles from 3 nm to over 500 nm in diameter.    

DEG stands for “Diethylene Glycol” and refers to the working fluid (i.e., the condensing 

vapor) used in the recently developed DEG SMPS (subsequently referred to as the DEG, 

Diethylene Glycol Scanning Mobility Particle Sizer, Iida, Stolzenburg and McMurry, 2009; 

Kuang, 2010).  As with the PSD instrument, the DEG measures mobility distributions.  The 

sampled aerosol passes through a polonium-210 charger and a mobility filter (DMA). However, 

unlike the PSD system, which employs butanol CPC’s, the DEG uses a diethylene glycol CPC to 

activate the mobility-classified particles, followed by a butonal “boster” CPC.  The tandem CPCs 

allow particles in the 1.5 to 3 nm range to grow sufficiently to be optically detected.  The DEG 

system is thus used to provide number distributions in the 1.2 nm to 10 nm mobility diameter 

range.   

Also used in these studies, but not shown in Figure 4.1 is the Atmospheric Pressure Mass 

Spectrometer (AmP MS) built by Dr. David Hanson, Augsburg College, Minneapolis, MN 

(Hanson et al. 2011).  The AmP MS is a quadrupole mass spectrometer with a similar design to 

the lc-CIMS discussed in Chapter 2.  The system is operated in positive ion mode (vs. negative 

ion mode for the lc-CIMS), and uses hydronium ions for chemical ionization.  It was used to 

monitor organic species present or created in the photochemical reaction chamber.  The AmP MS 

was originally installed downstream of the lc-CIMS sampling tube.  This was done for reasons of 

efficiency - the pull from the AmP MS system provided sample-flow through the lc-CIMS 
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sampling tube.   Thus, the volume of air drawn from the reaction chamber would remain constant, 

even with the addition of the AmP MS to the photochemical monitoring system.    It was 

eventually noticed that the nitric acid ion bath, used to ionize neutral molecular clusters for lc-

CIMS analysis, was interfering with the AmP MS signal.  For this reason the AmP MS was 

moved to an adjacent sampling port (1/4 in stainless steel tube). 

4.6 Cluster Chemical Ionization 

4.6.1 CIMS Inlet Region 

Molecular clusters formed by nucleation in the reaction chamber are predominately 

neutral in charge.  It is highly unlikely that charged clusters (formed, for example, by cosmic 

radiation) would survive in the Teflon film chamber as static deposition efficiently removes 

charged species.  The lc-CIMS was designed to gently apply a negative charge to sulfuric acid 

clusters via chemical reaction with nitric acid vapor ions.  Clusters and gases are sampled from 

the reaction chamber through a 5 cm (inner diameter) stainless steel tube. The ionization source 

and the lc-CIMS inlet sit opposite one another roughly 6 cm from the bottom of the reaction 

chamber (Figure 4.2).   
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Figure 4.2. Schematic of lc-CIMS inlet (left) and ionization source holder (right) in reaction chamber 

sampling tube (center).  Neutral molecular clusters and gases are sampled from the reaction chamber and 

undergo gentle chemical ionization as they pass between the ion source and CIMS inlet.  The white colored 

components around the inlet and ion source, as well as the yellow piece sandwiched between the inlet base 

and inlet front plate (see Chapter 2) are electrical insulators. An accelerating electrical field is formed 

between the sampling tube, ion source, inlet front plate and inlet base to direct ions into the mass 

spectrometer.   

 

The source holder penetrates the sampling tube at an adjustable depth up to 3.5 cm.  The 

lc-CIMS inlet also penetrates the sampling tube, opposite the ion source holder, up to a depth of 2 

cm.  The standard operating distance between the source holder and inlet is 3.81 cm.  The inlet 

base, inlet front plate, source holder and sampling tube are electrically isolated from each other.  

Applied potentials create an electric field that drives ions into the lc-CIMS while gases and 

uncharged particles are carried away down the sampling tube.   

4.6.2 Americium Source and �itric Acid Ionization 

To form nitric ions, a small vial containing a few mL of liquid nitric acid T’s into a 

stainless steel nitrogen gas line.  A low flow of nitrogen blown over the vial, picks up  nitric acid 

Sample Flow
from reaction chamber
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vapor, which is then feed though an Americium-241 (Am-241) radioactive source with a nominal 

activity of 0.75 millicurie (custom made, Eckert & Ziegler Isotope Products, Valencia, CA).  The 

Am-241 source is a 4eV, α-particle emitter with a 400 year half life, making it suitable for multi-

year experimental use.  Other radioactive sources such as Polonium are easier to obtain and 

dispose, but the shorter half life may lead to uncertainties in ionization rates and hinder 

experimental reproducibility.  The Am-241 source is registered with University of Minnesota 

Office of Environmental Health and Safety and regularly checked for aberrant radioactivity. 

The source consists of americium oxide incorporated in a pure gold matrix on a silver 

underlay.  The foil lines the inside of a stainless steel holder with an elliptical opening into the 

sampling tube.  The foil is roughly 80 x 9.5 x 2 mm
3
, with active surface dimensions of 80 x 8.5 

mm
2
.  A perforated plate (diffuser) sits at the back of the source holder to spread nitric vapor 

before it passes the Americium foil. The nitric laden flow passes inside the Am-241 foil loop and 

acquires a negative charge by proton removal.   

The most common ion produced is the first nitric cluster, HNO3·NO3
-
 (125 amu) (Eisele 

and Hanson, 2000), with NO3
-
 (62 amu) and (HNO3)2·NO3

-
 (188 amu) produced at an order-of-

magnitude lower abundance.  The holder has a cylindrical height of 3.8 cm, smoothing gas flow 

before it passes into the sampling tube to react with freshly nucleated molecular clusters (Figure 

4.3). The airfoil shape of the ion source holder reduces flow turbulence behind the piece, 

minimizing flow recirculation.   
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Figure 4.3 Cross section of ionization source.  Nitric acid vapor carried by nitrogen enters the source 

holder from bottom of image.  A diffuser plate spreads the nitric acid flow for greater alpha-particle 

interaction in the Am-241 foil region.  Note: design was modified to place Am-241 foil front edge 1 cm 

from the top of the source holder (i.e. blue clamp was moved down 1 cm from where it is shown here).  The 

gap between the radioactive foil and edge of the holder reduces the number of alpha particles escaping the 

source holder.  Thus the primary method of cluster ionization is by chemical reaction with nitric acid ions. 

 

4.6.3 Transverse Ion Drift 

The nitric – molecular cluster reaction time is determined predominately by the strength 

of the electric field and the distance between the inlet and ion source holder.  Standard gas flow 

rates and operating voltages for faster (greater potential difference) and slower (lesser potential 

difference) reaction times are shown in Figure 4.4. 

Diffuser Plate

HNO3/N2
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Figure 4.4 The lc-CIMS sampling tube (Sampling Tube, center), lc-CIMS inlet (MS Inlet, top center), inlet 

top plate (Top Plate, top center/shaded) and source holder (Source, bottom center) standard flow rates and 

operating potentials for lc-CIMS inlet region. The first potential value given for SOURCE and SAMPLING 

TUBE represent a slower (longer) chemical ionization scenario, the second values represent a faster 

chemical ionization scenario. Red arrows show direction of sample flow. (Credit: Derek Oberreit, 

unpublished) 

 

The Am-241 foil is set back roughly 1 cm from the source holder opening to minimize 

the number of α-particles entering the sampling tube.  The presence of α-particles in the sample 

flow will ionize neutral clusters and un-reacted gases which may in turn further ionize sample 

flow, leading to ion induced nucleation and growth within the source region.  This may also occur 

with clusters and gases ionized by nitric ions.  The geometry shown in Figure 4.5, with electric 

field perpendicular to sample flow, provides a transverse ion drift region.  
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Figure 4.5 Simplified drawing of CIMS inlet region showing ion path (IP) transverse to sample flow due to 

applied electric filed (E, dotted lines) (Zhao et al. 2010) 

 

Neutral clusters of sulfuric acid formed in the reaction chamber will react with nitric acid 

reagent ions at the same collision dependent rate.  Alternatively, ion-induced processes within the 

inlet region occur in sequential steps with each neutral cluster – charged cluster interaction 

occurring at longer time steps (Eisele and Hanson 2000; Zhao at al. 2010.) Typical ion-molecule 

reaction times for chamber experiments were 0.07 sec.  Fast reagent ion- molecule reaction time 

minimizes ion induced clustering as shown, qualitatively, in Figure 4.6 (discussed in detail in 

Chapter 5, section 5.4.2).   
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Figure 4.6 Variation of cluster ratio (higher order to monomer) with time for neutral ionization (solid line) 

and ion induced clustering (dashed line).  Neutral processes are time independent, while ratios for ion 

induced processes show a linear or higher order time dependence.  Reaction times for the lc-CIMS reaction 

chamber experiments are typically below 0.07 seconds (dotted red line) (modified from Zhao et al., 2010). 

 

While slower reaction times would increase ion induced clustering in the sampling tube, 

it would also allow a greater fraction of higher order clusters to be ionized.  As will be shown in 

Chapter 5, we observed clusters up to n = 6 with short ion-molecule reaction times.  Yet 

increasing the reaction time, by decreasing the voltage difference across the ionization region, 

decreases all cluster signals (non-optimal operation). The balance of these competing factors- 

increased charging of higher order neutral clusters leading to unavoidable increases in ion 

induced clustering - are worth exploring in the future to further optimize the detection of higher 

order molecular clusters in the lc-CIMS, as these species are currently measured near instrument 

detection limits 

 

4.6.4 Modeling of Inlet Region 

A numerical model of the lc-CIMS inlet region was built as a means to assess the 

efficiency of the ionization chemistry described in the previous section.  Ion trajectories were 
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modeled by graduate student Derek Oberreit (Mechanical Engineering, University of Minnesota) 

using the lower voltage scenario (slower reaction scenario) presented in Figure 4.6 (modeling 

using Fluent software, ANSYS, Canonsburg, PA).  The modeled gas species was assumed to be 

pure H2SO4vapor.  Figure 4.7 shows H2SO4 concentration contours as the species travels down 

the sampling tube (left to right) and passes the mass spectrometer inlet region.   

 

Figure 4.7 Fluent ® modeled H2SO4 concentration contours (in molecules·cm
-3

) for the lc-CIMS inlet 

region.  H2SO4 is produced in a theoretical reaction chamber (left of each image) and flows at a rate of 3 

lpm through the sampling tube.  Ionizing flow (blue) is introduced into the sampling tube, charging H2SO4 

so that it is directed into the mass spectrometer inlet (Credit: Derek Oberrit, unpublished, low applied 

potentials modeled). 

 

Model results show a 50 to 70% loss of H2SO4 as it travels though the sampling tube.  Much of 

the loss is due to wall deposition and dilution by HNO3/N2 source ion flow.  Figure 4.8 shows 

trajectories of H2SO4 through the sampling tube.   
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Figure 4.8 Fluent modeled H2SO4 pathways (concentration contoured) through the lc-CIMS inlet region 

(Credit: Derek Oberrit). 

 

 

These lines show that a significant portion of sample flow “escapes” above and below the 

transverse drift region.  Thus the highest concentration of H2SO4 is produced outside of the 

driving electrical field and cannot reach the mass spectrometer inlet.  However, model results do 

support the assumption that sample flow recirculation around the inlet is negligible.  
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Chapter 5 

Laboratory Nucleation Experiments 

5.1 Introduction 

As discussed in Chapter 1, ground level observations of ambient nucleation events have 

been described by kinetic analysis as power law equations for sulfuric acid with an exponent 

between 1 and 2 (See Chapter 1, section 1.5.3-1.5.4).  Kuang et al. reported a best fit exponent 

value of 2, indicating a bimolecular reaction, but with a kinetic pre-factor that varies by up to 3 

orders of magnitude.  The authors proposed an additional gas-phase species that co-nucleates with 

H2SO4, leading to a stable cluster that can then grow by vapor condensation (Kuang et al. 2008) 

Until recently the chemical focus for nucleation enhancement has been on ammonia 

(NH3) due to its relative abundance in the troposphere, and its ability to lower vapor pressure 

when added to a solution of sulfuric acid and water (Marti et al. 1997).  Modeling and 

experimental studies support nucleation enhancement due to the addition of ammonia to sulfuric 

acid/water systems (Coffman and Hegg 1995; Ball et al. 1999; Vehkamaki, Napari and Kulmala 

2004; Benson et al. 2009).  And recently published results from the CLOUD experiment at CERN 

(European Organization for Nuclear Research) show nucleation enhancements of “100 -1,000 

fold”, relative to sulfuric acid/water alone, from the addition of atmospherically relevant 

concentrations of ammonia to the reacting system. Yet, even considering ammonia enhancement 

and the contribution of ion induced nucleation, the authors could not account for the high particle 

nucleation rates observed in the continental boundary-layer (Kirkby et al. 2011).   

Amines are also relatively abundant bases in the continental boundary layer, and have 

gained recent attention as possible constituents of chemical nucleation.  Recent studies of 1-2 nm 

ammonium bisulfate clusters produced by electrospray ionization show preferential exchange of 

amines in place of ammonium molecules with uptake coefficients near unity, whereas the reverse 
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reaction, exchange of ammonium in place of amines, did not occur (Murphy et al. 2007; Bzdek, 

Ridge and Johnston 2010).  Also, laboratory flow tube reactor studies by Berndt et al. examined 

effects on particle number concentration with addition of tert-butylamine (chosen as an arbitrary 

primary amine) to a SO2/·OH system, finding that the amine addition enhanced particle formation 

by two orders of magnitude (low humidity conditions) whereas the effect was negligible for 

ammonia addition (Berndt et al. 2010). This study did not examine the chemical composition of 

particles, nor was it able to measure freshly nucleated (1-2 nm) particles as will be possible with 

the DEG instrumentation described in Chapter 4.  Thus it is not clear whether the added amines 

themselves are playing an active role in particle nucleation, creating secondary products that are 

enhancing nucleation, or are only contributing to particle growth to detectable sizes – all 

questions that we set out to examine with the photochemical reaction system. 

Teflon film chamber experiments of amine photochemistry have been conducted since 

the 1970's (see for example Pitts et al. 1978), but only recently has the focus shifted from gas 

phase products to the potential role of amines in gas-to-particle phase conversions (for a 

comprehensive review see Xinlei, Wexler and Clegg 2011a).  Amines are emitted to the 

atmosphere through a variety of processes including animal husbandry operations (the most 

significant source; Hutchinson et al. 1982; Schade and Crutzen 1995; Rabaud et al. 2003), motor 

vehicle exhaust (Cadle and Mulawa 1980; Westerholm et al. 1993), sewage treatment (Leach et 

al. 1999), biomass burning (Lobert et al. 1991), and industrial practices (Moffet et al. 2008; 

Reinard et al. 2007).  Amines have been detected in marine, rural and urban atmospheres, in gas, 

particle and aqueous phases (Zhang and Anastasio 2003).  Sellegri et al. reported trimethyl amine 

(TMA) concentrations on the order of 10
9
 molecules ·cm

-3
 in boreal forest (Sellegri et al. 2003). 

Total amine measurements in rural Sweden (methyl amine, dimethyl amine, trimethylamine and 

diethylamine) have been reported as ranging between (0.1 – 1.8)x10
9
 molecules ·cm

-3 
(Gronberg 

et al. 1992).  Amine concentrations are highest near animal husbandry operations (>1ppb, 
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Ngwabie et al. 2007; Schade and Crutzen 1995), but are more typically present in the troposphere 

at concentrations 2 to 3 orders of magnitude below ammonia (Bzdek, Ridge and Johnston 2010).   

Ambient continental measurements have shown that amines are strongly correlated with 

nitrate and sulfate during summertime nucleation events (Riverside, CA – Pratt et al. 2009).  And 

Smith et al. have observed aminium salts in nucleated clusters in a variety of laboratory and field 

settings accounting for, roughly, between 10% to 50% of positive ions found in 8-10 nm particles 

(sites include: Tecamac, Mexico; Hyytiala, Finland; Atlanta, Georgia, US; and Boulder, 

Colorado, US; Smith et al. 2010).   

Using the reaction chamber and instrumentation outlined in Chapter 4 we set out to 

investigate what effect(s) amine addition has on cluster formation and cluster stability.  

Measurements of TMA have been reported to account for between 50% and 80% of all ambient 

amines (Schade and Crutzen 1995; Kuhn et al. 2011).  However, we have chosen to focus on 

dimethyl amine (DMA) in chamber experiments for the following reasons:  

1.) while TMA has a larger proton affinity than DMA (948.9 kJ/mol vs. 929.5 kJ/mol, 

note proton affinity for ammonia is 853.6 kJ/mol; Hunter and Lias, 1998), Bezdek et al. reported 

that DMA was more favorably substituted for ammonium than TMA, which they propose is due 

to steric hindrance and the formation of one fewer hydrogen bond with TMA, relative to DMA 

(Bzdek et al. 2010).  

2.) Makela et al. measured 30-fold increases in DMA concentration in the particle phase 

during nucleation event days, relative to non-event days, in Boreal forests in Finland (Makela et 

al. 2001).   

5.2 Preparing the Reaction Chamber 

Experiments were conducted in the photochemical reaction chamber, described in detail 

in Chapter 4, to assess the potential role of sulfuric acid, water vapor and dimethylamine in the 
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formation and growth of new particles.  It was hoped that the simplicity of the isolated 

photochemical system would provide unique insight into far more chemically complex 

measurements of continental air conducted by other members of the NCAR and UMN teams.   

The Teflon film bags used in reaction chamber experiments were tested for cleanliness 

and integrity.  New Teflon film bags were quite dirty when initially installed and thus were 

“baked” with clean air, O3 and UV lights illuminated for at least 24 hours.  The heat exchanger 

was also used to heat chamber air to help further flush potential contaminates from the surface of 

the film.   Initial tests were conducted to measure background levels of gases and/or particulates 

in the chamber.  The chamber was tested for one hour under dark conditions, i.e. filled with 

filtered air using the systems described in chapter 4, and without UV lights.  Under such 

conditions the there was no observed increase in either the number concentration or size of 

particles detected by particle sizing instrumentation (PSD and/or DEG, see chapter 4) (Figure 

5.1a), indicating that the chamber is sufficiently sealed from contamination by larger particles 

found in room air.  Photoactive background tests were conducted by filling the chamber with 

filtered air and observing particle counts with UV lights illuminated.  No change was observed in 

particle number concentration or particle size over the course of an hour (Figure 5.1b).  Particle 

backgrounds were always checked with the PSD and DEG systems before starting a new 

experiment in the reaction chamber.  The maximum acceptable particle concentration 

(background) when the chamber was filled with filtered air, for all particle sizes measured, was 

100 per cm
3
.  The reaction chamber was flushed multiple times with clean air between 

experiments conducted on a given day, and either baked with O3 or flushed overnight between 

experimental days.   
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Figure 5.1 Reaction chamber background tests as measured by the PSD with the chamber filled with clean, 

filtered air and (a) left dark (no UV lights) or (b) with UV lights illuminating the reaction chamber.  Low 

particulate background will be important for observing H2SO4 and amine effects on particle nucleation and 

growth. 

 

5.3 Reaction Chamber Conditions 

The most complete set of chamber experiments was conducted in the summer of 2010.  

Chamber experiments conducted before July 13, 2010 used bags constructed with heat sealed 

seams, resulting in brittle junctions in all Teflon films tested.  These junctions were prone to 

crack and leak upon slight over-inflation (preferred for experimental conditions) or when a slight 

vacuum was applied to the chamber (as was necessary when evacuating and cleaning the bag 

post-experiment).  Initial experiments with newly installed bags were valid.  However, once 

formed, leaks in Teflon seams seriously compromised experimental results by introducing 

additional reactants and particulates from room air.  To prevent further leaks and allow fluidity 

between multiple experiments the heat-sealed seams of each Teflon bag were also taped on the 

outside.  The taped bags were tested to ensure that the inner surface of the bag was not exposed to 

adhesive that might itself cause nucleation or otherwise change the chamber background. 

Particle size was measured by the DEG and PSD systems, chemical composition of acidic 

species by the lc-CIMS (described in detail Chapters 2 and 3), and chemical composition of basic 
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species by the AmP-MS (described in Chapter 4).  Dew point, SO2 concentration, ozone 

concentration, and chamber pressure were also monitored during reaction chamber experiments.  

The three reaction chamber sampling ports were divvied up between instrumentation as follows 

(for detailed schematic see Chapter 4, figure 4.1): a quarter inch port feed the PSD and DEG, a 

second quarter inch port feed the AmP-MS, dew point monitor, SO2 monitor and ozone monitor, 

and a two inch port, protected by a gate valve, feed the lc-CIMS.  Measured concentrations of 

SO2 and relative humidity, calculated from dew point, are shown in Figure 5.2a.  The temperature 

within the reaction chamber was held constant at 25 C, and all experiments were conducted under 

low ppm (< 3 ppm) ozone concentrations.   Initial amine addition tests were conducted using 

methyl amine (MA) and a mixture of MA and DMA, however aminated experiments presented 

here-after represent DMA addition only.   As can be seen in Figure 5.2b MA and DMA were 

always present in the chamber background in low concentrations at the start of chamber 

experiments.  After amine addition, background levels of the added amine were observed to 

increase in subsequent experiments, despite flushing and cleaning the system.  For example, we 

see a high background concentration of DMA (approaching 10
11

 cm
-3

) before the final experiment 

on 7/27/10, as a result of a large DMA injection in the previous experiment. It became apparent 

through monitoring the system with the AmP-MS that once amines were added to the reaction 

chamber, they were impossible to remove from the Teflon film, despite flushes and oxidant/UV 

baking as per accepted protocol for such chambers.  The AmP-MS measured a consistent amine 

background in the 100 pptv range, similar to ambient amine concentrations measured in various 

urban (industrial amine sources) and rural (agricultural amine sources) locations (Xinlei, Wexler 

and Clegg, 2011a).    
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Figure 5.2 Summary of reaction chamber experimental conditions for the month of July, 2010, showing 

SO2 concentration (ppb) and relative humidity (%) (A.), and Amp-MS measured amine concentration 

(#/cm
3
) (B.) for methylamine and dimethylamine. 

 

Despite a persistent background of MA and DMA, stark differences were observed 

between experiments in which only SO2 and dry and humidified air were added to the reaction 

chamber, and experiments in which amines were intentionally added at ppt or ppb concentrations 

in addition to the SO2 and clean air (see section 5.4).  Amine concentrations (10
9
 to 10

10
 cm

-3
) 

were such that increases in concentration by up to an order of magnitude would continue to have 

an effect on particle concentration, as observed by Berndt et al.2010. 
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5.4 Reaction Chamber Experiments 

5.4.1 Commas and Tongues 

 Experiments for which only clean dry and humidified air, SO2 and ozone were added to 

the reaction chamber produced nucleation busts very quickly upon UV illumination, as measured 

by the DEG and PSD systems (Figure 5.3 – events not highlighted; Figure 5.4a and 5.4b).  Recall 

that even when there was no intentional addition of amines to the reaction chamber, there was 

still elevated background concentrations from desorption of amine from theTeflon film.  This 

phenomenon would not have been possible to observe without the newly developed AmP-MS.  

Newly formed particles grew over the course of on an experiment, but nucleation seemed to “shut 

off” after the initial burst, creating a size distribution plot with a sharp base and fanning tail.  We 

refer to these SO2 events as “commas”.  Conversely, when amine vapor was introduced to the 

reaction chamber mix of SO2 and O3, continued nucleation was observed to varying extents 

(Figure 5.3 – highlighted events; Figure 5.4c and 5.4 d).  Thus rather than having a sharp base in 

the smaller particle sizes, one observes a broad base of continued high particle counts, suggesting 

that nucleation often persisted throughout the experiment, with the usual arch of particle growth.  

We refer to these added-amine events as “tongues”.   

Experiments in Figure 5.3 were conducted under varying experimental parameters over 

multiple days and weeks, but with clearly enhanced nucleation for any experiment on a given day 

where amine was injected into the reaction chamber.  Not all amine experiments show full tongue 

development, but still show some evidence of enhanced nucleation.  The most robust tongue 

events correlate with the most dramatic increases in amine concentration as observed in the AmP-

MS. 
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Figure 5.4 shows the contour plots for one isolated day of experiments, in this case July, 

16, 2010.  The contour curves shown in A – C are for experiments in which only SO2, O3 and 

clean air were intentionally added as reactant gases, while curve D is for an experiment in which 

DMA vapor was also added to the reaction chamber. 

 

Figure 5.4 Combined DEG and PSD data of particle size distributions for four reaction chamber 

experiments. In experiments A., B., and C. SO2 and O3 were added to the reaction chamber.  For 

experiment D, DMA vapor was injected into the reaction chamber at low pptv levels in addition to eh usual 

SO2/O( reactant gases.   

 

The following experimental conditions apply to Figure 5.4: (A.) 11 ppb SO2, 23% RH; 

(B.) 4ppb SO2, 35% RH; (C.) 6 ppb SO2, 22% RH, (D.) 7 ppb SO2, 21% RH, and roughly 500 

pptv DMA vapor added.  It is interesting to note that although the DMA vapor added to the 

reaction chamber was less than the background concentration measured by the AmPMS, there is 

an observable difference in the intensity of this nucleation event (plot D) and in DMA oxidation 

product signals measured by the AmP-MS.  lc-CIMS measurements were conducted primarily in 

A. B. C. D.
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a mass step mode where signals of indentified masses of interest were each monitored for a few 

moments, stepping between masses, until the cycle of mass monitoring was repeated.  These 

masses of interest were identified by examining full mass spectral scans to determine which 

masses showed signal increases during nucleation event.  These masses corresponded to sulfuric 

acid clusters, sulfuric acid clusters + DMA and sulfuric acid clusters + DMA oxidation products 

(see section 5.4.6 for further discussion of aminated clusters). 

We begin by examining the sulfuric acid monomer and dimer signals corresponding to 

the experiments shown in Figure 5.4, but first must address the issue of converting lc-CIMS 

signals to number concentration (Section 5.4.2), as well accounting for ion induced nucleation 

processes within the lc-CIMS inlet region (Section 5.4.3).  

5.4.2 Particle Size Distributions 

 In order to directly compare lc-CIMS measurements with the PSD and DEG size 

measurement sulfuric cluster signals were identified and monitored.  Sulfuric acid clusters of up 

to six molecules were regularly observed at 160 m/z (HSO4
-
·HNO3, designated N1); 195 m/z 

(H2SO4·HSO4
-
, designated N2); 293 m/z ((H2SO4)2·HSO4

-
, N3); 391 m/z ((H2SO4)3·HSO4

-
, N4); 

489 m/z ((H2SO4)4·HSO4
-
, N5); and 587 m/z ((H2SO4)5·HSO4

-
, N6).    

The chemical ionization of sulfuric acid within the lc-CIMS inlet region occurs as shown 

in Equation 5.1. 

)1.5(3433342
1 H6OHSOH6O6OH6OSOH k +⋅→⋅+ −−

 

Assuming similar lc-CIMS transmission and detection of masses 160 m/z (sulfuric monomer, 

HSO4
-
·HNO3) and 125 m/z (reagent ion, NO3

-
 ·HNO3) (reasonable assumption: see Chapter 3, 

Figure 3.11), then the ratio of these signals is proportional to the actual sulfuric acid 

concentration, present in the reaction tube prior to passing the ionization source, and the ion-

molecule reaction time (Equations 5.2 – 5.3, modified from Hanson, 1998) 
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where S is the measured ion signal in Hz; k is the ion-molecule (HNO3·NO3
-
- H2SO4) collision 

rate (2.0 x 10
-9

 cm
3
·molecule

-1
·s

-1
, Hanson, 2005; Huey, Hanson and Howard, 2006); t is the ion-

molecule reaction time (typically 0.07s) ; x is the drift distance (distance between ionization 

source and lc-CIMS inlet); and vd is the drift velocity determined by the ion mobility (2 cm
2
·V

-1
·s

-

1
 for NO3

-
·HNO3 in air, Hanson and Eisele, 2002; Zhao et al., 2010), voltage difference across the 

ionization region (9V) and drift distance (x).  

Sulfuric acid number concentration was then converted for direct comparison with size 

distribution data using the following equation (Jiang et al. 2011).   
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where 6k is cluster concentration of size k, mH2SO4 is the mass of a sulfuric acid molecule, and ρ is 

the bulk density of sulfuric acid (1.89 g/cm
3
).   

5.4.3 Ion Induced �ucleation  

The general ionization of neutral sulfuric acid clusters within the lc-CIMS inlet region 

then follows as shown in Equation 5.5. Ion induced clustering, at sequential time-steps after 

neutral species ionization, occurs as shown in Equation 5.6. 
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Separation of signal attributable to ionization of neutral molecular clusters from ion 

induced nucleation was calculated according to Hanson and Eisele, which solves the kinetic rate 

equation, similar to equation (5.5) for each cluster (2002, eq. A4-6, see also Zhao et al. 2010).  

The (NO3
-
HNO3) - (H2SO4)n reaction probability is determined by the collision rate, thus 

the ratio of measured HSO4
-
 ·(H2SO4)n-1 to HSO4

-
 will be constant with respect to time for neutral 

cluster ionization.  Ion induced clustering will have a linear or higher order dependence.  Ion 

induced correction factors were found to be significant for sulfuric dimer and trimer accounting 

for, on average, roughly 25% of lc-CIMS measured N2 and N3 signal.  Ion induced correction 

factors were minimal for sulfuric acid tetramer (<10% of total signal), and negligible for N>4.  

 

5.4.4 lc-CIMS Cluster Measurements 

lc-CIMS measured cluster signals were corrected for ion induced nucleation (previous 

section), background/noise levels, and lc-CIMS mass dependent sensitivity (Chapter 3, Figure 

3.11), thus reported cluster signals represent the lower limit values for neutral concentrations. 

 Figure 5.5 shows lc-CIMS results for sulfuric acid monomer and sulfuric acid dimer 

corresponding to the nucleation events shown in Figure 5.4.  A notable difference is seen in the 

behavior of the sulfuric acid monomer for comma and tongue experiments.  For comma 

experiments, with no additional amine added, N1 signal peaks sharply after reagent injection/UV 

irradiation.  For the tongue experiment, with DMA added, the sharp post-injection peak 
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disappears from the N1 signal, and instead N1 concentration is observed to increase slowly 

throughout the experiment.   

 

 

 

Figure 5.5 lc-CIMS measurements of sulfuric monomer and dimer for experiments on July 16, 2010 

corresponding to paramaters given for A-D above (Figure 5.4 and susequent paragraph). Background signal 

has been subtracted from reported number concentration, signal has been corrected for instrument 

sensitivity, IIN contribution, and normalized to reagent ion signal. 

 

Analysis of multiple experiments consistently shows a general decrease in the sulfuric 

acid dimer (N2, 195 m/z) signal in tongue experiments (additional amine) relative to comma 

experiments.  Evidence for this decrease is shown in Figure 5.5D (partial tongue) relative to 5.5A 

& B (commas), however, the signal to noise ratio for N2 in experiment C was particularly low for 

a comma experiment, being on the order of 10:1 at time = 2 min, vs. a few x10
2
 :1 for typical 
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comma experiments.  As a result, a robust N2 peak after UV irradiation was not observed in the 

experiment shown in Figure 5.5, plot C.    

A characteristic peak in measured N1 and N2 concentrations shortly after UV irradiation, 

was observed in most comma experiments.  For most tongue experiments, a plateau effect was 

observed in measured N1 and N2 concentrations, shortly after UV irradiation.  Figure 5.6 

summaries the percent change (peak to pseudo steady state concentration) in N1 and N2 clusters 

for comma experiments relative to tongue experiments. 

 

Figure 5.6 lc-CIMS measured NI and N2 cluster signals expressed as percent difference between post-

injection peak and pseudo steady-state concentration.  Plot distinguishs experiments with no additional 

amine injected (commas, blue circle icons) from DMA injection experiments (tongues, red icons) and 

further between liquid DMA injection (row I, blue diamonds) and vaporDMA injection (row II, blue 

squares). 
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The difference in N1 and N2 behavior in comma and tongue experiments is likely due to 

the stabilizing effect of additional amine to nucleating clusters.  Amine uptake was observed in 

clusters of N3 and larger, as will be discussed in Section 5.4.6, and cluster signals are enhanced 

with the addition of DMA to the reaction chamber.  Figure 5.7 shows stabilization of sulfuric acid 

trimer concentrations as amine concentration within the reaction chamber increased.   
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Figure 5.7 lc-CIMS measured neat sulfuric acid clusters of size N=1 to N=4 expressed as number 

concentration for experiments B and D on July 16, 2010 (see corresponding experimental information from 

Figures 5.4 and 5.5), and the third experiment on July 27, 2010 (see Figures 5.2 and 5.3, SO2 and RH 

comparable to experiments on 7/16). The figures are show, top to bottom, in order of increasing DMA and 

DMA oxidation product concentration. Background and ion induced nucleation have been subtracted from 

reported number concentration, signal has been corrected for instrument sensitivity and normalized to 

reagent ion signal. 
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Figure 5.7 shows that for comparable experimental conditions (SO2 7-9 ppb, RH 21%-

24%) N3 cluster concentrations increase with increasing chamber amine concentration. Hanson 

and Eisele (2002, see also Eisele and Hanson 2000) noted that sulfuric acid-water-ammonia 

clusters formed by neutral processes underwent a change in chemical composition during 

ionization and transition to a vacuum system.  Notably, the clusters retained their sulfuric acid 

content, but lost all associated water molecules, and some ammonia content.  We believe the 

same is occurring with nucleated clusters during sampling in the lc-CIMS.  We did not observe 

significant signals for N2 clusters plus associated amine or amine oxidation product.  However, 

according to empirical model calculations based on the PSD and DEG data (Modi Chen, 

unpublished) neat dimer concentration should be only about 1% of dimer+base concentration.  

Hanson and Lovejoy (2006) have also shown that the ionized dimer is least stable with respect to 

evaporation, relative to larger clusters.  Thus, the ionization process likely destabilizes the N2 + base 

cluster, resulting in observation of only neat N2.  As amine concentration increases, higher order 

clusters are observed due to collision controlled growth of stable neutral N2 + base clusters with 

sulfuric acid monomer, resulting in an increase in clusters of sizes N3 and N4 (Figure 5.7D).  

Again, we believe that the base is lost upon ionization of N3 + base and N4 + base, and here we begin 

to observe a more stable presence of neat N3 and N4 clusters in the lc-CIMS.  Finally, Figure 5.7E 

with the highest DMA concentration shows the most significant stabilization of clusters with 

clear, consistent signals for ionized neat N2 and N3.  Again, in neutral form, these clusters have 

integrated amines in their structure (assumed for N2, observed for N3).   Stable N2 and N3 neat 

clusters are observed, with the only significant experimental change being the addition of DMA 

vapor.  Approaching higher order clusters (N4),  much of the observed cluster signal is found with 

associated amines and amine oxidation products, and thus the neat N4 signal all but disappears 

(see section 5.4.6 of a discussion of aminated clusters).  
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5.4.5 Complete Size Distribution 

By combining the PSD, DEG and lc-CIMS data, we are able to report the complete size 

distribution of nucleation relevant species, down to a single molecule as is shown in Figures 5.8 

and 5.9.  Figure 5.8 shows time snap-shots of the size distribution from 1 molecule to a few 

hundred nanometers for a “comma” experiment on July 27
th
, 2010.  Note the highlighted graphic 

on the bottom left, showing the closure of the nucleation burst, evident in the low front of the 

PSD measured size distribution.  The lc-CIMS cluster data is in excellent agreement with the 

DEG measurements, supporting the validity of the reaction rates outlined for CIMS data analysis 

in Section 5.4.2.  The sulfuric cluster measurements clearly anchor the size distribution. 
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Figure 5.8 Complete size distribution of reaction chamber “comma” experiment combining lc-CIMS, DEG 

and PSD measurements.  Particles are formed in an initial nucleation burst and then grow via vapor 

condensation. 

 

Figure 5.9 shows time snap-shots of the size distribution from 1 molecule to a few 

hundred nanometers for a “tongue” experiment (with added amine) also conducted on July 27, 

2010.   
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Figure 5.9 Complete size distribution of reaction chamber “tongue” experiment (addition of DMA vapor) 

combining lc-CIMS, DEG and PSD measurements.  Particles are formed via continuous nucleation and 

grow via vapor condensation. 

 

Note the highlighted graphic on the bottom left, showing the elevated front of the PSD 

measured size distribution, indicating continued nucleation.  Again the CIMS and DEG data are 

in excellent agreement.   

The PSD measurements are as much as ten times lower than DEG measurements at 3 nm, 

where they overlap.  Subsequent to the experiments it was discovered that the Polonium-210 

radioactive source in the bipolar neutralizer used for the PSD - SMPS measurements was too old 

to be effective.  Experiments done by Modi Chen with a fresh Polonium-210 source, after the 

summer of 2010, confirmed that this was the reason for the measurement discrepancy.  
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Accordingly, further analysis of this data set will focus on measurements with the lc-CIMS and 

DEG, but will not include PSD data.  

A clear transition in slope of the DEG measured size distribution is observed by 

comparing the highlighted features of Figure 5.8 and Figure 5.9.  This transition in slope, a 

flattening out for tongue experiments, shows that the addition of amine increases the 

concentration of freshly formed clusters.  By overlap with the lc-CIMS data we see that this 

transition occurs between N3 and N4.  Two possible, and mutually compatible, explanations for 

this behavior are that first, amine addition leads to a greater stabilization of N4 and larger clusters 

with incorporated amines, and second, that larger clusters may incorporate more than one amine 

into their structure.  The lc-CIMS observed ratio of sulfuric acid to base for N3 clusters was 3:1 

(see section 5.4.6).  It may be premature to make general statements about multiple base 

incorporation into clusters, given that these masses (Nk +2 base and Nk+3base) were not 

regularly monitored (i.e. not selected) with the lc-CIMS, but preliminary results support this 

hypothesis.  A ratio of 4:2 and 4:3, sulfuric acid to base, was repeatedly observed during two 

separate days of experiments, indicating that clusters of size N4 and larger can accommodate 

multiple base molecules.   

5.4.6 Cluster Stabilization by Amine and Amine Oxidation Products 

 A recent article by Jokinen et al. (2011) proposes that neutral molecular clusters 

of sulfuric acid+base are either not efficiently ionized by nitrate chemical ionization, or that such 

clusters are present at concentrations lower than 10^
-4

 cm
-3

 during nucleation events (based on the 

detection limit of their instrumentation).   Yet lc-CIMS results show clear evidence for the 

existence of neutral clustering of sulfuric acid with bases during nucleation events.  Further, ion 

deposition rates on Teflon film are be sufficiently high to scrub ions from the reaction chamber, 

meaning that these experiments show the nucleation and growth of neutral molecular clusters. 
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Molecular clusters of up to six sulfuric acid molecules were regularly observed in the lc-

CIMS measurements.  Also observed was the uptake of injected amine and amine oxidation 

products in clusters of N=3,4 and 5.  A comparison of neat and aminated sulfuric acid clusters 

between our proto-type comma and tongue experiments is shown Figure 5.10, at time = 3 minutes 

for each experiment. Sulfuric acid clusters N3 and N4 were monitored for Nk+45amu (DMA), Nk+59 

amu, and Nk+73 amu, based on AmP-MS observations which showed significant AmP-MS signal 

increases for these species when  additional DMA was added to the photochemical reaction 

chamber during nucleation experiments. Ion induced correction factors were applied, based on 

rate equations similar to the general reactions given in Equations 5.5 and 5.6, where (H2SO4)n 

becomes (H2SO4)n·(B) where B = base, i.e. amine or amine oxidation product. 

 

Figure 5.10 lc-CIMS measurements, converted to number concentration, for molecular clusters N=1 to 6 

neat (pale circles) and with integrated amine and amine oxidation products (dark circles).  Blue circles 

correspond to cluster concentrations measured during a proto-type comma event (7/16/10, experiment 3, 

Figure 5.4 C and 5.5 C).  Red circles correspond to cluster concentrations measured during a proto-type 

tongue event (7/27/12, experiment 3, Figure 5.7 E).  Sulfuric acid is shown clustering with amine and 

amine oxidation products of mass to charge ratio 45 m/z (DMA), 59 m/z, and 73 m/z.  Signals that were 

below detection limits (BDL) are showing along the x-axis to stress that these masses were monitored 

during experiments.  Total concentration of aminated clusters is significantly higher for tongue experiments 

relative to comma experiments, especially for N4 clusters, indicating stabilization of clusters by amine and 

amine product uptake.  
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For proto-type tongue experiments (red circles) we see that total aminated clusters (Nk + 

45, +59, and +73) outnumber neat sulfuric acid clusters by a factor of 3 for N3.  The effect is even 

more pronounced for N4 clusters, with neat N4 clusters dropping below detection limits (once 

correction factors were applied) and sulfuric clusters containing amines and amine products 

observed at 10
5
 cm

-3
, indicating that the aminated/amidated clusters are more stable than neat 

sulfuric clusters.   

As previously mentioned, the effect of the cluster-CIMS sampling process on clusters is 

qualitatively known. Hanson and Eisele (2002) reported some evaporation of ammonia from the 

clusters during sampling.  While amines/amides bind more tightly to sulfuric acid, we find it 

plausible amine/amide evaporation from the clusters occurs during sampling, in particular base 

evaporation from the sulfuric acid dimer.  Thus we believe that the neutral sulfuric dimer is 

present as amine+base in the reaction chamber, but that base composition is lost during cluster 

ionization.  These results support a nucleation mechanism along the lines of equation 1.6-1.7 

(Chapter 1, Section 1.5.4) where the sulfuric acid dimer (critital cluster indicated by Kuang et al. 

2008) reacts chemically with stabilizing species X (here DMA and DMA oxidation products) to 

produce nonvolatile clusters that can grow by further sulfuric acid condensation.  Since there is 

always a low background of measured amine in the photochemical reaction chamber, due to 

amine absorption by the Teflon film, we see nucleation in all lighted chamber experiments with 

H2SO4/H2O, and greatly enhanced nucleation in lighted chamber experiments with additional 

amine injection. 

lc-CIMS mass peaks were identified as shown in Table 5.1, consisting of sulfuric acid, 

DMA, and oxidation products of DMA, namely N-methyl formamide (NMF, 59 amu, which 

could also be named dimethyl formamide) and diformylamide (DFA, 73 amu).  Molecular 

structures for N-methylformamide (NMF) and diformylamide (DFA, or N-formylformamide) are 

shown in Figure 5.11.  NMF and DFA are highly polar and are capable of forming hydrogen 
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bonds, allowing them to form favorable, stable molecular clusters with sulfuric acid.  The C-N 

bond in NMF has been shown to exhibit partial double bond character (Leach et al. 2006) 

indicating resonance stabilization. This double bound character would also be expected in DFA, 

lending for further stabilization of Nk+NMF and Nk+DFA clusters after charging in the lc-CIMS inlet 

region.  

 

 

 

 

m/z Mass Formula Proposed Chemical Formula N Symbol

160 sulfuric + 63 m/z HNO3 HSO4
- 

N1

195 -- H2SO4 HSO4
-

N2

293 -- (H2SO4)2 HSO4
-

N3

338 N3 + 45 m/z  NH(CH3)2 (H2SO4)2 HSO4
-

N3 DMA

352 N3 + 59 m/z  N(CH3)2CHO(H2SO4)2 HSO4
-

N3  NMF

366 N3+ 73 m/z  NH(CHO)2 (H2SO4)2 HSO4
-

N3 DFA

391 -- (H2SO4)3 HSO4
-

N4

436 N4 + 45 m/z  NH(CH3)2 CHO(H2SO4)3 HSO4
-

N4 DMA

450 N4 + 59 m/z  N(CH3)2CHO(H2SO4)3 HSO4
-

N4 NMF

464 N4+ 73 m/z  NH(CHO)2 (H2SO4)3 HSO4
-

N4  DFA

481 N4 + (2x45 m/z)  [NH(CH3)2]2 (H2SO4)3 HSO4
-

N4 DMA2

489 -- (H2SO4)4 HSO4
-

N5

526 N4 + (3x45 m/z)  [NH(CH3)2]3 (H2SO4)3 HSO4
-

N4 DMA3

534 N5 + 45 m/z  NH(CH3)2 (H2SO4)4 HSO4
-

N5 DMA

579 N5 + (2x45 m/z)  [NH(CH3)2]2 (H2SO4)4 HSO4
-

N5 DMA2

587 -- (H2SO4)5 HSO4
-

N6

Table 5.1 Sulfruic acid molecular clusters and associated amines.  N under N-symbol 

and Mass Formula refers to the number of sulfruic acid molecules in the cluster, DMA is 

dimethyl amine, NMF is N-methyl formamide, and DFA is diformylamide.
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Figure 5.11 Secondary organic products produced by photo-oxidation of dimethylamine observed in 

the photochemical reaction system.  

 

5.4.7 Cluster Formation Rates 

 The primary goal of the reaction chamber work is to better understand the formation 

mechanisms of freshly nucleated particles.  We assume that during the course of the reaction 

chamber experiments the sulfuric and sulfuric + amine or sulfuric + secondary organic clusters 

reach steady state, based on repeated lc-CIMS observations of unchanging cluster concentrations 

(for example, Figure 5.7) 

 Assuming steady state (and negligible scavenging due to very low initial particulate 

background, see Figure 5.1) we can account for the population of clusters of Nk as a balance 

between the formation rate (kforward) of Nk clusters from Nk-1 clusters, and the loss rate (kreverse) of 

Nk clusters by condensational growth to Nk+1. For example, assuming N3+45m/z, or 338 m/z, is in 

steady state, 
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Thus a plot of N3+45m/z/[45] vs. N3 neat will have a slope equal to  

 

)7.5(
r

f

k

k
slope =

 

Assuming kf is fixed, the slope depends on the loss rate kr.  

Figure 5.12 shows snapshots of all experiments at t =10 min, for N3+base (left) and N4 +base 

(right) clusters, normalized to base concentration, relative to N3 and N4 neat clusters.  



 

Figure 5.12 Comparison of N

concentrations, as measured by lc

by AmP-MS. Slope for each linear fit corresponds to the ratio of the cluster forwar

rates (i.e formation and depletion rates).

 

Comparison of N3 (left) and N4 (right) neat cluster concentrations to N

concentrations, as measured by lc-CIMS.  Nk+base concentrations are normalized to base signal as measured 

MS. Slope for each linear fit corresponds to the ratio of the cluster forward and reverse 

(i.e formation and depletion rates). 
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(right) neat cluster concentrations to N3+base and N4+base 

concentrations are normalized to base signal as measured 

d and reverse reaction 
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Linear fit values are most significant (r
2 
> 0.7) for molecular clusters with DMA (+45 

m/z) (plots Ia. and Ib). Slopes for all linear fits are small implying that k forward << k reverse, or 

evaporation of clusters is significant. Slopes are on the order of a few x10
-10

 up to nearly 10
-12

, 

except for N3+59m/z (N3 + NMF) for which the slope is 1x10
-4

 indicating that evaporation rates for 

this cluster may be significantly lower than other clusters with incorporated base. These 

evaporation terms likely have more to do with base evaporation than sulfuric acid evaporation, 

but more work is necessary to decipher the full meaning these values.   

5.5 Conclusion 

  Experiments in the University of Minnesota Photochemical Reaction Chamber have 

provided insight to the processes of new particle formation.  Neutral molecular clusters were 

clearly formed in the reaction chamber and detected in the lc-CIMS.  The addition of DMA to the 

photochemical system resulted in significantly enhanced particle nucleation and the stabilization 

of higher order clusters through incorporation of DMA and its oxidation products into sulfuric 

acid/water clusters. Chamber experiments were conducted at precursor concentrations near those 

observed for nucleation events in the urban boundary layer and will provide useful empirical 

parameterizations of nucleation models.  Such parameterizations are currently being conducted by 

colleague Modi Chen at the University of Minnesota.  These models will help elucidate cluster 

evaporation rates and accommodation coefficients for clusters as small as two sulfuric acid 

molecules. 

5.6 Recommendations for Future Work 

 Our work in the photochemical reaction system is really only beginning.  Through this 

work I’ve identified a few potential modifications that could be made to the system – in particular 

the reaction chamber and lc-CIMS – to improve our understanding of chamber results. The first 

order of business is furthering the quantitative analysis of lc-CIMS ionization and detection 
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efficiency, as described in Chapter 3.  These experiments are currently being conducted at the 

University of Minnesota by Jun Zhao and Coty Jenn, and will help to determine the validity of 

our assumption that ac-CIMS sensitivity factors may be used in lc-CIMS data analysis.   

 As noted in section 5.2, Teflon film held onto amines (actually absorbed them into the 

film) despite following standard cleaning methods used worldwide in Teflon chamber 

experiments.  Measurement of the residual amine background was only possible with the newly 

developed AmP-MS developed by Dave Hanson.  Thus it becomes impossible to conduct a series 

of truly binary nucleation experiments (H2SO4 and H2O only) after amine has been added to the 

system.  Alternative materials should be examined to eliminate or at least minimize reactant 

absorption and re-vaporization.   

 Based on particle sizing measurements, modeling and previous research on cluster 

thermodynamics we believe that destabilization of clusters upon nitric acid ionization results in 

component evaporation, particularly water molecules and bases, such that chemical composition 

of clusters measured in the cluster-CIMS instruments is altered from its neutral state.  The reagent 

ion species could be reexamined as a “least expensive” way to perhaps reduce cluster evaporation 

during sampling.  An ionization and sampling method that allowed for measurement of N2+ base 

would be particularly useful.  One could also try monitoring the system in positive ion mode, to 

try to catch more basic clusters (greater amine/amide uptake) that are perhaps less efficiently 

ionized by nitric acid. Also, as ion induced nucleation in the lc-CIMS inlet can account for up to 

50% of the measured ion signal, any inlet modification that reduced the potential for ion induced 

nucleation would be beneficial. 
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Abstract 

Personal and indoor exposure to PM2.5 and Polycyclic Aromatic Hydrocarbons (PAHs) were 

measured in households in the Njombe district of Tanzania. Cooking is conducted indoors in this 

region due to its high elevation, cool climate, and heavy seasonal rainfall.  Kitchens are often 

poorly ventilated, resulting in high exposures to combustion related pollutants. Sampling sites 

were selected to represent typical cooking practices across regional socio-economic divisions.  

These include the use of open wood fires, charcoal, a mix of charcoal and kerosene, and Liquid 

Petroleum Gas (LPG) for cooking fuels.  PM2.5 average personal exposure was 14 µg/m
3
 (±3, 

n=3) for LPG, 88 µg/m
3
 (±42, n=3) for kerosene/charcoal mix, 588 µg/m

3
 (±347, n=3) for 

charcoal alone, and 1574 µg/m
3
 (±287,  n=3) for open wood fires.  Total PAH average personal 

exposures were less than 1 ng/m
3
 (±1, n=3) for LPG, 57 ng/m

3
 (±16, n=3) for kerosene/charcoal 

mix, 334 ng/m
3
 (±57, n=3) for charcoal alone, and 5040 ng/m

3
 (±909, n=3) for open wood fires.  

Benzo[a]pyrene equivalent exposures for US E.P.A’s priority PAH pollutants were 0 for LPG, 8 

ng/m
3
 for kerosene/charcoal mix, 44 ng/m

3
 for charcoal, and 767 ng/m

3
 for open wood fire.  

Inhalable pollutants are present at unacceptably high levels, exceeding indoor air quality 

standards for all but LPG fuels.  Relative results provide an exposure profile for rural East Africa 

and support the feasibility of conducting a larger scale smoke exposure campaign in the region.  

The use of “fuel efficient” wood stoves for the reduction of PM2.5 and PAH exposure was 
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measured in a local secondary school.  Proper use of “fuel efficient” wood stoves reduced 

personal and indoor exposure to measured pollutants by more than 90%, supporting further 

investigation into the applicability of this technology to significantly improve indoor air quality. 

 

Abbreviations (alphabetical): BaP, benzo[a]pyrene; DCM, dichloromethane; EPA, Environmental 

Protection Agency; GC-MS, gas chromatography, mass 

spectrometry; IRB, internal review board; LPG, liquid 

petroleum gas; �AAQS, National Ambient Air Quality 

Standards; �IST, National Institute of Standards and 

Technology; PAH, polycyclic aromatic hydrocarbon; ∑PAH, 

total  polycyclic aromatic hydrocarbon mass; PEF, potency 

equivalency factor; PM2.5, particulate matter of aerodynamic 

diameter less than 2.5 µm; PMASS, personal microenvironment 

aerosol speciation sampler; 
210

Po, polonium 210 radio-isotope; 

U.S., United States (of America); USD, United States dollar. 

A.1 Background 

Globally 2.5 billion people, over half of which live in India or sub Saharan Africa, 

depend on biomass fuels for cooking and heating (IEA 2009).  Exposure to combustion related 

fine particulate matter pollution has been associated with increased morbidity and mortality, 

cardiopulmonary and lung cancer mortality, and acute respiratory infections in children 

(Anderson 2000; Mishra 2003; Pope et al. 2002).  In controlled laboratory experiments human 

subjects exposed to wood-smoke were found to exhibit pulmonary inflammation and oxidative 

stress of the respiratory tract (Barregard et al. 2007, Danielsen et al. 2008, Sallsten et al. 2006).  

Biomass smoke exposure has been associated with chronic obstructive pulmonary disease in 

women, lung cancer, cataracts, tuberculosis, and acute respiratory infections in children, the last 

being the number one killer of children under the age of five (Naeher et al. 2007; Smith 2000, 

2002; Unicef 2006; WHO 2000).  Large scale epidemiological studies have also revealed 

significant associations between biomass smoke exposure from high polluting fuels with anemia, 

stunting (Mishra et al. 2007) and early childhood death (Wichmann et al. 2006).  Repeated 

exposure to cooking smoke from traditional cooking practices in impoverished countries is 
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responsible for 2.6% of global ill health in human populations, and 1.6 million deaths annually, 

predominantly in women and young children (Desai et al. 2004).    

Fine particulate matter of aerodynamic diameter 2.5 µm or less (PM2.5) is a major 

component of biomass smoke, and penetrates deeply into lung tissue (Tesfaigzi et al. 2002).  

PM2.5 exposure has been associated with reduced lung function in children and adults, lung 

inflammation, respiratory symptoms, adverse cardiovascular effects, and increased prevalence of 

chronic obstructive pulmonary disease (Mishra 2003; Raabe 1999).  PM2.5 exposure can cause 

oxidative stress to human DNA (Sørensen et al. 2003), which is an essential step in the formation 

of certain types of cancers (Dreher et al. 1996; Klaunig et al. 1998). Carcinogenic behavior of 

PM2.5 may be attributed to the polycyclic aromatic hydrocarbon (PAH) content of particulate 

matter (Gerde et al. 1991; Morozzi et al. 1997; Pope 2008).  And in fact anthropogenic 

combustion related PAHs are responsible for the vast majority of known hazardous hydrocarbons 

(Simoneit 2002).   

Particulate matter, PAHs, carbon monoxide, nitrogen oxides, sulfur oxides and other 

pollutants associated with cooking are the result of incomplete fuel combustion.  The magnitude 

of pollution exposure is affected by many variables including fuel choice, stove design, kitchen 

ventilation and proximity to main living areas.  Local and international development agencies, 

scientists, and government organizations have sought to reduce exposure by a variety of methods.  

Providing ventilation in the form of chimneys may reduce pollution levels in one kitchen, but 

displaces pollutants to the local community, which can be substantial (Smith et al. 1994).  

Ventilation may also decrease fuel efficiency (Smith 2002) thus requiring more fuel per cooking 

period, a very unfavorable result considering the intensive labor that goes into collecting cooking 

fuel in the developing world (Blackden et al. 2006).   The development of alternative fuels for 

household use may reduce emissions.  Alternative fuels include industrial waste such as sawdust, 

or domestic waste such as crop residues, that may be formed into fuel pellets (Chirone et al. 2008; 
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Oahn et al. 2002).  “Fuel efficient” stove technologies reduce fuel consumption by increasing 

combustion efficiency, thus reducing pollution emissions. Stove designs range from simple 

cylindrical brick or mud insulated burn chambers, to more complex gasifier designs.  Stoves of 

various designs have been distributed, often in large quantities, to mixed results (Kishore 2002; 

Stone et al. 2008; USAID 2008; Zhang et al. 2004).  

A.2 Objectives 

Personal exposure to particulate matter from domestic cooking smoke has been examined in many 

regions of the world (for a few recent examples see Kumar et al. 2008; Kurmi et al. 2008; Padhi 

and Padhy 2008, Smith-Sivertsen et al. 2009; Zhang and Smith 2007).  However, except for a few 

studies conducted in South Africa (Engelbrecht et al. 2002; Grobbelaar  and Bateman 1991; 

Rollin et al. 2004; Terblanche et al. 1993), campaigns have largely excluded sub-Saharan Africa. 

Yet this region has the greatest percentage of its population dependent on low quality fuels.  More 

than half of the urban population and up to 90% of the rural population in sub-Saharan Africa 

depend on charcoal or biomass for cooking (IEA 2006).  Further, relatively little work has been 

done to measure cooking related PAH exposures in the developing world (Adonis and Gil 2001; 

Mumford et al. 1995, Raiyani et al. 1993; Zhu and Wang 2003). In this pilot study personal and 

indoor exposures to PM2.5 and PAHs were measured in a small subset of rural households.  

Measurement sites were chosen to represent common cooking practices across socio-economic 

divisions in the Njombe district of Tanzania, East Africa.    

A.3 Methods 

A.3.1 Location 

Njombe is situated in the great rift valley of East Africa.  Njombe town, the district 

capital, sits at an elevation of roughly 1600 m above sea level. An average annual rainfall of 1500 

mm falls predominately during the long rainy season months of November through April, with a 

daytime average temperature of 17⁰C, and nighttime average temperature of 8⁰C (NOAA 2009; 
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SHCP 2009).  Exposure monitoring was conducted between the months of January and March, 

2007.  Sites were selected both in the district capital and the rural ward village of Uwemba, 25 

km from Njombe town. Due to cool local climate and heavy seasonal rainfall, cooking in this 

region is conducted indoors, often in small, poorly ventilated rooms.   

A full experimental plan was submitted for Internal Review Board (IRB) consideration 

and found to fall below the threshold of covered human subject research.  Participants from non-

smoking families were recruited though a local farming industry and government secondary 

school.  Participants were selected through a process of informal interviews.  Selection was based 

on fuel choice and relative position in the local economic hierarchy as determined by 

occupation/income and informal assessment of living conditions. In cases where participants were 

not directly known to M. Titcombe, a series of visits were conducted to gain comfort with the 

researcher’s presence.  Participants were informed of the nature of the study in Swahili and 

English and encouraged to ask questions.  

A.3.2 Sampling Layout  

Sampling sites were chosen as representative of traditional cooking practices in Tanzania.  

Four households and one secondary school were selected. Choice of cooking fuel often correlates 

with a household’s socio-economic status (Edelstein et al. 2008; Smith 2002). Thus, on a small 

scale, these sites also represent the socio-economic demographic within the region. The cooking 

practices of the selected households included open wood fire, charcoal stoves, a mixture of 

kerosene and charcoal stoves, and liquid petroleum gas (LPG) stoves, respectively.  The 

secondary school, a government boarding school hosting roughly 800 students, utilized “fuel 

efficient” wood burning stoves.  Each site was monitored for three separate days, spread out over 

duration of the study.  Participants were instructed in Swahili to carry on with their normal 

domestic routine while wearing sampling equipment; the exception being that participants were 



142 

 

asked not to conduct errands outside of the household or school compound.  A summary of 

sampling sites can be found in Table A.1.  

 

 

  

The household which cooked on open wood fires was that of a subsistence farming 

family located in a small village near Uwemba.  The male head of the household had recently 

begun working for a local industry, but for the time being continued to live a traditional farming 

lifestyle. The female head of the household, responsible for cooking for the family, was recruited 

to wear personal sampling equipment during all monitoring periods. The kitchen was located in a 

courtyard, separate from the main living areas.  The family did not have access to electricity or 

piped water. The kitchen had a dirt floor, mud brick walls and thatch roof.  Cooking was done 

over an open wood fire with three large stones used to hold a cooking pot (Figure A.1).  Women 

collected wood once or twice a week from surrounding forests, typically pine and/or wattle, and 

carried it home in bundles on their backs.  The fire was kept continuously smoldering to be blown 

into flames for cooking. The family typically ate two meals a day, a light breakfast of tea and 

corn flour porridge and more substantial dinner of cooked corn flour, beans and/or potatoes, and 

Table A.1 Summary of Monitored Sites

3/2/2007 450

3/9/2007 489

3/12/2007 436

2/7/2007 480

2/9/2007 462

2/12/2007 510

2/15/2007 466

2/19/2007 379

2/28/2007 448

3/7/2007 314

3/10/2007 236

3/12/2007 320

2/20/2007 303

2/22/2007 250

3/14/2007 280

Fuel Type Location Character

Monitoring 

Dates

Approximate 

Duration (min)

Liquid Petroleum Gas (LPG) Uwemba household

Charcoal & Kerosene Uwemba household

Charcoal Njombe household

Open Wood Fire Uwemba household

"Efficient" Wood Stoves Njombe school
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cooked vegetables.  The cook spent four to six hours a day in the kitchen.  The kitchen measured 

roughly 2 m. by 3 m. with a door and one small window.   These usually remained closed or only 

slightly ajar during cooking.  Women and children gathered in the kitchen area in the evening, 

sitting close to the fire which provided the only source of light and heat.  The thatch roof in this 

particular kitchen was coated with a dark layer of soot.  Infants and young children are carried in 

fabric swaths tied around a women’s torso and these children were often in close proximity to the 

fire.   

 

Figure A.1   A traditional three stone, open wood fire used for cooking in Tanzania and much of 

the developing world. The subject is wearing a personal exposure sampling unit. The feet of a 

small child are visible in her lap as she blows the fire into larger flames 

 

 The charcoal household recruited for this study was that of a single, secondary school 

science teacher employed in Njombe town.  A large bag of locally made charcoal, estimated to 

last a five person household roughly two months, could be purchased for the equivalent of 10 US 

dollars.  Cooking was done on a charcoal “jiko”: a small circular stove with holes in the bottom 

for ash to fall though (Figure A.2).  The stove was lit outside and brought into the kitchen once 

smoldering.  The kitchen was roughly 2 m. by 1.5 m., with a poured cement floor, cement 

covered brick walls, and a metal roof.  Cupboards and storage cabinets made the usable cooking 
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space less than 1 m. wide.  There were large windows along one wall and an outside door.  

Windows were usually kept closed and the door just slightly ajar during cooking.  The kitchen 

was separated from the main living area by a short hallway.  Two or three meals were cooked per 

day with tea and corn flour porridge or eggs for breakfast, maybe a light lunch of the same, and 

an evening meal of cooked corn flour or rice, potatoes, beans, cooked vegetables and occasionally 

fruit or meat.  The teacher recruited for this study wore the personal sampling unit for all 

monitoring periods and spent two to four hours a day cooking, usually sitting quite near the 

charcoal stove.   

 

Figure A.2   A secondary school teacher cooking on a traditional jiko, or charcoal stove, seen at 

bottom left 

 

 The mixed fuel charcoal and kerosene household recruited for this study was the family 

of an industry business manager living in Uwemba village.  This particular household employed a 

live-in housekeeper who was recruited to wear the personal sampling equipment during 

monitoring periods.  Roughly 80% of the cooking was done on a charcoal jiko with a kerosene 

stove used for smaller dishes or for re-heating food.  The kitchen was separated from the main 

living areas by an enclosed courtyard.  The family also kept a charcoal boiler in the courtyard for 
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heating water which likely reduced smoke in the kitchen area (Figure A.3). The kitchen area, 

roughly 9 m
2
, had a poured cement floor, cement covered brick walls and a metal roof.  The 

kitchen door remained open throughout the day.   The housekeeper cooked three meals a day 

including tea or warm milk, corn flour porridge, eggs and/or fried bread in the morning, reheated 

food from the previous evening for lunch, and potatoes, occasionally fruit and/or meat, 

vegetables, and rice or cooked corn flour for dinner.  Cooking occupied four to five hours of the 

housekeeper’s time each day.     

 

Figure A.3   An outdoor charcoal water boiler, used to heat water for cooking and bathing 

 

 The LPG household recruited for this study was that of an expatriate industry business 

manager residing a few miles outside of Uwemba village.  The kitchen was part of the residence, 

which had an open design from the kitchen into the main living areas.  Building materials 

included poured concrete floor and kitchen surfaces, brick walls, metal roofing and stretched 

canvas ceiling.  The kitchen area measured roughly 25 m
2
. A hired housekeeper cooked six days a 

week and was recruited to wear the personal sampling equipment during monitoring periods.  The 

housekeeper spent roughly 8 hours in and around the house, with 3 hours spent cooking enough 

food for lunch and dinner.  Meals usually consisted of beans, rice, fruit, cheese and salad or 

cooked vegetables. The kitchen was well ventilated with usually a window or outside door 

propped open, weather permitting.  Cooking was done on a two burner liquid petroleum gas 
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(LPG) stove (Figure A.4).  Gas canisters were purchased in Njombe town at an equivalent cost of 

40 US dollars. A canister was sufficient to supply gas to a two person household for two months.  

Thus, for the average Tanzanian family of five, LPG is roughly ten times more expensive than 

charcoal (NBS 2005).  The only other combustion source on the property was a wood fire boiler 

used to heat water.  This was located 10 m uphill from the house, and was usually only operated 

in the evenings. 

 

Figure A.4   Housekeeper cooking on an LPG stove while wearing a personal sampling unit 

 

The secondary school located in Njombe town used industrial sized, fuel efficient wood 

stoves.  Two male cooks were employed by the school, one of which was recruited to wear the 

personal sampling equipment for all monitoring periods. The kitchen area measured roughly 9 m. 

by 12 m., by 5 m. tall.  Students were served two meals a day of corn flour porridge and beans.   

The stoves were lit around 8 am and cooking continued until 1 or 2 pm. The cooks spent four to 

six hours in the kitchen. Logs were purchased by the school, split by students and dried in 

covered racks against an outside wall of the kitchen.  The school kitchen was equipped with six 

large and two small “fuel efficient” wood burning stoves installed six years ago (Figure A.5). The 

smaller stoves were manufactured locally of a thin metal shell.  Long pieces of wood, cut for the 
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larger stoves, were also burned in the smaller design.  This resulted in overloading of the burn 

chamber, causing large holes to form in the walls of the smaller stoves.  The chimneys on these 

smaller stoves were either corroded through or missing entirely, venting smoke directly into the 

kitchen.  The larger stoves remained intact. 

 

Figure A.5 Fuel efficient wood stoves in use at a government boarding school in Njombe, 

Tanzania.  Broken and corroded locally made smaller stoves are shown in the left hand photo 

 

A.3.3 Equipment  

Samples were collected using Personal Microenvironment Aerosol Speciation Samplers 

(PMASS) (MSP Corporation, Model 240 PMASS). These sampling systems consist of a cyclone 

inlet with a 2.5 µm cut off and double channel for multiple filter collection. Teflon and glass fiber 

filters were used to collect PM2.5 and PAHs, respectively (25 mm PTFE, SKC Inc.; 25 mm glass 

microfiber, Whatman).  The sampling units were loaded with a single filter per chamber, and 

operated at a total flow rate of 4 lpm, using one sampling pump per channel (SKC model 224-52, 

AirChek 52).  Utilizing a pair of pumps per unit prolonged pump battery life and ensured equal 

volumetric flow through the different filter media. Three PMASS units were deployed per 

sampling site to measure personal, area, and blank reference exposures.  Subjects wore a personal 

sampling unit on a shoulder strap near mouth height, and an insulated hip pack containing the 

sampling pumps.  An area unit was placed in the representative kitchen at roughly sitting height. 
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A blank unit, with no air flow, was set near the area unit. Spent filters were stored away from heat 

and sunlight in sealed plastic holders or in pre-baked foil packets for Teflon and glass fiber filters, 

respectively. 

Maximum pump battery life was 10 hours, decreasing for “dirtier” kitchen environments.  

As a result, sampling periods represent “work day” exposures, or time spent cooking in the home.  

Efforts were made to sample for similar time periods across all sites.  Sampling pumps were 

turned on at the start of the “work” day always before stoves were lit, or in the case of the open 

wood fire household before embers were blown into renewed flames.  Pumps were shut down 

after running for roughly 7 or 8 hours.  Wood fire sites were incredibly polluted environments 

which more quickly depleted pump batteries. This resulted in shortened monitoring periods for 

these locations.  A battery operated flow meter (BGI Inc. Trical volumetric air flow calibrator), 

calibrated against a bubble flow meter primary standard (Sensidyne Gilian Gilibrator), was used 

to measure flow rates. Sample pumps automatically shut down if flow dropped below a user 

prescribed set point.  Total sampling time was displayed digitally on the pump, stopping the 

counter when a pump was either manually or automatically shut down. 

A.4 Analysis 

PM2.5 was analyzed by gravimetric analysis.  Teflon filters were weighed, in triplicate, 

before and after sampling on a microgram balance sensitive to 1µg, with 10% of filters re-

weighted at a later date (Cahn Instruments Inc., C-31 Microbalance).  Filters were weighed in 

cycles of 10 filters, with recalibration of the scale between each filter cycle.  Filters were held 

over an alpha emitting source (
210

Po) for 15 seconds to neutralize filters against static interactions 

with the weighing tray.  The balance was kept in a temperature and humidity monitored room.   

Buoyancy corrections (Swanson 2006, Stine 1994; see equation below) were used to account for 

minor changes in temperature or relative humidity conditions.   
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Where Pw is the vapor pressure over liquid water, Tdp is the dewpoint temperature, T is the weigh 

room temperature, P is the barometric pressure, ρair is air density at measured conditions, ρcal is 

the calibration weight density, and ρfilter is the density of filter material.  Blank PMASS unit filters 

were used to determine background contributions to measured sample mass.  Travel blanks which 

were transported to Tanzania and/or the sampling sites but not used, and filter blanks which 

remained in the U.S., were also analyzed.  All PM2.5 filters were analyzed in the weighing room 

of the Diesel Engine Laboratory, Department of Mechanical Engineering at the University of 

Minnesota. 

PAHs were analyzed by gas chromatography – mass spectrometry (GC-MS) (Hewlett 

Packard 5890/5970).  Glass fiber filters were prebaked in individual foil containers at 450 ⁰C 

prior to transport and sampling.  After a testing period, filters were folded into fourths before 

being resealed for transport.   Samples were prepared under non-ultraviolet lights and stored in 

amber vials to protect PAH samples from possible photo-degradation.   All glassware was 

prebaked and all prep equipment was sonicated in dichloromethane (DCM) prior to use. Spent 

filters were spiked with a perdeuterated surrogate PAH solution of acenaphthene (41.91 ng), 

phenanthrene (51.80 ng), pyrene (44.10 ng), chrysene (40.51 ng), and benzo[a]pyrene (39.50 ng) 

to determine analytical recoveries.   Filters were covered with DCM, pulverized, and sonicated 

for 30 minutes.  Extracts were quantitatively transferred to 4 mL combusted amber vials.  

Extracts were spiked with predeuterated internal PAH solution of acenapthylene (32.67 ng), 

anthracene (37.60 ng), fluoranthene (41.12 ng), benzo[a]anthracene (34.69 ng), and 
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dibenzo[ah]anthracene (36.60 ng) and concentrated under a gentle stream of purified nitrogen.  

Extracted samples were stored in a freezer and analyzed by GC-MS as soon as possible after 

preparation.  PAH calibration standards were run through the GC column between every six 

sample solutions.  Column retention time and peak m/z were used to identify PAH composition of 

the samples.  PAHs were identified as single mass peaks, except for retene which splits into 219 

and 234 m/z.  Sample blanks, travel blanks, and filter blanks were also analyzed.  Sample blanks 

were used to determine background contributions to measured PAH concentration.  All PAH 

filters were analyzed in the Division of Environmental Health Sciences, School of Public Health 

at the University of Minnesota.   

A.5 Results and Discussion 

A.5.1 Artifacts  

PMASS samplers are capable of dual filter collection per channel with the use of carbon 

denuders for further chemical speciation; however this option was not employed here. Denuders 

in line with adsorbents are commonly employed to measure the gas-particle distribution of 

sampled air (Turpin et al. 2000). Due to the scale and scope of the study no effort was made to 

separate vapor from particulate phases.   Rather, we were more interested in the relative 

exposures between sites and validating the feasibility of conducting such a study in a remote 

region of sub-Saharan Africa.  Thus there are likely positive artifacts (due to gas adsorption on 

the filters) associated with the results presented in the main paper.  We believe, however, that 

these artifacts are minimal as vapor adsorption by Teflon and glass fiber filters has been shown to 

reach a saturation point (Turpin et al. 1994). As such, positive artifacts are minimized for the 

more highly polluted testing environments encountered in this study.    
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A.5.2 Uncertainty 

A.5.2.1 PM2.5 Mass Uncertainty  

Blank filters, loaded into a sampling unit with no air flow, were collected during each 

testing period.  Teflon sample blanks used for PM2.5 gravimetric analysis gained an average mass 

of 3 µg, with a range of -2 to +7 µg.  The blank filter mass was used as a background correction 

for the sample filters of that specific testing period.  Travel blanks, brought to Tanzania but not 

opened, and filter blanks, which remained in the U.S., showed an average mass gain of 0 µg, with 

a range of -4 to +4 µg.  A comparison of measured masses for spent sample filters shows a 

maximum variability of 6 µg, occurring in one filter, with most filters showing a 1 or 2 µg 

variability between the largest and smallest mass recorded.  Mass varied by less than 3 µg for the 

10% of re-weighed filters.  Thus PM2.5 filter mass is precise to within ± 4 µg.   

 

A.5.2.2 PAH Mass Uncertainty  

Blank sample filters, travel blanks and filter blanks were also collected for PAH analysis.  

Blank glass fiber filters collected during each testing period gained less than 2 ng total PAH, with 

most blank filters falling under detection limits, i.e. showing no PAH gain.  Travel blanks and 

filter blanks all fell under detection limits.  There was a maximum 10% change in individual PAH 

masses for sample solutions re-run on separate days under the same parameters.  These changes 

were all in the negative direction, and may indicate PAH degradation over time within the 

samples.  It is reasonable to assume that PAH values measured in this study are lower than would 

have been measured with real time instrumentation due to PAH volatility and the total time 

incurred during filter transport, storage, and analytical method preparation. 
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A.5.2.3 Sampled Volume Uncertainty 

The BGI flow meter used in this study was calibrated against a Gilibrator primary 

standard to correct for any drift in the flow meter.  The flow meter itself is NIST traceable and 

accurate to altitudes up to 15,000 ft.  Flow rates were measured before and after sampling when 

possible.  On a few occasions pump batteries were depleted, shutting down the pumps 

automatically.  In these cases only a single flow measurement was taken.  For consistency the 

initial flow measurement was used to calculate PM2.5 and PAH concentrations. A maximum pre- 

to post-sampling flow rate change of 25% was observed during two sampling periods.  An 

average change of ±10% of the initial measured flow rate was observed in the dual 

measurements.  

A.5.2.4 Error Propagation 

 Error propagation (see supplement) is used when reporting data from individual sampling 

periods, calculated using the above mentioned measurement uncertainties as propagation 

variables. Standard deviation of the mean calculated over all sampling days is used when 

reporting site averages.   

 

 

Where C is the concentration, Q is the volumetric flow rate, t is the sampling time, δM is the 

mass uncertainty and δQ is the uncertainty in volumetric flow. 

 

A.5.3 Particulate Matter 

Figure A.6 shows measured PM2.5 and sum total PAH (∑ PAH) concentrations for the 

various cooking fuels examined in this study.  Individual measurements are grouped by fuel type 
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to highlight differences in day to day exposure at a given site.  Site data is arranged by the order 

in which measurements were conducted for each group, with decreasing fuel expense as one 

travels between groups along the abscissa.  Simple error propagation was used to calculate 

individual measurement error.  Average PM2.5 concentrations, standard deviation of the mean and 

range for each sampling site are summarized in Table A.2.  

 

Figure A.6 PM2.5 (µg/m
3
) personal (I.) and area (II.) exposure, and total PAH (sum of 32 PAH 

compounds analyzed, ng/m
3
) personal (III.) and area (IV.) exposure, represented as air volumetric 

mass concentrations for various cooking fuels used in the southern highlands of Tanzania.  

Individual household exposures are presented from the highest to lowest socio-economic status 

along the abscissa, followed by the school exposure to the far right.  Households are grouped 

according to fuel source with LPG on the far left, kerosene and charcoal mix second to left, 

charcoal only in the middle, open wood fire second to right, and the secondary school wood 

stoves far right. Within each fuel group, data is presented in chronological order from the first to 

third sampling day. On the third day of sampling at the secondary school, only the larger, non-

corroded fuel-efficient stoves were used for cooking. Error bars are calculated from error 
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propagation using method uncertainties. (*) Analytical errors occurred while analyzing the first 

personal, and second area kerosene/charcoal site filters. These exposures would likely be non-

negligible 

 

 

 

The US E.P.A. National Ambient Air Quality Standards (NAAQS) recommended 

maximum 24 hour exposure for PM2.5 is 35 µg/m
3
 (U.S. EPA 2006).  Measurements for this study 

were limited to roughly 8 hours and thus represent a maximum or “work-day” exposure.  While 

all sites (with the exception of the LPG household) exceed the NAAQS value, the average 24 

hour exposure for each site would certainly be lower than reported here. It should be noted, 

however, that reporting a “threshold” value may be misleading.  Epidemiological studies of large 

populations have failed to establish such threshold levels for particulate matter, rather adverse 

effects are seen at all levels of observed exposure (WHO 2005). 

The LPG fuel site had the lowest measured PM2.5 exposures with an average personal 

exposure concentration of 14 ± 3 µg/m
3
 (range 8-18 µg/m

3
).  Exposures for the kerosene/charcoal 

site are higher than LPG, but lower than exposures for the charcoal only site.  This is likely due to 

the regular use of an outdoor water boiler and occasional use of a kerosene stove, both of which 

would be expected to reduce indoor air pollution.  The average personal PM2.5 concentration for 

this site was 88 ± 42 µg/m
3
 (range 45 – 172 µg/m

3
).   

Table A.2. Sampling site PM2.5 concentration summary (µg/m
3
)

Fuel Source Location Avg SD Range Avg SD Range

LPG household 14 3 8-18 22 4 17-29

Charcoal & Kerosene household 88 42 45-172 134 44 46-187

Charcoal household 588 347 58-1240 763 286 469-1335

Open Wood Fire household 1574 287 1045-2030 2791 1615 782-5986

All Wood Stoves school 2483 318 2165 -2800 2189 1060 891-3488

Intact Wood Stoves Only* school 69 --- --- 41 --- ---

Personal Exposure Area Exposure

Avg , mean concentration of all samples for a given site; SD , standard deviation of the mean; * standard 

deviation and range not reported for secondary school "intact wood stoves" as only one test was conducted.
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Personal exposures for the charcoal fuel site vary significantly, with an average PM2.5 

exposure of 588 ± 347 µg/m
3
 (range 58 – 1240 µg/m

3
).  Measured PM2.5 personal exposure for the 

first sampling period, exceeding 1200 µg/m
3
, is likely the most accurate and characteristic 

exposure of the three measurements. The large variation in personal exposure between the first 

and second sampling period is due to observed changes in participant behavior.  After the first 

sampling period the subject was able to visually compare a clean filter to the spent personal 

exposure filter (Figure A.7).   

 

Figure A.7   From left to right, images of spent personal, area and blank Teflon filters from a 

charcoal household showing discoloration from deposited particulate 

 

The noticeable discoloration of the spent filter worried her enough to change her cooking 

habits.  During the second sampling period she spent less than an hour in the kitchen.  After this 

very noticeable behavior change a number of sessions were spent cooking with the subject 

without sampling equipment present.  By the final monitoring period the subject’s behavior was 

more normal, but she maintained some modifications to her cooking practices such as cooking 

with kitchen windows partially open and sitting in another room while waiting for water to boil.  

Her exposure for the final day of monitoring was still elevated, but she had adopted a functional 

behavior modification to reduce her personal exposure by more than half.  Due to the small 

number of measurements conducted conclusions presented here are perhaps anecdotal.  Yet 

exposure campaigns, as a first step to addressing health hazards, can result in significant behavior 

change due to increased community awareness of the problem (Diaz et al. 2008; Edelstein et al. 

2008; Madajewicz et al. 2007).  
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Personal and area PM2.5 concentrations measured at the open wood fire site exceeded 

those measured for LPG by two orders of magnitude.  Average personal PM2.5 exposure for the 

open wood fire site was 1574 ± 287 µg/m
3
 (range 1045 – 2030 µg/m

3
). The exceedingly high area 

exposure for the first monitoring period was due to sampler placement.  This was the only 

measurement during the course of study in which the filter became coated with enough particulate 

matter to cause a pump fault and shut down the sampling system.  This happened within the first 

1.5 hours of collection. For subsequent measurements the area sampling unit was moved to a 

different location in the kitchen.  

The highest measured personal exposures occurred during the use of “fuel-efficient” 

wood stoves in the secondary school kitchens.  Certainly one might expect elevated exposures 

due to the number of stoves in operation, but taken at face value these stoves appear to do very 

little to reduce indoor pollution.  The average PM2.5 personal exposure for the first two monitoring 

periods, when all stoves were operating, was 2483 ± 318 µg/m
3
 (range 2165-2800).  Recall, 

however, the corrosion of the smaller stoves, with large holes in the burn chamber, and broken or 

missing chimneys.  For the final day of monitoring at the secondary school only the intact, larger 

fuel-efficient stoves were used.  As a result personal exposure fell to 69 ± 9 µg/m
3
.  Being only a 

single measurement, it is impossible to make any broad statements regarding the use of these 

stoves.  Yet the drastic reduction in exposure occurred despite essentially identical cooking 

activity to the first two sampling periods (i.e. hours spent cooking, ventilation, food type, and 

quantity).  Future campaigns could examine the effectiveness of these industrial sized, efficient 

stoves in reducing indoor air pollution, particularly in school environments where there is little 

need for the excess light and heat of cooking fires. 

 

A.5.4  Polycyclic Aromatic Hydrocarbons 
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 Samples were analyzed for a total of 32 PAH compounds, including U.S. 

Environmental Protection Agency (US EPA) Priority PAH Pollutants (naphthalene excluded) 

(U.S. EPA 1988).  Site average PAH concentrations are presented in Figure A.8.  Household 

PAH exposures are shown in the bottom four plots.  
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Figure A.8 Measured PAH personal exposures (dark bars) and area exposures (light bars), 

represented as air volumetric mass concentrations (ng/m
3
) for various cooking fuels.  PAH 

molecular mass increases from left to right across the abscissa (range 152 – 300 amu). Household 

PAH exposures are represented as site averages (n=3) for each measured PAH, moving upwards 

from the bottom of the figure: LPG, kerosene/charcoal mix, charcoal alone, and open wood fire.  

Exposures for the secondary school kitchen are split into an average exposure from measurements 

when all stoves were operating, second plot from the top (n=2), and exposure from the final 

measurement when only the intact, larger fuel-efficient stoves were operating, top plot.  Average 

total PAH (∑PAH) values are given for each site as [personal exposure, area exposure].  Error 

bars depict uncertainty evaluated by standard deviation of the mean. 

 

Among the household sites in Figure A.8, fuel expense decreases as you move upwards, 

from the cleanest burning fuel (LPG) to the dirtiest (wood).  For the LPG fuel site, PAH 

concentrations are below method detection limits for all but a small area exposure for retene and a 

personal exposure for phenanthrene (both < 2 ng/m
3
).  The detection of retene is interesting in 

that it is a tracer for wood smoke (Simoneit 2002).  Therefore, the presence of retene may 

indicate exposure to particles emanating from a source external to this kitchen (i.e. the wood fire 

water boiler mentioned earlier).  Total PAH concentrations for the LPG site are not statistically 

significant from zero.   

A similar pattern is seen in the concentration profiles of charcoal and wood sites, as 

would be expected from fuels of similar origin.  Exposures for the kerosene/charcoal mixed fuel 

site are dominated by larger PAHs (>200 amu, 4 – 6 member rings), with the exception of 

phenanthrene.  Larger PAHs are less volatile and more particulate-based than semi-volatile, 3 – 4 

ring compounds (Finlayson-Pitts and Pitts, 2000).  Thus these heavier compounds may be 

preferentially collected by the filters and/or better survive storage and analytical prep.  The 

largest personal and area exposures measured were for the family benzo[b,j,k]fluoranthene.  Area 

exposures for all measured PAHs were greater than personal exposures as the cook split her time 

between the kitchen and other areas of the compound throughout the day. Total PAH 
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concentrations for the kerosene/charcoal mixed fuel site were 57 ± 16 ng/m
3
 and 181 ± 17 ng/m

3
 

for personal and area exposures, respectively.   

PAH concentrations for the charcoal only fuel site follow the same exposure pattern seen 

in the kerosene/charcoal site, with a roughly 5-fold increase in PAH concentration.  A number of 

lower molecular weight PAHs emerge for this site, with phenanthrene and dibenzothiophene 

dominant among these. The highest concentrations are seen in fluoranthrene, pyrene, 

benz[a]anthracene, cyclopenta[c,d]pyrene, chrysene, and benzo[b,j,k]fluoranthene.  Total PAH 

concentrations for the charcoal fuel site were 334 ± 57 ng/m
3
 and 783 ± 76 ng/m

3
 for personal 

and area exposures, respectively.   

PAH concentrations increase by an order of magnitude for open wood fires relative to 

charcoal.  PAH concentration patterns continue similar to previous plots with a sharp increase in 

retene, a tracer for conifer wood combustion.  This site also shows a relative increase in larger 

PAHs (276-300 amu, 5 – 6 rings), with personal exposures of dibenzo[a,h]anthracene, 

indeno[1,2,3-cd]pyrene, benzo[g,h,i]perylene, and antanthrene nearing 0.5 µg/m
3
 each.  Personal 

exposures approach and even exceed area exposures for this site, revealing the sustained close 

proximity of the participant to the cooking fire.  Total PAH concentrations for the open wood fire 

site were 5040± 909 ng/m
3 
and 5113 ± 609 ng/m

3
 for personal and area exposures, respectively.   

The secondary school site is split into “wood stoves” and “efficient wood stoves”, the 

later signifying the monitoring period in which only intact/unbroken stoves were lit.  PAH 

personal exposures exceed 1µg/m
3
 for fluoranthene, pyrene, cyclopenta[c,d]pyrene, chrysene, 

benzo[a]pyrene and benzo[g,h,i]perylene when broken stoves were in use, with total PAH 

concentrations of 16335 ± 743 ng/m
3
 and 7966 ± 760 ng/m

3
 for personal and area exposures, 

respectively.  Limiting use to intact fuel efficient wood stoves reduced exposures by almost two 

orders of magnitude (> 90% reduction) to 923 ng/m
3
 and 424 ng/m

3
 for personal and area 

exposures, respectively. 
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Toxicity weightings were applied to US EPA priority PAHs measured in this study (15 of 

the 32 PAH compounds analyzed).  This was done by multiplying each individual priority PAH 

exposure by a potency equivalency factor (PEF) indicative of carcinogenic activity relative to 

benzo[a]pyrene (BaP) (Table A.3).  PEFs were assigned according to values recommended by the 

California EPA (CA EPA 2005).   For PAHs not listed by CA EPA, values were assigned from 

recent literature, with the most conservative literature value chosen for each PEF (Bostrom et al. 

2002; Larsen and Larsen 1998; Nisbet and LaGoy 1992).  PAH exposure standards do not 

currently exist, although the World Health Organization plans to publish guidelines for indoor air 

quality, including PAHs, by the end of 2009.  These guidelines will be based on BaP 

concentrations (WHO 2006).  For comparison, urban United States personal and indoor 24 hour 

PAH concentrations are typically below 1 ng/m
3
 (Carlton et al. 1999).  PAH cancer risk 

assessments are based on BaP carcinogenicity, but there is a dearth of inhalation toxicology data 

to assign risk factors to the many co- PAH pollutants produced along with BaP (CA EPA 2005).  

A lifetime continuous exposure of 1.2 ng/m
3
 BaP is estimated to result in one excess cancer case 

in 10,000 individuals exposed (WHO 2000). In this study personal exposure mean concentrations 

of BaP were 0 (not detected), 4 ng/m
3
, 31 ng/m

3
, and 274 ng/m

3
 for LPG, kerosene/charcoal mix, 

charcoal, and open wood fire sites, respectively.  By conservative estimates the BaP equivalent 

(PEF weighted) total PAH concentrations, evaluated for the EPA priority PAHs, were 0 (not 

detected), 8 ng/m
3
, 44 ng/m

3
, and 767 ng/m

3
 for LPG, kerosene/charcoal mix, charcoal, and open 

wood fire sites, respectively.   Assuming that these exposures remain within the linear region of 

the BaP inhalation dose-response curve, one might expect dramatically increased cancer risks for 

charcoal, and especially open wood fire households.  The use of intact fuel efficient stoves at the 

secondary school site reduced BaP equivalent personal exposures by two orders of magnitude, 

from 1545 ng/m
3
 to 32 ng/m

3
.   
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PM2.5 and ∑PAH concentrations show similar exposure patterns for each fuel type 

(Figure A.9) with ∑PAH concentrations a factor of 1000 lower than PM2.5 (ng/m
3
 vs. µg/m

3
).   

Linear regressions for personal exposure and area exposure give slopes of 1.22 (r
2
 = 0.77) and 

1.07 (r
2
 = 0.76), respectively.  Thus PM2.5 and PAH concentrations are reasonably well correlated 

for the fuel combustion sources examined.   The limited scale of this study makes it impossible to 

extrapolate this result into a more general statement.  But further work should be done to examine 

this correlation as it may be useful in assessing particulate matter toxicity. 

 

Figure A.9 PM2.5 (µg/m
3
) and total PAH (ng/m

3
) personal (black) and area (gray) exposure 

correlations for each sampling event. Data points represent the five fuel/stove types examined: 
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LPG, kerosene/charcoal mix, charcoal, open wood fire, and secondary school wood stoves.  Error 

bars are presented as standard deviation of the mean.  Linear regressions have been fitted to 

personal (dashed) and area (dotted) exposures.  

 

A.6 Conclusions and Future Work  

 PM2.5 and PAH personal and area exposures were measured in the southern highlands of 

Tanzania across a range of cooking practices.  These sites were broken up according to fuel types 

commonly available for households of varying socio-economic status.  Fuels investigated 

included LPG, kerosene, charcoal and wood.  The use of large scale fuel efficient wood stoves 

was also examined.  Measurements were obtained using dual channel portable sampling units 

with battery powered pumps.  Samples were analyzed by gravimetric analysis for particular 

matter mass concentration and by GC-MS for polycyclic aromatic hydrocarbon composition.  The 

lowest household exposures were seen for LPG, with exposures for both PM2.5 and PAHs 

generally increasing by an order of magnitude as fuel quality decreased from kerosene to charcoal 

to wood.  PM2.5 and PAH exposures were well correlated across fuel types. Large scale fuel 

efficient wood stoves, when maintained properly, showed significant potential to reduce indoor 

pollutant concentrations.  A larger scale study will strengthen quantitative results, particularly if 

sample volatilization and/or degradation during filter storage and transport can be assessed.   
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