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New concerns over health effects and tightening EPA regulations are pushing 

policy-makers towards lower and lower levels of pollutants. In many places in the United 

States the EPA standards for ozone and particulate matter (PM) are difficult to meet. This 

concern is elevated as both standards have been tightened in recent years. Improvements 

to air quality are costly, and policy-makers rely on regional photo-chemical models to 

find the most effective methods of pollutant reduction. The accuracy of forecasted 

predictions of ozone and PM depends heavily on the interactions of NOx and organic 

compounds. An understanding of the interactions of NOx, organic compounds, and PM is 

necessary in three important and ongoing research areas: 1 – organic nitrate partitioning 

and hydrolysis, 2 – interactions between biogenic organic compounds with anthropogenic 

oxidants, and 3 – atmospheric impacts of hydraulic fracturing. 

Through environmental chamber experiments and chemical reaction modeling I 

quantified the gas-particle partitioning of organic nitrates as well as the hydrolysis rate of 

condensed organic nitrates. These interactions are important in understanding total PM 

levels as well as NOx recycling – the breakdown of organic nitrates to regenerate NOx 

that was previously removed from ozone production, which in turn is necessary for 

accurate forecasting of ozone levels. 
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I collected ambient measurements near Houston, TX in September 2013 as part of 

DISCOVER-AQ (http://www.nasa.gov/mission_pages/discover-aq/index.html). These 

measurements provide valuable insight to the processes that leads to PM formation in the 

area. There is evidence that the interaction between biogenic organic compounds and 

anthropogenic oxidants has an important effect on PM levels. A diurnal cycle of 

increased nighttime PM concentrations suggests that reactions between terpenes and the 

nitrate radical significantly contribute to PM. 

A poorly characterized source of emissions from hydraulic fracturing activity are 

atmospherically vented storage tanks for flowback wastewater. Emissions of ammonia 

and hydrocarbons are observed as samples evaporate from 12 different wastewater 

samples from the Permian Basin. Through chamber experiments I tested the potential of 

these evaporated mixtures to produce PM in the presence of an atmospheric oxidizer, 

NOx and seed particles, and I observed significant formation of organic and ammonium 

nitrate PM.

http://www.nasa.gov/mission_pages/discover-aq/index.html
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Chapter 1:  Introduction 

When air becomes polluted, the ill consequences are difficult to escape. The 

unconstrained mixing of our atmosphere means that some portion of pollutants that are 

emitted will eventually pass through innumerable human lungs. Atmospheric chemistry is 

complicated by the tens of thousands of compounds involved. Three categories of 

compounds – nitrogen oxides (NOx), organic compounds, and particulate matter (PM) – 

have a particularly large role in air quality. They create an important and dynamic system 

in our atmosphere that is crucial to understand. Volatile Organic Compounds (VOCs) are 

oxidized and become PM, sometimes through combination reactions with NOx. VOCs 

and NOx also react to form ground level ozone. PM concentrations grow during colder 

hours as lower-volatility organic compounds partition to particles forming organic 

aerosol (OA). PM levels decrease during warmer hours as organic compounds repartition 

to the gas phase, acting as a source of organic compounds and potentially NOx. Thus, a 

better understanding of the interactions between NOx, organic compounds, and PM is 

essential for efficiently improving air quality. 

1.1 THE CRITERIA AIR POLLUTANTS 

Some of the many compounds humans inhale are more harmful than others and 

policy responses have attempted to reduce the levels of those that are most harmful. In 

the United States the first policy response to air pollution at the national level came in 

1970 when the Clean Air Act was passed by congress. This led to the formation of the 

National Ambient Air Quality Standards (NAAQS, U.S. Environmental Protection 

Agency, 2016). Six criteria pollutants with negative health effects were targeted: 

 Carbon Monoxide (CO) 

 Lead (Pb) 
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 Sulfur Dioxide (SO2) 

 Nitrogen Dioxide (NO2) 

 Ozone (O3) 

 Particulate Matter (PM) 

Some criteria pollutants have been easier to reduce than others. Carbon monoxide 

is a major product of combustion, but it is removed efficiently through a catalytic 

converter where it reacts to form CO2. As catalytic converters were added to sources of 

combustion emissions across the U.S., including the vehicle fleet, the levels of CO were 

brought within the standards set by the NAAQS. Lead had previously been a component 

of gasoline to help improve combustion. Emissions of certain industries (metal 

manufacturing, incinerators, battery manufacturing, etc) were also large contributors to 

lead in ambient air. Because the sources of lead were well known, as emissions from 

those sources were reduced the concentrations decreased significantly. The majority of 

SO2 emissions were from the combustion of fuels which contain sulfur. As the NAAQS 

were implemented and lower sulfur fuels were utilized the levels of SO2 decreased 

significantly. From 1980 to 2014 carbon monoxide, lead, and sulfur dioxide have been 

reduced in the U.S. on average by 85%, 98%, and 80%, respectively 

(https://www3.epa.gov/airtrends/, see Figure 1-1). 

Nitrogen dioxide, like carbon monoxide, is also formed during combustion. It can 

be removed in a reduction environment of a catalytic converter. Nitrogen dioxide levels 

decreased by 57% between 1980 and 2014 (https://www3.epa.gov/airtrends/). 

Concentrations are below the standard, but reductions in NO2 are still highly sought after 

because of the role of nitrogen dioxide and nitrogen monoxide (NO) in ozone production 

as discussed in Section 1.2.  
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Figure 1-1. Reductions of Clean Air Act criteria pollutants in the United States 

(https://www3.epa.gov/airtrends/index.html). 

The ozone NAAQS have been difficult to achieve for many high-population areas 

as seen in Figure 1-2. The U.S. Environmental Protection Agency (EPA) recently 

announced the standard for ozone will be lowered from 75 to 70 ppb (United States 
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Environmental Protection Agency, 2015b). This will mean that more areas will need to 

worry about emissions that lead to ozone formation. Those areas that struggle with the 

current NAAQS for ozone will have to take costly measures to lower ozone 

concentrations. 

 

Figure 1-2. U.S. ozone non-attainment areas 

(https://www3.epa.gov/airquality/greenbook/). 

Particulate matter, like ozone, is formed as other emissions react in the 

atmosphere – though it is also directly emitted. This can make PM reductions 

complicated. PM can be divided by inorganic compounds, such as ammonium sulfate and 

ammonium nitrate, and organic aerosol (OA). OA can be emitted directly as primary OA 

(POA) or formed as organic compounds condense to form Secondary Organic Aerosol 

(SOA). While POA can be removed with filters at emission sources, SOA reductions are 

often more complex. SOA results when VOC emissions are oxidized through both natural 
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and anthropogenic oxidants. As organic compounds are oxidized they reach lower 

volatilities and begin to partition to the particle phase. VOCs can come from extensive 

number of sources – including many natural sources. This makes it difficult to reduce PM 

concentrations. Several high-populations areas struggle to meet those standards (see 

Figure 1-3) which were recently lowered in 2012 from 15 to 12 µg/m
3
 (United States 

Environmental Protection Agency, 2013b). 

 

Figure 1-3. U.S. PM2.5 non-attainment areas 

(https://www3.epa.gov/airquality/greenbook/). 

Volatile organic compounds are not a criteria pollutant but they are directly 

involved in the formation of two other criteria pollutants – O3 and PM. Smaller organic 

compounds will not form PM but have a large role in O3 production. Larger organic 

compounds can form O3 as they are oxidized and then condense to form PM once they 
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reach a low enough volatility. Some organic compounds are classified as hazardous air 

pollutants, are directly regulated through the National Emissions Standards for Hazardous 

Air Pollutants (NESHAP). 

In 1970 six criteria pollutants were defined by the EPA but today two of them – 

PM and O3 – have proven more difficult or important to control and have received the 

majority of the attention. A discussion of regulation strategies for PM and O3 will 

inevitably be a discussion of organic compounds and NOx as well because of their roles 

in the formation of these criteria pollutants. 

1.2 EFFECTS OF NOX, ORGANIC COMPOUNDS, OZONE, AND PARTICULATE MATTER 

1.2.1 NOx 

Respiratory irritation is the most common health effect of NOx inhalation (Devlin 

et al., 1999) and negative health effects may occur for those near sources of NOx (such as 

busy roadways). However, as Figure 1-1 shows, NOx (NO2) is well below the NAAQS 

set by the EPA. The more significant effect of NOx emissions are their role in ozone 

formation as shown in Figure 1-4. Oxidation of VOCs in the atmosphere proceeds as 

hydroxyl radicals extract a hydrogen atom from the carbon backbone of the VOC, 

creating an unstable radical which immediately reacts with oxygen to form the more 

stable peroxy-radical (Figure 1-4, point a). When a peroxy-radical encounters NO it can 

react in one of two paths. The NO can extract an oxygen atom to form NO2 (Figure 1-4 

piont b), leading to the formation of a stable, yet oxidized derivative of the original VOC 

(Figure 1-4 point c). Alternatively, NO can combine with the peroxy-radical to form an 

organic nitrate (Figure 1-4 point d). Organic nitrates are discussed in Chapter 3. If the 

first path is followed and NO is converted to NO2 then ozone production can happen as 



 7 

seen at Figure 1-4, point e. NO2 is photolyzed by ultraviolet radiation to NO, discarding 

an energized oxygen atom which combines with O2 to form ozone. 

 

Figure 1-4. The ozone production cycle. 

As shown in Figure 1-4, NOx is not consumed during O3 production. This 

production only slows as NOx is removed from the system by its conversion to an organic 

nitrate or as NO2 slowly reacts with hydroxyl radicals to form nitric acid (HNO3). 

Emissions of NOx may be recycled many times before they are removed from ozone 

production. Thus even though this cycle involving NOx is the main source of ground 

level O3, concentrations of O3 do not decrease linearly with NOx emissions. The non-

linearity of ozone production is summarized in Figure 1-5. Because of the complicated 

reactions between NOx and VOCs, there are VOC limited regimes at which lower NOx 

concentrations actually leads to more ozone. 
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Figure 1-5. Ozone isopleths for varying VOC and NOx concentrations from the National 

Research Council (1991). 

1.2.2 Organic Compounds 

“Organic compound” is the term used here for any of the tens of thousands of 

combinations of carbon, hydrogen, nitrogen, and oxygen in the air we breathe. Most of 

these compounds are low concentration and not known to be harmful to humans. The 

compounds classified in the U.S. as hazardous air pollutants are known to cause cancer or 

other serious health effects. Emissions of these compounds are regulated by the EPA. 

Organic compounds have a large role in ozone production as seen in Figure 1-4 and 

discussed in Section 1.2.1. One organic compound, methane, is a very potent greenhouse 

gas and is monitored for this reason. 

Organic compounds are also important as they can condense to form PM. Each 

oxidation step in the atmosphere lowers the volatility of a compound by approximately 2 

orders of magnitude (Pankow and Asher, 2008). When compounds reach low enough 
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volatility they begin to partition to the organic portion of PM according to absorptive 

partitioning theory (Donahue et al., 2006; Pankow, 1994): 

𝑌𝑖 = (1 +
𝐶𝑖

∗

𝐶𝑂𝐴
)

−1

      (1-1) 

where Yi is the fraction of an organic species i in the particle phase, COA is the total 

concentration of organic aerosol, and 𝐶𝑖
∗ is saturation mass concentration, which is 

essentially the vapor pressure of a compound converted to concentration units. For a 5 

carbon molecule such as isoprene this means it will partition to the particle phase at 

atmospheric conditions after approximately four generations of oxidation. A 10 carbon 

molecule such as α-pinene requires only three generations of oxidation. Reductions in 

SOA are complicated by the fact that a large portion of organic compounds have natural 

sources such as trees and other vegetation. Thus even if the point of zero anthropogenic 

emissions of organic compounds were reached this would not eliminate SOA completely. 

It is important to have a complete picture of the organic compounds and their interactions 

with oxidants through modeling to understand how the lowest levels of PM (and ozone) 

can be achieved. 

1.2.3 Ozone 

Naturally formed stratospheric ozone shields the earth from ultraviolet radiation 

but ground level (tropospheric) ozone has negative effects on human health. The primary 

effect of ozone inhalation is airway inflammation (Mudway and Kelly, 2004) which leads 

to long term increases in risk of death from respiratory causes. Jerrett et al. (2009) found 

that there was a 2.9-4% increase in death from respiratory causes in a population for 

every 10 ppb increase in exposure to ozone. Lim et al. (2012) found that ozone was 

responsible for approximately 150,000 deaths worldwide in 2010. 
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1.2.4 Particulate Matter 

Particles that reach the human lung can cause both respiratory and cardiovascular 

damage (Lim et al., 2012). Figure 1-6 is taken from the Harvard Six Cities study 

(Dockery et al., 1993) and shows the increase in relative mortality with fine particle 

concentration. The same researchers found that there was an approximate 0.61 years 

increase in life expectancy associated with every 10 μg/m
3

 decrease in fine particle 

concentration (Pope et al., 2009). Lim et al. (2012) found that ambient particulate matter 

in outdoor air was responsible for 3.2 million deaths in 2010. 

 

Figure 1-6. The Harvard Six Cities study found correlation between concentration of fine 

particles and relative mortality rate. Letters indicate the six different cities of 

the study. 

The health effect of particles is a very active area of investigation. Particles are 

regulated simply as mass of all particles below 10 or 2.5 µm in diameter (PM10 and 

PM2.5, respectively). Evidence indicates that particle size influences the toxicity of 

particles as those particles in the smaller size range reach the lungs with the highest 

efficiency, causing the greatest effect on health (Strak et al., 2012). It is likely that 
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particle composition is also an important factor as carbonaceous particles contain 

compounds which are more harmful to human health (Cassee et al., 2013). Though the 

mechanisms through which particles cause adverse health effects is an area of continuing 

research, the general negative effects of particulate matter on human health have been 

clearly shown.  

Particulate matter causes significant climate effects. The climate effect depends 

on the particle composition, which affects the ability of the particle to reflect or absorb 

solar radiation. Particles composed of black carbon (soot) absorb radiation and have a 

warming effect, as seen on Figure 1-7. Lighter particles such as ammonium sulfate reflect 

radiation and have a cooling effect. The biggest uncertainties arise from the interaction of 

particles with clouds. Particles can act as nuclei in cloud condensation and higher particle 

concentration means more locations to condense. This leads to clouds made up of smaller 

droplets when PM concentrations are higher. Clouds made of smaller droplets reflect 

more sunlight so this has a net cooling effect, though the effect is difficult to quantify. It 

is important to understand these climate effects from particles so that climate change 

effects can be predicted as PM levels are decreased to improve human health. 
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Figure 1-7. Anthropogenic radiative forcing from Intergovernmental Panel on Climate 

Change (2013) 

1.3 THE NOX, ORGANIC COMPOUND, PM DYNAMIC 

In working towards lower levels of pollutants several approaches are taken to 

understand the best policy approaches. Because many compounds interact in a 

complicated series of reactions a model is used to inform policy-makers on how effective 

any given emission reduction will be towards reducing criteria pollutant concentrations. 

This is especially important for secondary pollutants like ozone and PM, which can form 

from a variety of precursor compounds. An accurate model is only possible if it can be 

built and tested based on sound data. Ambient measurements help verify the model to 
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overall ambient trends while laboratory experiments can isolate key variables under 

controlled settings. Communication between ambient measurements and laboratory 

experiments is also important as ambient measurements help identify important processes 

to be studied in laboratory experiments. The work described here will incorporate all 

three of these research tools, though the focus will be on laboratory experiments and 

ambient measurements.   

 

Figure 1-8. The approach to air quality research which combines ambient measurements 

and laboratory experiments to develop models which are used to inform 

policy-makers 

As discussed in Section 1.2, NOx and VOCs react to form ozone, and organic 

compounds condense to form PM as they are oxidized to lower volatility. PM can 

volatilize to form organic compounds, leading to ozone production. Because of the high 

amount of interaction it is important to consider complete systems of NOx, organic 



 14 

compounds, and PM. As we push towards lower levels of PM and ozone it will be very 

important to understand these systems. 

This thesis focuses on three areas where the interactions between NOx, organic 

compounds, and PM have large impacts on air quality. Chapter 2 is devoted to the 

instruments, methods, and techniques that have made this work possible. Chapters 3, 4, 

and 5 describe three related research projects in which understanding of the dynamic 

between NOx, organic compounds, and PM is crucial. In Chapter 3 we discuss the gas-

particle partitioning and particle-phase hydrolysis of organic nitrates formed from the 

oxidation of α-pinene. In Chapter 4 we discuss ambient measurements focused on 

particulate matter in the Houston, TX area which pointed to the importance of 

interactions between biogenic and anthropogenic emissions. This is related to the work in 

Chapter 3 in which α-pinene (a biogenic VOC) and NOx (an anthropogenic pollutant) 

were used as precursors.  These interactions in the Houston area include the formation of 

high concentrations of organic nitrates, again highlighting the importance of furthering 

our understanding of organic nitrate hydrolysis and partitioning, such as the work 

described in Chapter 3. This is especially true for a humid area such as Houston where 

organic nitrates are more likely to hydrolyze. In Chapter 5 we discuss the impacts of 

hydraulic fracturing flowback wastewater on air quality under high-NOx atmospheric 

conditions. The high levels of NOx and organic compounds in oil and gas production 

areas can lead to organic nitrate formation, adding importance to the work described in 

Chapter 3. NOx emitted from hydraulic fracturing activity in these areas can also react 

with biogenic compounds, as oil and gas activity often takes place in rural areas, 

highlighting the importance of the work described in Chapter 4. Thus, the motivation and 

implications of the work described in Chapters 3, 4, and 5 are related in numerous ways.  
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1.3.1 Organic nitrates – hydrolysis and partitioning 

As discussed in Section 1.2.1 (Figure 1-4) the formation of an organic nitrate 

(ON) from NO and a peroxy-radical is a break in the ozone formation cycle. In this way 

ON can act as a sink for NOx. An ON molecule is not necessarily permanent – at a later 

time it can break apart to reform NOx as well as an oxidized organic compound. In this 

way ON can also act as a source of recycled NOx. This is especially important as it can 

lead to longer range transport of NOx to more rural areas, increasing ozone formation in 

areas which otherwise have low emissions of precursors to ozone formation. Based on 

modeling of ozone, particularly in rural areas, the recycle rate of NOx from organic 

nitrates was lower than expected: when NOx recycling reactions were implemented to the 

CAMx regional model it caused predicted ozone levels to increase to 5-10 ppb above 

concentrations observed in rural areas such as coastal Texas (Figure 1-9, Hildebrandt 

Ruiz and Yarwood, 2013). 

 

Figure 1-9. Regional modeling results of ozone concentrations with and without NOx 

recycling. Image courtesy of Greg Yarwood and Environ. 

One hypothesis for this discrepancy is that partitioning of ON between the gas 

and particle phase (Figure 1-4 point f) was not well described in the model. Recent work 
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suggests that these organic nitrates may hydrolyze when they are condensed in PM at a 

higher relative humidity (Browne et al., 2013; Darer et al., 2011; Day et al., 2010; Hu et 

al., 2011; Liu et al., 2012; Rindelaub et al., 2015). Hydrolysis in the particles could lead 

to the irreversible transformation of nitrate groups to HNO3 – thus acting as a permanent 

sink for NOx.  

Chapter 3 of this thesis discusses laboratory chamber experiments that were 

conducted to better characterize the behavior of ON in the particle phase. Parameters for 

partitioning and hydrolysis are needed to correctly model hydrolysis of ON. Some 

modeling work is included as the Statewide Air Pollution Research Center model 

(SAPRC) is used along with the Carbon Bond 6 mechanism to predict concentrations of 

compounds that cannot be measured. The results help to clarify the parameters that define 

partitioning and hydrolysis for ON formed from α-pinene photo-oxidation.  

1.3.2 DISCOVER-AQ field campaign 

 Reductions to pollutants like ozone and PM are not always as simple as 

reductions in emissions of organic compounds and NOx because a large portion of 

organic compound emissions comes from biogenic sources. An important area of 

research is understanding how these biogenic emissions interact with the anthropogenic 

emissions. Anthropogenic oxidants, such as ozone and NO3, are especially important as 

these create lower volatility products out of existing biogenic organic compounds such as 

terpenes and isoprene, leading to PM formation. 

 The 2013 Deriving Information on Surface Conditions from Column and 

Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ, 

http://discover-aq.larc.nasa.gov/) field campaign was a collaborative effort by many 

research groups to better understand the air quality in Houston, TX. The campaign 
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brought together ground measurements with those from vehicles, airplanes, and satellites. 

Chapter 4 focuses on ground measurements taken in Conroe, TX, about 60 km NNW 

from the Houston, TX urban center and 125 km NW of the nearest coastline (see Figure 

1-10). 

 

Figure 1-10. Map showing the flight paths for aircraft during DISCOVER-AQ as well as 

the location (circled) of the measurements reported here 

Conroe, TX is downwind of Houston and has elevated levels of anthropogenic 

pollutants but it is also in a highly vegetated area. The prairie ecosystem in the Houston 

area extends hundreds of miles west, however just north of Houston the piney woods 

ecosystem begins. This extends from the Conroe area all the way through the 

Southeastern U.S. We analyze the factors that affect PM levels both diurnally and over 

the course of several days to understand what influences PM in the region. Houston is 

near non-attainment for PM with the recently lowered NAAQS. Ozone concentrations are 

an even bigger problem in the region, especially with the recently tightened standard. As 
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regional models like CAMx are verified with data like that described in Chapter 3, ozone 

production can be modeled more effectively as well. This leads to more efficient policy 

responses aimed at lowering ozone concentrations. 

1.3.3 Atmospheric impacts of hydraulic fracturing 

NOx, organic compound, PM interactions have always been important in areas of 

oil and gas activity. High power diesel engines act as a source of NOx, VOCs, and PM. 

VOC emissions from process equipment lead to ozone and PM formation. The search is 

ongoing for better methods to measure and characterize these emissions. One of the least 

characterized sources of emissions is the equipment used for hydraulic fracturing activity. 

Hydraulic fracturing has only been around at the current scale for 10-20 years. The 

production phase is similar to conventional oil and gas activity but well preparation 

involves a new set of processes. A mixture of water, sand, and chemical additives is 

pumped underground at high pressure to fracture geologic formations. A portion of this 

fluid, along with compounds absorbed underground, then returns to the surface as 

hydraulic fracturing flowback fluid. Using a temporary separator the fluid is divided into 

condensate (oil), gas (lighter hydrocarbons), and wastewater. As with all oil and gas 

activity, there are potential hydrocarbon emissions throughout the process. The 

wastewater from this process is one of the least characterized sources of emissions and is 

discussed in Chapter 5. 

This wastewater is important as it is a potential source of emissions that have not 

previously been a part of oil and gas activity. Produced water, or water naturally found in 

geologic formations, is a standard waste stream from oil and gas activity. However 

flowback wastewater differs in composition as it can also contain compounds from the 

original fracturing fluid. Particulate matter can be formed as these VOCs evaporate and 
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are oxidized in the atmosphere. High-NOx photo-chemical chamber experiments are used 

in Chapter 5 to characterize the potential for PM formation from evaporated flowback 

wastewater. Ammonia emissions are also observed and at the high-NOx conditions 

ammonium nitrate forms.  

As with Chapters 3 and 4, the interaction of NOx, organic compounds, and PM is 

a key part of Chapter 5. These interactions are important to many atmospheric processes 

and as understanding grows it will help to describe or better describe phenomena in a 

wide range of applications. 
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Chapter 2:  Techniques 

The contributions discussed in this work are made possible in large part thanks to 

the unique set of instrumentation and other tools available in Dr. Hildebrandt Ruiz’s 

research group at the University of Texas at Austin. Here we discuss these instruments, 

their operation and other techniques that make this work possible. We do not detail the 

initial setup of the instruments and tools, which preceded their application discussed in 

the rest of this work. 

2.1 INSTRUMENTATION 

2.1.1 SEMS 

The size distribution of particles is measured using a Scanning Electrical Mobility 

Spectrometer (SEMS) from Brechtel Manufacturing, Inc. In the SEMS, particles are 

charged by 
210

Po, size-selected by the Differential Mobility Analyzer (DMA), and then 

measured by the Condensation Particle Counter (CPC). Figure 2-1 shows an illustration 

of the DMA, in which a charged, central column size-selects particles based on their 

electric mobility. Only particles in a specified size range are sampled through the bottom 

of the column and smaller/larger particles are pulled towards the column too 

quickly/slowly to be sampled. The size-selected particles are then drawn to the CPC, 

where supersaturated butanol concentrations cause particle growth up to sizes at which 

they can be optically counted. The instrument is capable of measuring particles from 10 

to 2000 nm in diameter. In this work the DMA was typically set to cycle between the 

voltages which select particles ranging from 10 to 1000 nm in diameter, resulting in a 

time resolution of the particle size distribution of approximately 60 seconds. The DMA 

and CPC can also be operated separately, for example for calibration of other instruments 

as described in Section 2.1.2.1. 
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Figure 2-1. Schematic of operation for the DMA from www.azonano.com. The sample 

(polydisperse) stream flows parallel to the sheath (excess) stream and the 

charged, inner column separates particles by size. The particle-charging 

region is not shown. 

Data Analysis 

The SEMS is calibrated for flow rates, particle size and for plumbing delay. Flow 

rates are important as sheath air and sample air flow through the DMA column 

simultaneously (see Figure 2-1). Measurements need to be accurate so that instrument 

flow rates are correct at both the inlets and outlets of this column – otherwise sheath air 

could be measured as sample air. These flow rates are calibrated by placing mass flow 

meters in line with the built-in instrument flow meters and varying flow rates. Particle 

size is checked by verifying that 100, 300, or 600 nm polystyrene latex (PSL) particles 

are measured in the correct size bins. A plumbing delay exists between the time that 

particles are size selected in the DMA and the time that they are sampled by the CPC. A 
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separate SEMS program measures this delay by size selecting particles and fitting the 

response function. 

The basic measurement of the SEMS is particles/bin, where a bin represents a size 

range and 30-60 bins are typically used to span the scan range (10-1000 nm for this 

work). This measurement of particles/bin can be converted to a total particle surface area 

and total particle volume. The SEMS software automatically does this conversion as well 

as well as corrects for multiple charging, CPC size-dependent collection efficiency, 

Cunningham slip, plumbing delay, and number count de-smearing. Volume from the 

SEMS can be converted to mass if density is known. Density is typically estimated using 

particle composition from the ACSM and 1.77 g/cm3 for ammonium sulfate, 1.72 g/cm3 

for ammonium nitrate, and 1.4 g/cm3 for organics and organic nitrates (Ng et al., 2007). 

2.1.2 ACSM 

The composition of PM1 (particulate matter smaller than 1 micrometer in 

diameter) is measured using an Aerosol Chemical Speciation Monitor (ACSM, Ng et al., 

2011) from Aerodyne Research Inc; a schematic of the instrument is shown in  Figure 2-

2. Particles are sampled and focused through an aerodynamic lens (Liu et al., 1995a, 

1995b) and then flash-vaporized on a heater at 600 °C; the resulting gas molecules are 

ionized using electron-impact ionization. This harsh ionization method results in 

fragmentation of most molecules. The molecular fragments, which are measured by a 

quadrupole mass spectrometer, are attributed to six categories—organics, nitrate, sulfate, 

ammonium, chloride, and water. These categories are determined using a fragmentation 

table (Allan et al., 2004), which uses a combination of calculations and empirically 

measured relationships to determine the source of signal at each mass to charge ratio (see 

Figure 2-3). An internal source of naphthalene is used to calibrate the mass to charge of 
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measured ions. The instrument alternates between normal sampling and sampling through 

a particle filter, enabling subtraction of a gas-phase background. In this work the ACSM 

was typically operated at a time resolution (filter/sample cycle length) of approximately 

90 seconds, and additional averaging is performed in post analysis of the data. 

 

 

Figure 2-2. ACSM Schematic from Ng et al. (2011) which shows how the particles are 

focused and then flash vaporized and ionized. 

2.1.2.1 Calibration 

The nitrate ionization efficiency (IE) of the ACSM (response of instrument – the 

portion of fragments which are ionized and measured by the instrument), as well as the 

relative ionization efficiencies (RIEs) of sulfate and ammonium (e.g. the IE of sulfate 

relative to the IE of nitrate) are measured using dried ammonium nitrate and ammonium 

sulfate particles with a diameter of 300 nm. Calibration particles are generated using an 

aerosol generation system (see Section 2.1.4). The 300 nm particles are separated from a 

polydisperse particle distribution using the differential mobility analyzer from the 
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scanning electrical mobility system. After being separated, these 300 nm particles are 

sampled by the ACSM and the condensation particle counter, where their number 

concentration is measured and converted to mass using a shape factor. This measurement 

is used to obtain the IE and RIE values. The IE of nitrate is typically 3∙10
-11

 to 5∙10
-11

. 

RIE of ammonium measured during the IE calibrations typically range from 4 to 6, and 

the measured RIE of sulfate ranged from 0.5 to 1.  

 

Figure 2-3. Sample mass spectrum from the ACSM showing the division between 

organics, sulfate, nitrate, ammonium, and chloride (water not shown). 

Lens alignment and flow calibrations are performed periodically and especially 

after the instrument has been moved. Particle transfer is the most efficient when the 

aerodynamic lens is centered in the flow of particles. The edges of the lens region are 

found by sliding the lens in one direction until signal disappears. After the edges have 

been found in all directions the lens is moved to the center position to maximize particle 

transfer. The flow calibration is performed by placing a mass flow meter in the sample 
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line and measuring the lens pressure as flow rate is varied. This allows correction to data 

for changes in flow rate throughout the measurement period. 

2.1.2.2 Data Analysis and Adjustments to the Standard Fragmentation Table 

Data from the ACSM are analyzed in Igor Pro using the software package 

“ACSM Local,” which corrects for IE/RIE and changes to the airbeam and flow rate 

throughout a measurement period. It applies a relative ion transmission efficiency 

correction – which accounts for less efficient measurement of larger ions. The software 

also applies the fragmentation table to determine the composition of particles (Figure 2-

3). 

The ACSM does not detect all sampled particles, primarily due to particle bounce 

at the vaporizer, resulting in a collection efficiency (CE) smaller than 1. In some cases, 

this is corrected with data from the SEMS (after the density correction described in 

Section 2.1.1), which samples all particles. However, this is not possible in field data, 

which contains particles that are detected by the SEMS but not the ACSM (such as black 

carbon and crustal material). Another option is to use the composition dependent 

collection efficiency (CDCE, Middlebrook et al., 2012). For this approach a base 

collection efficiency of 45-50% is assumed which increases depending on the amount of 

ammonium nitrate, acidic sulfate, or water in particles. In other cases the simplified 

assumption of a constant 50% collection efficiency was made and agreed with other 

measurements.  

The collected data are analyzed using a standard AMS fragmentation table (Allan 

et al., 2004), with a few modifications: The fragmentation patterns of air at m/z 44 

(CO2
+
), 29 (N

15
N

+
) and m/z 16 (O

+
) are evaluated using filter data that are collected 

continuously throughout experiments. N
15

N
+
 and CO2

+
 are calculated as constant 
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fractions of the N2
+
 signal at m/z 28. O

+
 is calculated as a constant fraction of N

+
. The 

correction for CO2+ from air using the N2
+
 signal is calculated by averaging the filter 

measurements during times when organics concentrations are low. This is done in order 

to avoid interference of organics being interpreted as CO2
+
 from air, as low volatility 

organic compounds can continue to evaporate from the vaporizer during the filtered 

period. In experiments this data is taken before the formation of secondary organic 

aerosol begins. During field campaigns this is done by selecting data in which organic 

aerosol concentrations are below 1 μg/m
3
. The correction for N

15
N

+
 is calculated as an 

average of all filter data throughout experiments. 

2.1.3 HR-ToF-CIMS 

Gas and particle phase compounds can be monitored using the High-Resolution 

Time-of-Flight Chemical Ionization Mass Spectrometer (HR-ToF-CIMS, Aljawhary et 

al., 2013) coupled with a Filter Inlet for Gases and Aerosols (FIGAERO; Lopez-Hilfiker 

et al., 2014) from Aerodyne Research, Inc. The HR-ToF-CIMS uses softer chemical 

ionization which results in minimal fragmentation of parent molecules. Ionization occurs 

as the sample encounters reagent ions in the Ion-Molecular Reaction Chamber (IMR, 

Figure 2-4). Ions are then focused through chambers with progressively decreasing 

pressure in the Atmospheric Pressure Interface (API) until they reach the Time of Flight 

(ToF) region. Mass spectra are derived from measurements of the ions’ time-of-flight as 

they are pulsed through the low-pressure ToF chamber in a “V” or “W” shape. V-mode, 

which has higher sensitivity, is used exclusively in this work, although W-mode has 

higher resolution for mass spectra. Several reagents can be used to ionize the sample. The 

most common are acetate clusters, water clusters, iodide-water clusters, and nitrate ions. 

Two chemical reagent ions are used in this work – positively-charged water clusters 



 29 

(H3O
+
·(H2O)n) and negatively-charged iodide-water clusters (I

-
·(H2O)n). Water cluster 

ionization is most sensitive towards detection of moderately oxidized hydrocarbons; the 

ability to ionize and thus sensitivity is based on the relative proton affinity between the 

water cluster and the parent molecule (Lindinger et al., 1998). Iodide-water cluster 

ionization is most sensitive towards detection of more highly oxidized hydrocarbons and 

acids. 

 

Figure 2-4. Schematic of the HR-ToF-CIMS from www.aerodyne.com. 

The Filter Inlet for Gases and Aerosols (FIGAERO, Figure 2-5) is an inlet 

manifold that operates in two modes: (1) air sampling and analysis of gas-phase 

composition while particles are collected on a PTFE filter and (2) temperature-

programmed thermal desorption of the collected particles and composition analysis of 

desorbed vapors. Coupling the FIGAERO to a HR-ToF-CIMS allows for the 

identification and quantification of gas and particle-phase species at high mass and time 
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resolution. The FIGAERO-CIMS also provides information on the vapor pressure of 

particle-phase components as higher-volatility species will desorb earlier from the filter 

than lower-volatility species. 

 

Figure 2-5. Schematic of FIGAERO attachment for the HR-ToF-CIMS. The figure shows 

filter desorption using heated air while the gas inlet is bypassed. 

2.1.3.1 Calibration and Tuning 

The magnitude of a single ion must frequently be measured for the HR-ToF-

CIMS. SingleIon, a program provided by the manufacturer, does this by scanning mass 

spectra for peaks that only appear intermittently. The voltages in the API, which are used 

to focus and decluster ions, have large effects on sensitivity in the instrument. Pressure in 
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the IMR also has a large effect. When it is necessary these voltages and pressures can 

often be tuned to increase signal of a particular compound.  

Calibration method for the HR-ToF-CIMS is an active area of research. 

Sensitivity curves can be measured using known concentrations of observed compounds 

– either via permeation tubes or by injecting known amounts to environmental chambers. 

However, a key advantage of the HR-ToF-CIMS is the ability to detect a large variety of 

volatile organic compounds (VOCs). Because of this the HR-ToF-CIMS is mainly used 

qualitatively in this work as a means to identify important compounds in the gas and 

particle phase. 

2.1.3.2 Data Analysis 

Data from the HR-ToF-CIMS are analyzed in Igor Pro (Wavemetrics) using 

Tofware, the software provided with the instrument. The data are first mass calibrated 

based on HR-ToF-CIMS reagent ions and other known ions. The baseline is subtracted 

and the average peak shape is found as a function of m/z so it can be used for high-

resolution analysis. Because of the high resolution in mass spectra, multiple ions can be 

identified at any given integer m/z as shown in Figure 2-6. Based on the peak shape each 

integer m/z of the mass spectrum is fit by adding multiple peaks to minimize error. 

Isotopes from lower m/z peaks are included in the fit. After ions are identified in the high-

resolution spectrum, the peaks are integrated to yield a time series of ions. Analyte ion 

concentrations are then normalized by the reagent ion concentrations – the sum of H3O
+
, 

H3O
+∙(H2O) and H3O

+∙(H2O)2  for water cluster ionization and the sum of I
-
 and I

-∙(H2O) 

for iodide-cluster ionization. This correction accounts for changes in reagent ion 

concentrations and instrument sensitivity during and between experiments. Relative 
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humidity can affect instrument sensitivity but this is mitigated by passing the reagent 

stream through water to maintain an elevated RH at all times.  

 

Figure 2-6. High resolution peak fitting for the HR-ToF-CIMS. This peak comes from 

measurements taken during chamber experiments of hydraulic fracturing 

flowback wastewater (Chapter 5). 

2.1.4 Other Instruments 

Ozone is measured using a Teledyne absorption O3 monitor (400E). This 

instrument uses the Beer-Lambert law to calculate the concentration of O3 based on the 

amount of UV light that is absorbed in a sample cell (Teranishi et al., 2013). The 

instrument alternates in 3 second intervals between the sample stream and a stream that 

has been scrubbed of ozone for reference. This instrument is calibrated using known 

concentrations of ozone. Clean air is used as a reference point for zero concentration 

before each experiment. 

Concentrations of NO and NOx are measured using a Teledyne 

chemiluminescence NOx monitor (200E). NO is measured through its chemiluminescent 

reaction with O3. Following this all NO2 is catalytically converted to NO and the total NO 
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is once again measured through chemiluminescence. This yields a measurement of NOx 

(NO + NO2). The NOx and NO measurements are frequently used to calculate 

concentrations of NO2 (NO2 = NOx – NO); however this measurement is subject to 

interference from other oxidized nitrogen compounds such as HONO and organic nitrates 

which can also be converted to NO in the instrument (Winer et al., 1973). The NOx 

monitor is calibrated with fixed concentrations of NO gas. Clean air is used as a reference 

point for zero concentration before each experiment. 

Concentrations of NO2 are measured via an NO2 monitor from Environnement 

(Model AS32M), which uses a Cavity Attenuated Phase Shift (CAPS) method to directly 

measure NO2 (Kebabian et al., 2008). This instrument measures the phase shift in square-

wave modulated light that passes through a sample cell. The degree of phase shift 

correlates to fixed instrument properties as well as the concentration of NO2. The 

advantage of this direct NO2 measurement is that it does not rely on NO2 conversion to 

NO and is therefore not subject to interference from other nitro-containing compounds. 

The NO2 monitor is calibrated with fixed concentrations of NO2 gas. Clean air is used as 

a reference point for zero concentration before each experiment. 

Volatile carbon emissions from flowback samples were measured using a Thermo 

Scientific 55i direct methane and non-methane hydrocarbon analyzer (Model 55i, 

Thermo Scientific). The 55i uses a column to separate methane and non-methane 

hydrocarbons which are measured with a flame ionization detector (fid). A sample of gas 

is pushed through a column with only enough time for methane to reach the fid. 

Afterwards hot carrier gas (N2) is used to desorb the column and push the remaining 

gases to the fid. Thus a measurement is taken of methane and total non-methane 

hydrocarbons. 
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 Dry aerosol particles are generated using an Aerosol Generation System 

(Brechtel, model 9200). In this system an atomizer sprays salt solutions (0.01-0.05 M 

ammonium sulfate or ammonium nitrate) into a stainless steel chamber and then these 

particles are carried by clean air to an in-line desiccant dryer before they are ejected. A 

syringe pump is used to supply a steady flow of salt solution. The Aerosol Generation 

System is used both for chamber experiments to create seed particles, and for ACSM 

calibrations. 

2.2 LABORATORY CHAMBER EXPERIMENTS 

Experiments are performed in the Atmospheric Physicochemical Processes 

Laboratory Experiments (APPLE) chamber located at the University of Texas at Austin 

(UT-Austin). A 2.5 x 3.8 x 2.9 m temperature-controlled environmental room (Frost 

Environmental) acts as an enclosure to the Teflon
®
 reaction chamber. The enclosure can 

maintain temperatures between 0 and 40 °C. The Teflon
®
 chamber is 1.7 x 2.7 x 2.4 m 

and is suspended from the ceiling in the enclosure. When the chamber is full, it holds 

approximately 12 m
3
 of air. The walls of the room are lined with UV lights (204 GE T12 

Blacklights; peak emission at 368 nm), which can be used to induce photolysis reactions. 

The intensity of the UV lights has been characterized by the photolysis rate of NO2, 

which has been measured at 0.3-0.4 min
-1 

(see Section 2.3.2.1), similar to ambient NO2 

photolysis rates (e.g., 0.46 min-1 at a zenith angle of 40°, Carter et al., 2005). Before each 

experiment the bag is flushed for at least 12 hours with clean air from an Aadco clean air 

generator (Model 737-14A) at a flow rate exceeding 100 liters per minute (LPM). 

Temperature and relative humidity are monitored throughout experiments. 

Ammonium sulfate ((NH4)2SO4) particles (Fisher Scientific, 99.5%) are often 

used both to monitor wall loss rates (Crump and Seinfeld, 1981; Hildebrandt et al., 2009) 
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as well as to act as seed particles onto which organic vapors can condense. Gas phase 

compounds are injected directly into the chamber from cylinders and liquid-phase 

compounds are injected to a glass bulb and subsequently evaporated into the chamber 

with a steady stream of mildly heated air. Relative humidity can be increased by bubbling 

clean air through heated water and into the chamber. 

Atmospheric chemistry is simulated by producing OH radicals. Two methods are 

used to produce OH radicals in the environmental chamber. H2O2, which photolyzes to 

2·OH, is used either by bubbling air through an aqueous H2O2 solution (Fisher Scientific, 

30% weight) or by injecting H2O2 solution into a glass bulb and subsequently evaporating 

it into the chamber with a steady stream of mildly heated air. Nitrous acid (HONO) is 

also used as a source of OH radicals as it photolyzes to ·OH + NO. It is created by slowly 

adding 20 mL of 0.05 M H2SO4 to 10 mL of 0.1 M NaNO2 and then injecting to the 

chamber by passing air over the solution. There are important differences between the 

two methods of ·OH generation. Photolysis of HONO leads to very high ·OH levels over 

a short period followed by a quick decay while photolysis of H2O2 leads to sustained 

levels of ·OH that slowly decrease over time. When HONO is used high NOx conditions 

are unavoidable, in contrast with H2O2, for which NOx must be added separately if 

desired. 

2.3 CHAMBER MODELING AND CHARACTERIZATION 

2.3.1 The SAPRC Model 

The Statewide Air Pollution Research Center (SAPRC) model is used to simulate 

chamber experiments using the Carbon Bond 6 revision 2 (CB6r2) chemical mechanism 

(Yarwood, 2010). A one dimensional “box” model does not include transport, like 

regional photo-chemical models, but it is useful for modeling batch reactors such as the 
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environmental chamber used in this work. The Carbon Bond mechanism, which is also 

used by the CAMx regional photo-chemical transport model, simplifies compounds based 

on their chemical bonds. For example, 1-butene is represented as 2 paraffin bonds and 

one olefin bond. In this way a few hundred modeled bond types (paraffin, olefin, ketone, 

etc) can represent thousands of combinations of organic compounds. Important 

atmospheric reactants such as NOx and oxidizers are represented explicitly in the model. 

Some important organic compounds which have been studied extensively (e.g. toluene, 

isoprene, α-pinene) are also represented explicitly in the mechanism, though reaction 

products of these compounds are still simulated with different bond types.  

2.3.2 Chamber Characterization 

Characterization experiments were carried out to determine background effects in 

the APPLE chamber (Carter et al., 2005). It is important to account for these effects when 

a model is used to simulate chamber experiments. These background effects can change 

with the age of the chamber so characterization experiments need to be repeated 

periodically. The parameters, which affect experiments and attempts to model these 

experiments, are: 

1) UV light intensity 

2) Chamber leak rate 

3) O3 wall loss rate 

4) NOx offgasing from chamber walls 

5) Initial HONO or other radical sources 

6) Background VOCs 
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2.3.2.1 UV Light Intensity 

The photolysis rate of NO2 is used to quantify UV light intensity. NO2 is 

photolyzed by UV light to form NO and O3. In a system composed of clean air and NOx a 

steady state will be reached at which the dissociation of NO2 to NO and O3 is equal to 

their rate of recombination. The rate of NO2 photolysis (jNO2) is easiest to measure for a 

system that is initially  composed only of NO2 and clean air. For this system: 

[𝑂3]𝑆𝑆 =
1

2
{[(

𝑗𝑁𝑂2

𝑘𝑁𝑂
)

2

+
4∙𝑗𝑁𝑂2

𝑘𝑁𝑂
[𝑁𝑂2]0]

1 2⁄

−
𝑗𝑁𝑂2

𝑘𝑁𝑂
}   (2-1) 

where [O3]SS is the steady state concentration of O3 and kNO is the rate constant for the 

recombination of NO and O3 to form NO2. For the APPLE chamber the rate of NO2 

photolysis has typically been 0.3-0.4 min
-1

; the intensity of UV lights typically decreases 

as they age. 

2.3.2.2 Chamber Leak Rate 

In the following description “chamber” refers to the actual Teflon bag in which 

reactions take place; “enclosure” refers to the small room which houses the chamber. The 

rate at which air from outside the chamber leaks in is measured by increasing the 

concentration of a compound outside the chamber and measuring the concentration of the 

compound inside the chamber with time. For example, in Carter et al. (2005) the 

concentration of CO in the enclosure of a chamber was increased to 100 ppm. The 

concentration of CO was then monitored inside the chamber for more than 6 hours.  

The enclosure for the APPLE Chamber is directly connected to the lab so 

hazardous gases could not be used. Instead, the chamber was flushed with nitrogen until 

the O2 concentrations were below 5%. The increase in O2 concentration in the chamber 

with time was used to measure the leak rate. This was measured 5 times over 3 different 
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days. The leak rate was measured in the range of 0.36-2.2 lpm (avg 1.0 lpm, st.dev 0.66). 

A sample measurement is shown in Figure 2-7. 

 

Figure 2-7. Result of chamber leak rate test performed by flushing the chamber with N2. 

2.3.2.3 Ozone Wall Loss Rate 

The rate of deposition of O3 to the Teflon walls of the APPLE Chamber was 

measured by injecting O3 to the chamber. The gradual decrease of O3 over time is due to 

both dilution through chamber leaks and deposition of O3 to the chamber walls. For the 

APPLE chamber this was measured twice and in both tests the chamber leak rate could 

account for most or all of the loss of O3. In the first test a leak rate of 0.2 LPM would 

account for the observed decreases. In the second test a leak rate of 3 LPM would 

account for the decrease (see Figure 2-8). The proximity of these assumed leak rates to 

those measured previously suggests that O3 loss to the walls is insignificant compared to 

the effect from leaking. 
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Figure 2-8. Measured ozone loss rate and loss rate predicted by a 3 LPM leak rate. 

2.3.2.4 NOx Offgasing from Chamber Walls 

To determine the rate of NOx offgasing experiments must be devised in which 

measured parameters, such as O3 production, are sensitive to NOx but not to radical 

sources. In Carter et al. (2005) the two experiments used were CO + Air and CO + 

HCHO + Air. For the APPLE chamber it was more practical to design experiments using 

H2O2 and propylene – as they can both be seen with the HR-ToF-CIMS. The experiments 

from Carter et al. were changed as follows: 

 CO + Air → Propylene + Air 

 CO + HCHO + Air → Propylene + H2O2 + Air 

Very little ozone formation was observed for the Propylene + H2O2 + Air 

experiment (see Figure 2-9). It is unclear exactly how much ozone levels increase 

because of the influences of H2O2 and other HxOy compounds. The apparent increase in 

ozone at t=-50 in Figure 2-9 is due to injection of H2O2, which interferes with the O3 

monitor. After that ozone increases by another 1.5-2.5 ppb throughout the experiment. 
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This could also be due to interferences of HxOy compounds. It is clear that NOx offgasing 

is small, O3 concentrations in chamber experiments are typically 100 ppb or more. This 

experiment suggests that the effects of NOx offgasing will be negligible for most 

experiments. 

 

Figure 2-9. Ozone concentrations during a NOx offgasing experiment. These experiments 

are conducted with only propylene and H2O2 in the chamber (and UV light).  

2.3.2.5 Initial HONO or Other Radical Sources 

To measure the influence of initial radical species an experiment must be 

designed in which O3 production is sensitive to HONO and other radicals but not to NOx. 

In Carter et al. (2005) this is done through CO + NOx or through n-butane + NOx. For the 

APPLE chamber these experiments were replaced an experiment with propylene + NOx. 

This parameter has been more difficult to tune, as shown below. The rate is 

changed by adjusting the HONO emission value in the chamber characterization file for 

the model. The data below (Figure 2-10) shows that sometimes good model agreement is 

difficult to obtain. In this case the value was set to 5∙10
-3
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Figure 2-10. Initial HONO modeling and data. These experiments are conducted with 

only propylene and NO initially in the chamber (and UV light). 
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2.3.2.6 Background VOCs 

In Carter et al. (2005) background VOCs were tested by using the UV lights with 

only air initially in the chamber. The initial radical concentration and the NOx offgasing 

were set to the previously measured values in the model. Ozone formation is sensitive to 

the effects from initial VOC concentrations. In these experiments very little ozone 

formation was observed, suggesting that effects from background VOCs are minimal. 

 

Figure 2-11. Results of initial VOC test show that very little ozone is formed and initial 

VOC concentrations are not a large factor in the APPLE chamber. These 

experiments are conducted with only air in the chamber (and UV light). 
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Chapter 3: Gas-particle Partitioning and Hydrolysis of Organic Nitrates 

Formed from the Oxidation of α-Pinene in Environmental Chamber 

Experiments 

Bean, J. K. and Hildebrandt Ruiz, L., Atmos. Chem. Phys., 16(4), 2175–2184, 

doi:10.5194/acp-16-2175-2016, 2016.1 

3.1 INTRODUCTION 

Organic nitrates (ON) play an important role in atmospheric chemistry as they can 

act as sinks and sources of NOx (NO + NO2) and thereby affect the formation of 

tropospheric ozone and organic aerosol. The sink reaction – addition of NO to a peroxy 

radical (R-O-O·) to form an organic nitrate (R-O-NO2) – breaks the ·OH initiated 

oxidation cycle and reduces the formation of ozone (Seinfeld and Pandis, 2006). Most R-

O-NO2 molecules are semi-volatile and are therefore expected to partition between the 

gas and particle phases. They can be transported in either phase and can become a source 

of NOx when they are photolyzed or oxidized, contributing to the regional nature of NOx 

pollution. Attempts to implement organic nitrate decomposition reactions in a chemical 

transport model which did not account for gas-particle partitioning of organic nitrates 

resulted in over-prediction of NOx and ozone concentrations (Yarwood et al., 2012), 

consistent with an over-estimate of the strength of organic nitrates as NOx sources. 

Recent studies have suggested that organic nitrates in the condensed phase may 

undergo hydrolysis, leading to the formation of HNO3 (Browne et al., 2013; Darer et al., 

2011; Day et al., 2010; Hu et al., 2011; Jacobs et al., 2014; Liu et al., 2012; Rindelaub et 

al., 2015). This is a more permanent sink for NOx and would decrease the regeneration of 

NOx from organic nitrates. While these studies have found evidence for hydrolysis of 
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guidance of LHR.  
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aerosol-phase organic nitrates (ON
aer

), it is not clear at which rate ON hydrolysis occurs. 

Correctly modeling organic nitrates and ozone formation depends on knowledge of the 

ON partitioning and hydrolysis rate. 

While ON hydrolysis in the bulk phase has been studied for decades (Baker and 

Easty, 1950, 1952; Boschan et al., 1955), organic nitrate hydrolysis in atmospheric 

particles has only recently started to receive attention. Day et al. (2010) observed a 

decrease in particulate organic nitrates measured in coastal southern California under 

acidic conditions at high relative humidity and hypothesized hydrolysis as the cause. 

Browne et al. (2013) used ON hydrolysis to justify observations over the Boreal Forest of 

higher levels of HNO3 despite higher production rates of organic nitrates. The chamber 

experiments (0 to >80% RH) performed by Liu et al. (2012) using trimethylbenzene (an 

anthropogenic volatile organic compound) and HONO as oxidant were the first to 

measure the hydrolysis of condensed organic nitrates. Rindelaub et al. (2015) observed 

ON hydrolysis while measuring partitioning of α-pinene SOA but did not directly 

quantify it. Boyd et al. (2015) measured hydrolysis of ON formed from nitrate radical 

oxidation of β-pinene. 

The partitioning of organic nitrates to the particle phase is important to determine 

their fate as only condensed organic nitrates are expected to hydrolyze appreciably to 

HNO3. Absorptive partitioning theory (Donahue et al., 2006; Pankow, 1994; Rindelaub et 

al., 2015; Rollins et al., 2013) has been used to describe the gas-particle partitioning of 

organic nitrates. Rollins et al. (2013) used partitioning data from the 2010 CalNex 

campaign to find a volatility basis set distribution for ON observed at ambient aerosol 

concentrations. Rindelaub et al. (2015) observed the partitioning of organic nitrates 

formed from the ·OH initiated oxidation of α-pinene at various levels of relative 

humidity. However, other work has suggested that the partitioning of organic nitrates to 
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the particle phase is irreversible (Perraud et al., 2012). The goals of this work were to 

form organic nitrates in controlled environmental chamber experiments from the ·OH-

dominated oxidation of α-pinene under high NOx conditions and various relative 

humidity levels and:  

1. Quantify the hydrolysis rate of organic nitrates.  

2. Verify whether the gas-particle partitioning of organic nitrates is reversible and 

can therefore be modeled by absorptive partitioning theory 

3. Parameterize the gas-particle partitioning of organic nitrates 

3.2 METHODS 

3.2.1 Environmental Chamber Experiments 

All experiments were performed in the Atmospheric Physicochemical Processes 

Laboratory Experiments (APPLE) chamber located at the University of Texas at Austin 

(UT-Austin). The APPLE chamber is a ~12 m
3
 Teflon

®
 bag suspended inside of a 

temperature-controlled room. The walls of the room are lined with UV lights which can 

be used to induce photolysis reactions. The intensity of the UV lights has been 

characterized by the photolysis rate of NO2, which was measured to be 0.4 min
-1

, similar 

to ambient NO2 photolysis rates (e.g., 0.46 min
-1

 at a zenith angle of 40°, Carter et al., 

2005). Before each experiment the bag was flushed for at least 12 hours with clean air 

from an Aadco clean air generator (Model 737-14A) at a flow rate exceeding 100 liters 

per minute (LPM). Ammonium sulfate ((NH4)2SO4) particles (Fisher Scientific, 99.5%) 

were injected both to monitor wall loss rates (Hildebrandt et al., 2009) as well as to act as 

seed particles onto which organic vapors can condense. Gas phase NO was injected 

directly into the chamber from a cylinder (Airgas, 9.94 PPM ±2%) and liquid-phase α-

pinene (Sigma Aldrich, 98%) was injected to a glass bulb and subsequently evaporated 
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into the chamber with a steady stream of mildly heated air. H2O2, which photolyzes to 

2·OH, was used as ·OH radical source and was either injected by bubbling air through an 

aqueous H2O2 solution (Fisher Scientific, 30% weight) or by injecting H2O2 solution into 

a glass bulb and subsequently evaporating it into the chamber with a steady stream of 

mildly heated air. Some experiments were performed under dry conditions (<5% relative 

humidity); in other experiments humidity was increased by passing air through clean 

water and then into the chamber. Experimental conditions and results are summarized in 

Table 3-1. Results are discussed in Sect. 3.3. 

Table 3-1. Experimental conditions and summary of results. 

Exp initial α-

pinene 

(ppb) 

initial 

NO 

(ppb) 

RH 

(%) 

H2O2 conc 

in model 

(ppb)
a 

O3 

(ppb)
b
 

ON
aer

 

(μg/m
3
)
b,c

 

PM Org 

(μg/m
3
)
b,c

 

ON
gas

 

(ppb)
b
 

Part 

coeff
d 

Hyd. 

(day
-1

) 

1 40 30 22 100 90 7 90 13 0.19 NA
e
 

2 40 40 39 60 50 6 60 11 0.18 2.2 

3 40 40 0 40 50 4 30 13 0.10 NA
e
 

4 130 110 68 600 210     2.4 

5 130 130 22 900 330 70 780 57 0.33 1.8 

6 130 120 50 500 240 40 460 47 0.26 1.9 

7 130 120 15 200 210 50 510 34 0.38 0.2 

8 80 80 0 1000 300 30 310 32 0.26 0.6 

9 80 80 0 1500 330 20 270 28 0.25 0.2 

10 50 50 70 600 180     6.9 

11 40 40 70 200 70     2.5 

12 50 50 67 500 170     5.2 
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a
 H2O2 concentration for which SAPRC model most closely matched measurements of 

NOx and O3 
b
 Measured and averaged over a 20 minutes period when PM organics peaked

 

c
 Corrected for wall-losses as described in Sect. 3.2.1.2 

d
 Molar basis 

e
 Experimental conditions resulted in aerosol growth throughout the experiment 

Reactions were allowed to proceed for at least 4 hours with continuous UV light. 

Experiments were run in a batch mode with no injections or dilution after the experiment 

was started; the bag volume of 12 m
3
 allowed ample time for sampling. In some cases the 

temperature effects on gas-particle partitioning were observed by increasing temperature 

to 40 °C in the chamber after the UV lights had been turned off (see Sect. 3.3.2). 

3.2.1.1 Instrumentation 

The composition of PM1 (particulate matter smaller than 1 micrometer in 

diameter) was measured using an Aerosol Chemical Speciation Monitor (ACSM) from 

Aerodyne Research Inc. (Ng et al., 2011a). In the ACSM, particles are flash-vaporized on 

a heater at 600 °C, and the resulting gas molecules are ionized using electron-impact 

ionization. This harsh ionization method results in fragmentation of most molecules. The 

molecular fragments, which are measured by a quadrupole mass spectrometer, are 

attributed to four categories – organics, nitrate, sulfate, and ammonium – using a 

fragmentation table (Allan et al., 2004). The instrument alternates between normal 

sampling and sampling through a particle filter, enabling subtraction of a gas-phase 

background. During this study the ACSM was operated at a time resolution (filter/sample 

cycle length) of approximately 90 seconds. The size distribution of particles was 

measured using a Scanning Electrical Mobility System (SEMS) from Brechtel 

Manufacturing, Inc. The SEMS uses a Differential Mobility Analyzer (DMA) to size-

select particles based on their electric mobility, which are then counted by a 
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Condensation Particle Counter (CPC). The DMA continuously cycled between the 

voltages which select particles ranging from 5 to 1000 nm in diameter, resulting in a time 

resolution of the particle size distribution of approximately 60 seconds. 

Gas phase reaction products were monitored using a High-Resolution Time-of-

Flight Chemical Ionization Mass Spectrometer (HR-ToF-CIMS) from Aerodyne 

Research, Inc. The HR-ToF-CIMS uses softer chemical ionization which results in 

minimal fragmentation of parent molecules. Mass spectra are derived from measurements 

of the ions’ time-of-flight as they are pulsed through a low pressure chamber in a “V” 

shape. Two chemical reagent ions were used – water clusters (H3O
+
·(H2O)n) and iodide-

water clusters (I
-
·(H2O)n). Water cluster ionization is most sensitive towards detection of 

moderately oxidized hydrocarbons; the ability to ionize and thus sensitivity is based on 

the relative proton affinity between the water cluster and the parent molecule (Lindinger 

et al., 1998). This method was used to monitor α-pinene as well as early-generation 

oxidation products. Iodide-water cluster ionization is most sensitive towards detection of 

more highly oxidized hydrocarbons; this method was used to observe later-generation 

oxidation products as well as HNO3 and H2O2. In the work presented here data from the 

HR-ToF-CIMS are only used qualitatively since, as it was later discovered, a partially 

clogged inlet may have interfered with instrument calibration and quantitative 

measurements. 

Concentrations of NO and O3 were measured using Teledyne chemiluminescence 

NOx and absorption O3 monitors (200E and 400E, respectively); concentrations of NO2 

were measured via an NO2 monitor from Environnement (Model AS32M), which uses a 

Cavity Attenuated Phase Shift (CAPS) method to directly measure NO2 (Kebabian et al., 

2008). The advantage of this direct NO2 measurement is that it does not rely on NO2 
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conversion to NO and therefore does not suffer from interference by other oxidized 

nitrogen compounds such as HONO and organic nitrates (Winer et al., 1973). 

3.2.1.2 Data Analysis 

Data from the ACSM were analyzed in Igor Pro using the software package 

“ACSM Local,” which includes a correction for relative ion transmission efficiency as 

well as changes in the flow rate throughout the experiment. The ACSM standard 

fragmentation table was adjusted based on filter measurements taken in each experiment. 

The portions of the signals at mass-to-charge ratio (m/z) 29 and m/z 44 that can be 

attributed to air (N
15

N
+
 and CO2

+
 respectively) were found from filter data using their 

ratios to m/z 28 (N2
+
). The ratio of m/z 18 (due to gas-phase water) to m/z 28 was also 

found in filter data to account for effects of humidity. The portion of m/z 16 attributable 

to air (O
+
) was found and corrected for using the ratio of m/z 16 to m/z 14 (N

+
). The water 

fragmentation pattern between m/z 16 (O
+
), m/z 17 (OH

+
), and m/z 18 (H2O

+
) was 

corrected for using the filter measurement ratios of m/z 16 to m/z 18 and m/z 17 to m/z 18.  

Most ratios were averaged over the course of an experiment and then used in the 

fragmentation table. In the case of the m/z 44/28 ratio, only values before the onset of 

organic aerosol formation were used as this ratio was found to correlate with OA mass 

loadings due to the vaporization of low-volatility organics during the filter period. In 

some cases measured ratios were quite different from the values used in the default 

fragmentation table, for example the average measured m/z 16/18 was 0.35 compared to 

the default value of 0.04. The portion of m/z 28 attributed to organics (CO
+
) was set to 

equal that of organics at m/z 44 (CO2
+
). The portion of m/z 18 attributed to organics 

(default to equal m/z 44 [CO2
+
] in the standard ACSM fragmentation table) was set to 

equal 0.79 times the value of organics at m/z 44 to minimize correlation between PM 
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water and PM organics in dry experiments (Hildebrandt Ruiz et al., 2014). The values 

used in the default fragmentation table and the values found in these experiments are 

shown in Table 3-2.  

Table 3-2. Ratios measured from filter data which were implemented to the ACSM 

fragmentation table. 

Expt # 44/28 29/28 16/14 16/18 17/18 18/28 

1 4.39E-04 0.0073 0.475 0.449 0.273 0.082 

2 4.35E-04 0.0073 0.473 0.421 0.276 0.091 

3 7.65E-04 0.0073 0.447 0.372 0.267 0.091 

4 4.51E-04 0.0073 0.427 0.308 0.266 0.105 

5 7.62E-04 0.0073 0.425 0.354 0.266 0.092 

6 6.79E-04 0.0073 0.414 0.392 0.268 0.085 

7 8.84E-04 0.0073 0.408 0.355 0.265 0.092 

8 1.53E-03 0.0073 0.380 0.456 0.266 0.062 

9 1.91E-03 0.0075 0.461 0.318 0.270 0.094 

10 7.38E-04 0.0073 0.456 0.238 0.264 0.117 

11 8.06E-04 0.0073 0.523 0.227 0.295 0.139 

12 5.79E-04 0.0073 0.685 0.447 0.382 0.111 

default 7.34E-04 0.0074 0.353 0.040 0.250 0.010 

 

The SEMS volume concentration was converted to mass using the densities 1.77 

g/cm
3
 for ammonium sulfate and 1.4 g/cm

3
 for organics and organic nitrates (Ng et al., 

2007). The time series of particle mass concentration (not corrected for wall losses) 

during Expt. 7 is shown in Fig. 3-1; other experiments exhibited similar time series. 
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Figure 3-1. Time series of particulate mass concentrations in Expt. 7. 

All PM nitrate was assumed to be organic because no inorganic nitrate was 

introduced in these controlled experiments. PM nitrate is measured by the ACSM as NO
+
 

and NO2
+
 fragments, and the standard fragmentation table is used to estimate the portion 

of the m/z 30 that is due to NO
+
 (as opposed to (

15
N)2

+
 or Organics). Nitric acid is formed 

in the gas phase as well as in the particle phase through hydrolysis, but it is assumed that 

nitric acid concentrations are negligible in the particle phase due to its high vapor 

pressure (Fry et al., 2009). A Henry’s Law calculation suggests that the total amount of 

aqueous HNO3 in particles is 3 orders of magnitude lower than that in the gas phase.  

The ACSM does not detect all sampled particles, primarily due to particle bounce 

at the vaporizer, resulting in a collection efficiency (CE) smaller than 1. Collection 

efficiency and wall losses were accounted for simultaneously by multiplying the ACSM 

concentrations of organics and organic nitrates by the mass concentration ratio 

𝐶𝑆𝐸𝑀𝑆
𝑡=0 𝐶𝐴𝐶𝑆𝑀

𝑠𝑒𝑒𝑑 (𝑡)⁄  as has been done in previous work (Hildebrandt et al., 2009). Here, 
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𝐶𝑆𝐸𝑀𝑆
𝑡=0  is the mass concentration of ammonium sulfate seed just before the UV lights are 

turned on and organic aerosol formation commences and 𝐶𝐴𝐶𝑆𝑀
𝑠𝑒𝑒𝑑  (t) is the time dependent 

mass concentration of (NH4)2SO4 measured by the ACSM throughout the experiment. 

This correction assumes that particles on the chamber walls participate in gas-particle 

partitioning as though they are still in suspension and that the suspended ammonium 

sulfate concentration changes only due to wall losses. It accounts for partitioning of 

organic vapors into wall-deposited particles (Hildebrandt et al., 2009) but does not 

account for losses of organic vapors onto the clean Teflon® walls (e.g. Matsunaga and 

Ziemann, 2010). 

Data from the HR-ToF-CIMS were analyzed in Igor Pro (Wavemetrics) using 

Tofware, the software provided with the instrument. The data were first mass calibrated 

based on HR-ToF-CIMS reagent ions and other known ions. The baseline was subtracted 

and the average peak shape was found so it could be used for high resolution analysis, 

through which multiple ions can be identified at any given integer m/z. Ions up to m/z 300 

were analyzed in high resolution mode. Only prominent ions were fit above m/z 200 

because of the high number of possible ions at this high m/z. After ions were identified in 

the high resolution spectrum, the peaks were integrated to yield a time series of ions. 

Analyte ion concentrations were then normalized by the reagent ion concentrations – the 

sum of H3O
+
, H3O

+
• (H2O) and H3O

+
• (H2O)2  for water cluster ionization and the sum of 

I
-
 and I

-
• (H2O) for iodide-cluster ionization. This correction accounts for changes in 

reagent ion concentrations and instrument sensitivity during and between experiments. 

Relative humidity can affect instrument sensitivity but this varied by less than 5% during 

each experiment. 

The partitioning coefficient of a species is defined as the ratio of the species 

concentration in the particle phase to the total species concentration (gas and particle 
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phase). For a single compound the partitioning coefficient is the same whether it is on a 

mass or mole basis. However, for a mix of compounds, such as those formed in ·OH-

initiated oxidation, the mass and mole-basis partitioning coefficients will be different, 

with the coefficient expected higher on a mass basis since higher molecular weight 

compounds typically have lower vapor pressure. The partitioning coefficient in this work 

was calculated on a mole basis, in part because fragmentation in the ACSM makes it 

impossible to tell the original size and identity of ON molecules. This mole-basis 

partitioning coefficient is also more useful for most modeling efforts which group 

chemical species without knowledge of their exact molecular identity. The particle-phase 

ON concentration was quantified using data from the ACSM: the mass concentration of 

nitrate measured by the ACSM was converted to mixing ratio (ppb) using the molecular 

weight of the nitrate functional group (62 g/mol). This assumes that the ON have only 

one nitrate functional group. Conversion of the nitrate mass concentration to mixing ratio 

avoids the need to assume an ON molecular weight (needed to estimated ON mass 

concentrations from ACSM) and is therefore deemed to be a more accurate measure of 

ON from the ACSM. Quantification of all gas phase ON species would necessitate 

calibration and identification of all ON species which is not feasible. Instead, a chamber 

box model and nitrogen balance was employed to estimate total gas-phase ON as 

described below. 

3.2.2 Chamber Modeling and Partitioning Coeffiecient 

In these experiments only five major forms of oxidized nitrogen are present in 

significant concentrations—NO, NO2, HNO3, ON
gas

 and ON
aer

 (gas and aerosol-phase 

organic nitrates, respectively). Figure 3-2 shows that, based on the Statewide Air 

Pollution Research Center (SAPRC) model (http://www.engr.ucr.edu/~carter/SAPRC/), 
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the concentrations of other forms of reactive nitrogen are orders of magnitude lower than 

the concentrations of these five forms. Concentrations of NO and NO2 were measured 

using gas-phase monitors, ON
aer

 was measured using the ACSM, and concentrations of 

HNO3 were approximated using the SAPRC box model. The concentration of ON
gas

 was 

then calculated based on a nitrogen mass balance (ON
gas

 = NOx
initial

-NO2 – NO – ON
aer

– 

HNO3
model

), and the partitioning coefficient was calculated as a time series for each 

experiment. 

 

Figure 3-2. SAPRC results from Expt. 7 showing significant nitrogen compounds 

The concentration of H2O2 used in the model was adjusted until the modeled NO, 

NO2, and O3 concentrations closely matched those measured throughout each experiment 

as shown in Fig. 3-3 for Expt. 7. In Expts. 1, 2, and 3 (which were used to calculate the 

volatility basis set parameters) H2O2 was injected by passing air through a solution of 

H2O2 and into the chamber, and the amount of H2O2 injected could not be estimated. In 

later experiments H2O2 was directly injected into the chamber through evaporation of a 
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known liquid volume of solution, and the estimated amount of H2O2 injected was about 

half of the H2O2 concentrations consistent with observed NO, NO2 and O3 based on the 

model. This difference may be due to inefficient injection or uncertainties in the UV 

spectrum. The absorption cross section of H2O2 only minimally intersects with the 

emission spectrum of the UV lights used in this chamber. Thus, small changes in the UV 

spectrum (or errors in measurements of the spectrum) could cause significant errors in 

estimated concentrations of [OH], which drive the observed concentrations of NO, NO2 

and O3.  

 

Figure 3-3. The SAPRC modeled and the measured data of ozone, NO, NO2, and the 

modeled data for HNO3 (Expt. 7) 

SAPRC simulations were conducted with the reaction mechanism Carbon Bond 6 

revision 2 (CB6r2), which includes organic nitrate hydrolysis through a rate estimated 

from a combination of the work of Liu et al. (2012) and Rollins et al. (2013); updates to 

CB6r2 were described by Hildebrandt Ruiz and Yarwood (2013). Experiments were 
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modeled with and without organic nitrate hydrolysis to see the effect this has on the 

predicted ON partitioning coefficient. The overall effect of this process was small, with a 

maximum effect being a 5% decrease to the partitioning coefficient by removing the 

hydrolysis mechanism from the model. This corresponded to a 17% decrease in HNO3, 

which suggests that the partitioning coefficient estimated in this work is not very 

sensitive to changes in the modeled HNO3 concentrations. For the results and analysis 

presented here the HNO3 concentrations were taken from CB6r2 with the inclusion of the 

ON hydrolysis process for experiments above 20% RH and without the hydrolysis 

process for experiments below 20% RH.  

According to absorptive partitioning theory (Donahue et al., 2006; Pankow, 

1994), the gas-particle partitioning of an organic species depends on its vapor pressure 

and the concentration of organic material in the particle phase. The fraction of a 

compound i in the particle phase (Yi) is given by (Donahue et al., 2006):  

𝑌𝑖 = (1 +
𝐶𝑖

∗

𝐶𝑂𝐴
)

−1

            (3-1) 

where COA is the organic aerosol concentration and 𝐶𝑖
∗ is the saturation mass 

concentration of species i (the saturation vapor pressure converted to concentration units). 

In the volatility basis set (VBS, Donahue et al., 2006), organic species are lumped by 𝐶𝑖
∗  

spaced logarithmically. This leads to an overall partitioning coefficient (Rollins et al., 

2013): 

𝑌𝑡𝑜𝑡 =  ∑ 𝐹𝑖 (1 +
𝐶𝑖

∗

𝐶𝑂𝐴
)

−1
𝑛
𝑖=1              (3-2) 

where Fi is the fraction of organic species in the volatility bin described by 𝐶𝑖
∗. In this 

work we used measurements of COA and Ytot to fit the Fi using a Matlab optimization 

routine. These VBS parameters can be used in models to represent the gas-particle 
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partitioning of organic nitrates and account for changes in partitioning with temperature 

and COA.  

3.3 RESULTS AND DISCUSSION 

A typical time series of compounds containing oxidized nitrogen is shown in Fig. 

3-4 (Expt. 7). Initially the chamber contains only NO and a small amount of NO2, in 

addition to α-pinene and inorganic seed aerosol. When the UV lights are activated at time 

= 0 the NO immediately begins to react with ·OH and other radicals to form NO2 and 

additional NOy compounds such as organic nitrates. Ozone formation also starts and thus 

in these experiments ozone also plays a role in the oxidation of α-pinene. Based on the 

SAPRC model 15% of the total α-pinene reacts with ozone while the rest reacts with 

·OH. Table 1 summarizes results from all experiments. Concentrations of O3, ON
aer

, PM 

organics, and ON
gas

 are averaged over approximately 20 minutes of the time when PM 

organics and nitrates peak in concentration. This averaging period was chosen so that 

experiments with different H2O2 concentrations could be compared even though they 

reach their maximum concentrations at different rates. Higher initial loading of NOx, α-

pinene, and H2O2 resulted in higher concentrations of ozone and PM. 
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Figure 3-4. Time series of oxidized-nitrogen species in Expt. 7. NO, NO2, and ON
aer

 are 

measured directly. HNO3 is modeled using SAPRC. ON
gas

 is calculated 

from a mass balance. 

Figure 3-5 shows time series of molecular ions identified using the HR-ToF-

CIMS using water cluster (“positive mode”) and iodide-water cluster (“negative mode”) 

ionization. Many compounds are identified with the CIMS and a select few of the most 

prominent compounds were chosen for Fig. 3-5. In short time periods after switching 

reagent ions the sensitivity of the HR-ToF-CIMS slowly adjusts to a steady state value. 

Minor changes during these short time periods should be taken with caution but the 

overall trends over the 4.5 hour experiment are useful in viewing oxidation trends. The 

initial data collected in negative mode show that formation of organic nitrates begins 

immediately after oxidation has started. Later in the experiment the less-oxygenated 

compounds observed in positive mode begin to decrease while the more highly 

oxygenated compounds observed in negative mode continue to increase, consistent with 

oxidation and conversion of less oxidized compounds to more highly oxidized 
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compounds continuing throughout the experiment. Highly oxidized compounds which 

still contain ten carbon atoms (as the precursor α-pinene) begin to decrease towards the 

end of the experiment while fragmented compounds (containing less than ten carbon 

atoms) continue to increase, consistent with fragmentation of the carbon backbone during 

oxidation. Molecular weights of the gas-phase compounds identified here range from 221 

to 279 g mol-1 and align well with the range of molecular weights estimated by Fry et al. 

(2009) for particle-phase organic nitrates formed from NO3 oxidation of β-pinene 

(229±12 to 434±25 g mol-1). Gas-phase organic nitrates identified here are therefore 

expected to be semi- volatile and to partition significantly to the particle phase. 

 

Figure 3-5. Time series of selected organic nitrates identified by HR-ToF-CIMS (Expt. 

10) 

3.3.1 Hydrolysis of Organic Nitrates 

Concentrations of wall-loss corrected (normalized to sulfate) PM nitrate were 

observed to decrease at the end of most experiments. These decreases of PM nitrate are 
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attributed to physical or chemical processes in the gas and aerosol phases, and an 

exponential decay was fit to the data to quantify the decay. The exception was 

experiments 1 and 3 during which production of SOA was slow (primarily due to lower 

initial H2O2 and α-pinene) and continued throughout the experiment, so a decay could not 

be observed. Examples of the decay for a humid and dry experiment are shown in Fig. 3-

6. 

 

Figure 3-6. Exponential decay for a low RH (Expt. 9) and high RH (Expt. 11) conditions 

The decay rates for each experiment are reported in Table 3-1 and appear to 

depend on relative humidity as shown in Fig. 3-7. When the RH ranged between 20 and 

60%, an ON decay rate of 2 day
-1

 was observed; no significant ON decay was observed at 

RH lower than 20%. Experiments conducted at an average RH of 67% or higher can 

exhibit a significantly higher decay rate, probably due to effects of being near the 

deliquescence relative humidity of the ammonium sulfate seed aerosol. In experiments 10 

and 12, which have decay rates well above 2 day
-1

, the chamber was initially cooled to 20 
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°C before the UV lights were turned on. Once the UV lights were activated the 

temperature then increased to 25 °C and the RH settled at the values indicated in Table 1. 

For these experiments the RH was above 80% (the deliquescence RH, DRH, of 

(NH4)2SO4 for several minutes, potentially resulting in aqueous aerosol. Experiment 11 

also reached a relative humidity above deliquescence, yet it shows a lower nitrate loss 

rate than Expts. 10 and 12. The ratio of organics and nitrates to sulfate (seed) particles 

was much lower in Expt. 11 compared to Expts. 10 and 12, but whether and why this 

would result in a different nitrate loss rate is currently unclear. The relative humidity in 

Expt. 4 did not reach the DRH of (NH4)2SO4. Future work should focus on the fate of ON 

at higher (> 60%) relative humidity. The generally higher nitrate loss rate at higher RH 

makes hydrolysis of particulate nitrate functional groups the most plausible explanation 

for the observed decay.  

 

Figure 3-7. The organic nitrate loss rate as a function of relative humidity for Expts. 2, 4-

12. Uncertainty (error bars) is estimated as 0.6 day
-1

, the highest loss rate 

observed in experiments below 5% RH (Expt. 8). 
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PM organics also decreased in some experiments, but their loss rate was lower 

and more variable than that of nitrate. Based on the work by Chuang and Donahue (2015) 

the addition of a nitrate functional group decreases volatility of a compound by 2.5 orders 

of magnitude – slightly more than the substituted alcohol group from hydrolysis. Thus, 

the organic compound resulting from ON is more volatile than the original organic 

nitrate, and as a result could partition to the gas phase, resulting in a decrease in PM 

organics.  

No direct observation of hydrolysis (conversion of the -ONO2 group to an –OH 

group) has been made in this or previous work. The estimated hydrolysis lifetime of 12 

hours (loss rate of 2 day
-1

) for particulate organic nitrates is similar to hydrolysis rates 

suggested by other studies under humid conditions. Liu et al. (2012) observed a trend 

similar to that shown in Fig. 3-7 in chamber experiments in which ON were formed from 

the oxidation of tri-methyl benzene using HONO as the ·OH and NOx source. In those 

experiments, PM nitrate was found to have negligible loss rate below 20% RH but a 

lifetime of 6 hours at 40% RH and higher. Perring et al. (2009) estimated the lifetime of 

isoprene nitrates to be between 95 minutes and 16 hours depending on their branching 

ratio in isoprene ·OH oxidation. Boyd et al. (2015) measured a lifetime of 3-4.5 hours for 

10% of ON formed from NO3 oxidation of β-pinene, with a much longer lifetime for the 

remaining 90%. This suggests that 10% of the ON functional groups were tertiary with 

the rest being primary or secondary as those have been shown to hydrolyze much slower 

in the bulk phase (Darer et al., 2011; Hu et al., 2011). More tertiary ON groups are 

expected from α-pinene than β-pinene, based on the location of the double bond.   

Similar VOC precursors such as α-pinene and β-pinene can form different 

fractions of primary/secondary and tertiary ON. When NO3 reacts and bonds with the 

terminal double bond of β-pinene, an alkyl radical is formed in either a primary or tertiary 
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position (opposite of the carbon-nitrate bond). The tertiary alkyl radical is more stable, so 

primary organic nitrates are expected to be more abundant. The double bond in α-pinene 

is not terminal, so the NO3 reaction produces either a secondary or tertiary ON and alkyl 

radical. NO3 typically bonds with the less substituted carbon of a double bond so that a 

more highly substituted alkyl radical is formed. The reverse is true for OH+NO 

chemistry. In this case NO reacts with the peroxy-radical to form the nitrate group. The 

peroxy-radical, a product of O2 and an alkyl radical, is likely to be on a more substituted 

carbon as this would have been the more stable alkyl radical. Thus, more highly 

substituted ON are expected from OH + NOx than from NO3 chemistry. This has 

important implications for attempts to model ON and the resulting NOx recycling. 

As Table 3-1 shows experiments were conducted at varying NOx and α-pinene 

concentrations, relative humidity, and hydrogen peroxide (·OH radical source) levels, 

which resulted in different final concentrations of PM nitrate and total OA. Liu et al. 

(2012) suggested that a lower PM nitrate / OA ratio at higher RH could be due to ON 

hydrolysis. In these experiments, the correlation between the ratio of PM nitrate/total OA 

(measured when total OA was highest) and RH was very low (R
2
 = 0.02). Thus, based on 

these experiments, differences in the observed final PM nitrate / OA are due to 

experimental conditions other than relative humidity. 

3.3.2 Gas-Particle Partitioning of Organic Nitrates 

In order to test the reversibility of ON partitioning the temperature of the chamber 

was increased after OA had formed (and when the UV lights were off) in some 

experiments. Figure 3-8 shows gas and particle-phase measurements taken from a 

representative experiment (Expt. 2). After the UV lights are turned off there is a 60 

minute period in which the temperature stabilizes around 15 °C. This is followed by ~90 
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minutes of heating to a final temperature of 45 °C. After this the chamber is quickly 

cooled back to 15 °C. Figure 3-8b shows a time series of the Org/sulfate and 

ON
aer

/sulfate ratios measured by the ACSM. Sulfate has a low vapor pressure and does 

not evaporate significantly at the temperatures investigated; therefore changes in the 

ON
aer

/sulfate and Org/sulfate ratios with chamber temperature can be attributed to 

partitioning of organic nitrates and other organic species between the gas and particle 

phases or wall losses of gas-phase species. As Fig. 3-8b shows, Org/sulfate and 

ON
aer

/sulfate decreased with increasing temperature and increased with decreasing 

temperature, suggesting evaporation of species at higher temperatures and their re-

partitioning to the particle phase at lower temperatures.  



 67 

 

Figure 3-8. Temperature effects on gas-particle partitioning of organic nitrates (Expt. 2). 

Figure 3-8c shows the effects of temperature on various compounds measured in 

the gas phase. Several organic compounds – with and without ON functional groups - 

increase with increasing temperature. This suggests that these compounds are present in 
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both the gas and particle phases and evaporate at higher temperature resulting in 

increased gas phase concentrations. As temperature is increased the percent change in the 

concentration of gas-phase C10H16O2 is less than the change in C10H16O4 and the percent 

change in the concentration of gas-phase C10H15NO4 is less than the change in 

C10H15NO6. This is consistent with the more highly oxidized compounds having a lower 

vapor pressure and evaporating less. As the temperature is decreased back to 15 °C the 

concentrations return to the pre-heating trends, suggesting that re-condensation to the 

particle-phase has occurred. These observations, as well as the trends seen in particle-

phase measurements, are consistent with equilibrium partitioning and inconsistent with 

the irreversible partitioning of ON recently suggested by Perraud et al. (2012).  

Other processes may influence particle and gas concentrations of organic 

compounds. Continuing reactions with O3 and nitrate radicals (since O3 and NO2 are both 

present) limit the ability to stop all chemical activity. This is seen in the gas phase 

compounds, some of which appear to be changing in concentration after the UV lights are 

off. Despite this a clear change is seen in all compounds with a temperature increase. 

During the cooling phase (beginning at t = 320 minutes) the particle phase organic and 

nitrate concentrations do not return to the original levels. It is likely that some organic 

compounds are lost to the walls of the Teflon chamber, especially since they reach the 

coldest temperatures during active cooling, and thus Org/sulfate does not return to the 

values seen before temperature changes began. Despite these limitations it is clear that 

both the Org/sulfate and ON
aer

/sulfate ratios decrease with heating, consistent with semi-

volatile organics and organic nitrates. 

Table 3-1 summarizes the ON partitioning coefficient averaged over 

approximately 20 minutes from when PM organics and nitrates peak in concentration. 

PM concentration and partitioning data are not calculated for experiments above 60% 
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RH. As discussed, these experiments had higher and less consistent nitrate decay rates 

which may affect partitioning. There may also be issues in applying the wall-loss and CE 

corrections used here and in previous work (Hildebrandt et al., 2009), which assume that 

the particles measured by the SEMS before lights are turned on consist only of 

ammonium sulfate. In these high RH experiments the particles may contain a significant 

fraction of water. The wall loss correction also assumes that particles lost to the walls 

participate in partitioning as though they were still in suspension. This assumption may 

be poor if small amounts of water condense onto the walls of the chamber in these high 

RH experiments. 

Data taken throughout the lower-concentration experiments (Expts 1, 2, and 3) 

with UV lights on were fit to a volatility basis set as these experiments were conducted 

under conditions which are more atmospherically relevant. Volatility basis set (VBS) 

parameters are static but are often used to approximate dynamic systems such as the one 

observed in these experiments. Experimental data were used after total PM organics 

(corrected for wall losses) had reached 2 µg m
-3

 to avoid effects of noise and model 

uncertainty at the beginning of the experiments when concentrations of both gas- and 

particle-phase organic nitrates were low. Outlying points (for example, when PM 

organics temporarily rose above 2 µg m
-3

 but subsequent data suggested that 

condensation had not begun) were removed as well. Figure 3-9 shows the data used to 

find the volatility basis set along with the fit. The C* values used for this were 1, 10, 100, 

and 1000 µg m
-3

; the corresponding mass fractions (Fi) calculated to give the best fit for 

Eq. (3-2) (Sect. 3.2.2) are Fi = 0, 0.11, 0.03, and 0.86.  

As seen in Fig. 3-9 these results indicate that under typical ambient conditions (< 

40 μg/m
3
 of OA) 5-10% of organic nitrates formed from the photo-oxidation of α-pinene 

under high NOx conditions are expected to partition to the particle phase. This is 
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significantly lower than the organic nitrate partitioning calculated by Rollins et al. (2013) 

for organic nitrates measured in Bakersfield, CA during the CalNex campaign in 2010. In 

those measurements >30% partitioning of ON was observed at organic aerosol 

concentrations of 10 μg/m
3
. The difference could be attributed to differences in precursor 

molecules and levels of oxidation. Studies have shown that high NOx conditions can shift 

photochemical oxidation products of terpenes towards higher volatility compounds 

(Wildt et al., 2014). Rollins et al. determined using the SPARC model (Hilal et al., 2003) 

that precursor molecules (a mix of C5-C15 VOCs) would need two stages of oxidative 

chemistry beyond the initial oxidation of the VOC to reach the point when 19-28% would 

partition to the particle phase for a COA of 3 µg m
-3

. This may suggest that the ON 

formed in our experiments have undergone fewer than three generations of oxidation as 

they are more volatile than the ON measured in Bakersfield during CalNex 2010. It 

should also be noted that the thermal dissociation-laser induced fluorescence (TD-LIF) 

instrument used by Rollins et al. (2013) has been shown in a recent study to measure PM 

ON a factor of two higher than the ON measured by aerosol mass spectrometers (Ayres et 

al., 2015) which utilize similar measurement and detection techniques as the ACSM used 

in this work. While the reasons for this difference are unknown it would result in a higher 

partitioning coefficient compared to the one calculated from the AMS (or ACSM) and 

explain part of the observed difference. 
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Figure 3-9. Volatility basis set fit from this work shown with data from Expts. 1, 2, and 3. 

3.4 CONCLUSIONS 

Organic nitrates formed during the oxidation of α-pinene decay in the particle 

phase at a rate of 2 day
-1

 when RH is between 20 and 60%; no significant decay was 

observed below 20% RH. During experiments when the highest observed RH exceeded 

the deliquescence RH of the ammonium sulfate seed aerosol, the particle-phase ON 

decay was as high as 7 day
-1

 and more variable. The dependence of observed decay rate 

on relative humidity suggests organic nitrate hydrolysis as the most plausible explanation. 

The gas-particle partitioning of ON determines their potential to hydrolyze. Partitioning 

of the ON is reversible and can be described by a volatility basis set. 

The conversion of NOx to organic nitrates affects local ozone production. 

Partitioning and hydrolysis of organic nitrates affect regional concentrations of organic 

particulate matter and ozone. The organic nitrate partitioning coefficient and hydrolysis 

rates from this work can be used to include these processes in chemical transport models 
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and more accurately represent the effect of organic nitrates on concentrations of ozone 

and particulate matter.  
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Chapter 4:  Composition and Sources of Particulate Matter Measured 

near Houston, TX: Anthropogenic-Biogenic Interactions 

Bean, J., Faxon, C. B., Leong, Y. J., Wallace, H. W., Cevik, B. K., Ortiz, S., 

Canagaratna, M. R., Usenko, S., Sheesley, R., Griffin, R. J. and Hildebrandt Ruiz, L., 

Atmosphere (Basel)., 7(5), doi:10.3390/atmos7050073, 2016.2 

4.1 INTRODUCTION 

Air quality in the United States has received increased attention in recent years as 

regulations tighten and cities strive to reduce concentrations of airborne pollutants. Ozone 

and atmospheric particulate matter (PM) are two pollutants that have received increased 

attention as health effects become clearer (Lim et al., 2012). Particulate matter is linked 

to a range of respiratory and cardiovascular diseases (Dockery et al., 1993). High ozone 

levels can also lead to respiratory problems (Jerrett and Burnett, 2009) – especially in 

more sensitive groups such as children, the elderly, and those with asthma. Many regions 

struggle to meet compliance with the National Ambient Air Quality Standard (NAAQS, 

U.S. Environmental Protection Agency, 2016) for ozone and PM set by the U.S. 

Environmental Protection Agency (EPA).  

The U.S. EPA recently lowered the annual NAAQS for PM2.5 (particulate matter 

with diameter below 2.5 μm) from 15 to 12 µg m
-3

 (United States Environmental 

Protection Agency, 2013b). This new annual standard brings numerous additional 

metropolitan regions including Houston, TX to near non-attainment for PM2.5. This 
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measurements. Jeffrey Bean analyzed the ambient ACSM and SEMS data presented in this work. Under the 
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Usenko, Stephanie Ortiz analyzed the filter samples, which were collected by Jeffrey Bean and Cameron 
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underlines the importance of understanding the composition and sources of PM2.5 in these 

areas. The EPA has also announced that the NAAQS for ozone will be lowered from 75 

to 70 ppb (United States Environmental Protection Agency, 2015b) – a level that will 

require action for many metropolitan regions. Houston is an important area for air quality 

research as the fourth largest U.S. city and one that struggles to meet air quality 

standards. As a major center for the energy and chemical industry, Houston must 

continuously inspect, analyze, and improve its air quality in order to stay below the 

NAAQS and improve the health of its inhabitants. Regional photo-chemical models are 

used to inform policy makers, but these models must be validated with ambient 

measurements. Measurements can also be used for source apportionment of air pollution.  

Recognizing the importance of ambient measurements, several large-scale 

ambient measurement campaigns have been conducted in Texas (Allen et al., 2016). The 

biggest campaign was the Texas Air Quality Study in 2000 (TexAQS 2000). A key 

discovery of this campaign was the important role of highly reactive volatile organic 

compounds (HRVOCs) in ozone production (Allen et al., 2001). The Gulf Coast Aerosol 

Research and Characterization Study (GC-ARCH), a companion study to TexAQS, was 

focused on spatial and temporal variability in PM, as well as understanding its formation 

and transformation in southeast Texas (Allen and Fraser, 2006). The TexAQS 2000 

campaign was followed up with TexAQS II in 2005-2006, a key finding of which was the 

magnitude of background concentrations of pollutants in Texas, which adds to the 

complexity of understanding and improving air quality. The 2009 Study of Houston 

Atmospheric Radical Precursors (SHARP) campaign uncovered the previously 

underestimated role of HONO in Texas air (Olaguer et al., 2014). Since 2010, many 

smaller-scale studies in Texas have added to our understanding of the complex effects of 

oil and gas activity on air quality (Allen et al., 2013; Pasci et al., 2015; Zavala-Araiza et 
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al., 2014). The amount of effort that has been applied towards understanding air quality 

in Texas highlights the importance of this research in meeting NAAQS and improving 

human health. 

Previous studies have found that a large fraction of particulate matter in Houston 

is organic aerosol (OA) (Allen and Fraser, 2006; Bahreini et al., 2009). Sources of OA in 

Houston include primary organic aerosol (POA) and secondary organic aerosol (SOA) 

(Murphy et al., 2014) from urban anthropogenic activity, the petrochemical industry, and 

fires, as well as SOA from biogenic volatile organic compounds (VOCs) (Allen and 

Fraser, 2006; Bahreini et al., 2009; Parrish et al., 2009). Understanding the sources and 

formation of OA is therefore very complex, and significant uncertainties remain. Conroe, 

TX, the location of the measurements reported here, is located~ 60 km north of the urban 

center of Houston. The measurement site is in an area that is influenced by anthropogenic 

emissions from Houston that have been diluted and atmospherically processed since 

emission. The area is subject to high biogenic emission rates and is located near the start 

of the piney woods that extend through the US Southeast – a big difference from the 

grassy prairies that extend west and south throughout Texas. This ecosystem transition 

near Conroe makes it an interesting place to explore the effects of the ecosystems on 

observed PM. The interaction of biogenic VOCs and anthropogenic oxidants is very 

important as it helps explain why radiocarbon analysis in places like the U.S. Southeast 

show that biogenic (modern) carbon constitutes more than half of SOA, yet SOA 

correlates with anthropogenic tracers like CO  (Weber et al., 2007). Recent work (Boyd 

et al., 2015; Xu et al., 2015a, 2015b) has begun to explore these interactions and their 

implications for air quality in places with high levels of biogenic VOCs. 

Here we report measurements taken as part of Deriving Information on Surface 

Conditions from Column and Vertically Resolved Observations Relevant to Air Quality 
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(DISCOVER-AQ, http://discover-aq.larc.nasa.gov/) during the period of August 24 – 

October 1, 2013. A main purpose of this most recent large-scale ambient measurement 

campaign, which was organized through NASA, was to improve the interpretation of 

ground-level pollutant concentrations from satellite data by taking simultaneous 

measurements from space, by plane and on the ground. This manuscript focuses on 

measurements taken at a ground site in Conroe, TX, where various instruments were 

deployed. The focus of this work is the composition and size distribution of PM1 

(particulate matter with diameter below 1 μm), which was measured with an Aerosol 

Chemical Speciation Monitor (ACSM) and a Scanning Electrical Mobility Spectrometer 

(SEMS). The purpose of these measurements was to better characterize the sources and 

processes which influence the concentrations of PM in this area. An improved 

understanding of Houston PM is essential in formulating ways to decrease concentrations 

and more generally manage the air quality in this region. 

4.2 EXPERIMENTAL  

4.2.1 Site Description 

The data were obtained at an air quality monitoring ground site in Conroe, TX 

(30.350278°N, 95.425000°W) situated next to the Lone Star Executive Airport in 

Montgomery county.  The site is located approximately 60 km NNW from the Houston, 

TX urban center and approximately 125 km NW of the nearest coastline.  The area 

surrounding Conroe, TX is primarily affected by pollution in the outflow of air from 

Houston, which hosts significant energy and petrochemical industries in addition to a 

large urban population.  The regional atmospheric chemistry is also influenced by marine 

air from the Gulf of Mexico.  The site itself is located in the middle of a field adjacent to 

the airport, with a gravel parking lot nearby and bordered by trees approximately 200 
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meters to the North. The Conroe region is where the ecosystem transforms from prairie 

and marsh to piney woods, which then extend north and east through much of the 

Southeastern United States. 

4.2.2 Instrumentation and Data Analysis 

A permanent Texas Commission on Environmental Quality (TCEQ) ambient 

measurement station exists at this site and provided continuous meteorological data for 

the duration of the campaign (Texas Commission on Environmental Quality, 2016b).  

Measured parameters included wind speed, wind direction, solar irradiance, temperature, 

and relative humidity. The site also housed NOx and O3 monitors, as well as a Tapered 

Element Oscillating Balance (TEOM) for measurements of PM2.5 mass concentrations.  

During DISCOVER-AQ a temporary ground site (an air-conditioned trailer) was set up 

adjacent to the permanent station. This temporary site housed an NO2 monitor (Model 

AS32M from Environnement) which utilizes cavity attenuated phase shift spectroscopy 

(CAPS) to provide a direct absorption measurement of nitrogen dioxide (Kebabian et al., 

2008). NOx was measured using a chemiluminescence NOx monitor (Teledyne Model 

200E), and O3 was measured by direct UV absorption (Teledyne, 400E). An Aerosol 

Chemical Speciation Monitor from Aerodyne Research (ACSM, Ng et al., 2011a) was 

used to measure the mass concentrations of non-refractory species in PM1 including 

sulfate, nitrate, ammonium, and organics. A Scanning Electrical Mobility System 

(SEMS, Brechtel Manufacturing) was used to characterize particle size distributions and 

mass concentrations of PM1. A High Resolution Time-of-Flight Chemical Ionization 

Mass Spectrometer from Aerodyne Research (HR-ToF-CIMS, Aljawhary et al., 2013; 

Bertram et al., 2011; Lee et al., 2014; Yatavelli et al., 2012) was employed to measure 

gas-phase species. All sample lines extended out the trailer and to a vertical level of 
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approximately 10 feet. Teflon® tubing (1/4 inch) was used to sample all gas-phase 

compounds and copper tubing (1/2 inch) was used for particle-phase instruments. 

Filter measurements of PM2.5 were taken on site as described in Section 4.2.2.4. 

During approximately 61 hours of the campaign the University of Houston-Rice 

University mobile air quality laboratory (MAQL) was parked at the measurement site.  

The instrumentation on the MAQL included a suite of photochemical trace gas 

instrumentation, a photoacoustic spectrometer for measurement of particle-phase 

polycyclic aromatic hydrocarbons, and a High-Resolution Time-of-Flight Aerosol Mass 

Spectrometer (HR-ToF-AMS, Aerodyne Research). The HR-ToF-AMS measures the 

same PM1 species as the ACSM but in a size-resolved manner based on the vacuum 

aerodynamic diameter, and the time of flight mass spectrometer enables measurements at 

much higher mass and time resolution. The co-location of the HR-ToF-AMS and the 

ACSM enables comparison of PM1 measurements. 

4.2.2.1 Aerosol Chemical Speciation Monitor 

Data analysis and instrument operation were performed in IGOR Pro 

(WaveMetrics) using the “ACSM Local” software package. The ACSM was set to scan 

between m/z 12 and 159 with a dwell time of 0.5 seconds, resulting in a scan time of 80 

seconds. The instrument was set to alternate between sampling mode and filter mode, 

where the filter sample is used to characterize the gas-phase background. This results in a 

cycle time of 160 seconds. Further averaging over 25 minute intervals was performed in 

the post-analysis of the data (see Section 4.7). The vaporizer temperature was set at 

600°C (as is standard) for fast vaporization of ammonium sulfate. The ACSM measures 

only non-refractory (NR) PM1, i.e. compounds that flash vaporize at the heater 

temperature of 600°C. Quantification of aerosol concentrations measured by the ACSM 
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is complicated by incomplete transmission of larger particles through the aerodynamic 

lens and particle bounce at the vaporizer. The ACSM collection efficiency (CE) for these 

data was estimated to be 0.5, which resulted in good agreement with ancillary 

measurements (Figure 4-11). Additional details on instrument calibration, data 

preparation, and adjustments to the standard fragmentation table (Allan et al., 2004) are 

provided in Section 4.7. The HR-ToF-AMS operates similarly to the ACSM but at higher 

mass and time resolution due to its time of flight mass spectrometer (as opposed to the 

quadrupole mass spectrometer used by the ACSM). Details on the HR-ToF-AMS 

operation and data collected during the DISCOVER-AQ campaign will be presented in a 

forth coming publication (Leong et al., n.d.). 

The ACSM provides two main measures of PM1: bulk composition 

(concentrations of organics, nitrate, sulfate, and ammonium) and the total mass spectrum 

from which the organic mass spectrum can be derived. The organic mass spectrum can be 

used to characterize the extent of oxidation of the measured organic aerosol. The organic 

mass at m/z 44 mostly correspond to the CO2
+
 ion (Aiken et al., 2008) and can therefore 

be used as a semi-empirical measure of the extent of oxidation in the system. Aiken et al. 

(2008) showed that f44, the fraction of the total organic signal due to mass at m/z 44, can 

be used to estimate the oxygen to carbon ratio (O:C) in the organic aerosol. The 

correlation between O:C and f44 was recently updated to (Canagaratna et al., 2015):   

(O:C)f44 = 4.31 × f44 + 0.079      (4-1) 

Aiken et al. (2008) also found a significant correlation between the ratio of 

organic mass to organic carbon (OM:OC) and O:C. This relationship was found to be 

applicable to field data as well as laboratory data and is described by: 

(OM:OC) = 1.29 × O:C + 1.17     (4-2) 
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Thus, the observed f44 can be used to estimate O:C and OM:OC of the organic 

aerosol measured at Conroe. These estimates can be compared with values from the HR-

ToF-AMS, which directly computes O:C and OM:OC from elemental analysis of the 

high resolution measurements (see Section 4.8). 

4.2.2.2 Positive Matrix Factorization 

Positive Matrix Factorization (PMF) was applied to the organic aerosol mass 

spectra measured by the ACSM (Paatero and Tapper, 1994). The PMF2 algorithm 

(version 4.2) by P. Paatero was used to solve the bilinear unmixing problem as 

represented and described below. PMF has proven useful in the analysis of ambient 

organic aerosol data, and details of the mathematical model, its application, output 

evaluation, and factor interpretation have been described elsewhere (Hildebrandt et al., 

2010, 2011; Lanz et al., 2007, 2010; Ulbrich et al., 2009). A key assumption is that the 

measured dataset can be separated into a number of constant components (here, ACSM 

mass spectra) contributing varying concentrations over time. The problem is represented 

in matrix form by:  

𝑋 = 𝐺𝐹 + 𝐸      (4-3) 

where X is an m × n matrix of the measured data with m rows of average mass 

spectra (number of time periods = m) and n columns of time series of each m/z sampled 

(number of m/z sampled and fit = n). F is a p × n matrix with p factor profiles (constant 

mass spectra), G is an m × p matrix with the corresponding factor contributions, and E is 

the m × n matrix of residuals. G and F are fit to minimize the sum of the squared and 

uncertainty-scaled residuals (Paatero and Tapper, 1994). The number of factors is chosen 

by determining when added factors fail in explaining additional dataset variability. 
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The ACSM dataset was prepared for PMF analysis by first selecting only organic 

fragments below m/z 100, as higher m/z fragments exhibited very low concentrations and 

added significant error to the analysis. Peaks with a signal to noise ratio below 2 were 

downweighted by a factor of 2. The peaks which are calculated from m/z 44 (m/z 

16,17,18,44) were downweighted to remove the extra influence of m/z 44 on PMF 

solutions. The PMF2 algorithm was used in exploration mode with fpeak set from -1 to 1 

by 0.2 increments. 

4.2.2.3 High Resolution Time of Flight Chemical Ionization Mass Spectrometer 

The HR-ToF-CIMS was set to alternate between positive (hydronium-water 

clusters) and negative (iodide-water clusters) chemical ionization in half hour intervals. 

Hydronium-water cluster ionization is more sensitive than iodide-water cluster ionization 

to less oxidized compounds such as early oxidation products from terpenes and isoprene. 

For both cases ultra-high purity N2 was first passed through water, then across a methyl 

iodide permeation tube, and then ionized as it passed through a radioactive source of Po-

210. The increased humidity helped dampen the effects of the changing RH in the sample 

gas. Ionized compounds were pulsed in a “V” shape through a time-of-flight region 

during measurement to obtain a mass spectrum. Some data obtained through iodide 

ionization have been described previously (Faxon et al., 2015) and here we focus on data 

from water cluster ionization. 

Data from the HR-ToF-CIMS were analyzed in Igor Pro (Wavemetrics) using 

Tofware, the software provided with the instrument. The data were first mass calibrated 

based on HR-ToF-CIMS reagent ions and other known ions. The baseline was subtracted 

and the average peak shape was found so it could be used for high resolution analysis, 

through which multiple ions can be identified at any given integer mass to charge ratio 
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(m/z). Analyte ion concentrations were then normalized by dividing by the reagent ion 

concentrations, the sum of H3O
+
, H3O

+
(H2O) and H3O

+
(H2O)2 ,and then multiplying by 

the average sum of the three reagent signals (to maintain the units of ion counts s
-1

).  

4.2.2.4 Filter Measurements 

A high volume PM2.5 sampler (Tisch Environmental, Cleves, OH, USA; 226 

lpm), on loan from the US EPA, was used to collect daily samples.  PM2.5 samples were 

collected over 23.5 hours (6 a.m. to 5:30 a.m.).  Sample media consisted of quartz fiber 

filters (QFF) which were baked at 550 °C for 12 h in individual foil packets prior to 

sampling.  QFF were stored in freezers (-10 °C) pre- and post-sampling.  PM2.5 was 

collected on 102 mm diameter QFF (Pall Corporation, Port Washington, New York, 

USA), and samplers were calibrated prior to field deployment.  Field blanks were 

collected throughout the campaign for each type of sampler and handled in the same 

manner as ambient samples.  The QFF were analyzed for organic and elemental carbon 

(OCEC) using a thermal-optical method (NIOSH-5040) on Baylor University’s thermo-

optical transmission (TOT) carbon analyzer (Sunset Laboratories, Tigard, OR) (Birch and 

Cary, 1996). Sample aliquots were also sent to the Desert Research Institute (DRI-

Nevada) for inorganic ion analysis (sulfate, nitrate, ammonium, chloride and potassium).  

Radiocarbon abundance (
14

C) was analyzed on filter samples in order to 

determine the contributions of contemporary and fossil emissions to Houston’s ground-

based carbonaceous PM. Contemporary sources include biomass burning and biogenic 

emissions, and they include the presence of 
14

C. Fossil sources include combustion and 

non-combustion emission sources with depleted 
14

C. Ambient PM2.5 filter subsamples 

were taken for analysis to give ~60 µg of total organic carbon (Zaveri et al., 2012) for 

measurement of the 
14

C signal on the accelerator mass spectrometer. Subsamples were 
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acidified over hydrochloric acid using a desiccator for 12 hours to remove carbonate, and 

dried in a muffler oven at 60°C for one hour. 
14

C abundance measurements were 

performed at the National Oceanic Sciences Accelerator Mass Spectrometry (NOSAMS) 

facility at Woods Hole Oceanographic Institute (Woods Hole, MA).   

In order to apportion total organic carbon (TOC) based on 
14

C abundance, Δ
14

C 

end members are chosen based on the sampling region and used in the following 

equation:  

∆14𝐶𝑠𝑎𝑚𝑝𝑙𝑒 = ∆14𝐶𝑐𝑜𝑛𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 × 𝑓𝑐𝑜𝑛𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 

+ ∆14𝐶𝑓𝑜𝑠𝑠𝑖𝑙 × (1 − 𝑓𝑐𝑜𝑛𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦)     (4-4) 

The contemporary end member used for this study was 67.5‰, an average of the 

2010 biomass burning end member (Δ
14

C = 107.5‰) corresponding to wood smoke and 

the 2010 biogenic end member (Δ
14

C = 28‰) corresponding to primary and secondary 

biogenic emissions, meat cooking and combustion of grass, prunings and agricultural 

waste (Barrett et al., 2015; Zotter et al., 2014). The fossil fuel end member was -1000 ‰ 

(Gustafsson et al., 2009). Results from NOSAMS are reported as % contemporary, with 

contribution from fossil carbon equaling 1-fcontemporary.  

4.2.2.5 Diurnal Patterns: Analysis of Statistical Significance and Patterns 

We conducted one-way analysis of variance (ANOVA) tests for organics, sulfate, 

nitrate and each PMF factor as dependent variables with time of day as the independent 

variable. ANOVA tests determine whether there are statistically significant differences in 

the mean values of the dependent variables (Atkinson-Palombo et al., 2006). While 

ANOVA tests determine statistical significance of variation by time of day, they cannot 

quantify or characterize the diurnal cycle. Thus, we also conducted harmonic analysis 
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(Atkinson-Palombo et al., 2006; Wilks, 1995) to characterize the diurnal cycle. In brief, 

the general harmonic function is given by: 

𝑦𝑡 = �̅� + 𝐶𝑘𝑐𝑜𝑠(2𝜋𝑡 𝑛⁄ − ∅𝑘)     (4-5) 

where t is the time (1-24 in our diurnal analysis), �̅� is the mean of the time series (e.g. yt 

is the mean value of f44 during hour t, �̅� is the mean value for the whole campaign), Ck is 

the amplitude of the k
th

 harmonic, n is the period (n = 24 here) and ϕ is the phase. Using 

only the first harmonic, we can estimate the amplitude by (Atkinson-Palombo et al., 

2006; Wilks, 1995): 

𝐶1 = [𝐴1
2 + 𝐵1

2]1 2⁄        (4-6) 

where 

𝐴1 = 2 𝑛⁄ × ∑ 𝑦𝑡𝑐𝑜𝑠(2𝜋𝑡 𝑛⁄ )    (4-7a) 

𝐵1 = 2 𝑛⁄ × ∑ 𝑦𝑡𝑠𝑖𝑛(2𝜋𝑡 𝑛⁄ )     (4-7b) 

The phase is then given by: 

𝜑1 = 𝑡𝑎𝑛−1(𝐵1 𝐴1⁄ ) ± 𝜋    if A1 < 0   (4-8a) 

𝜑1 = 𝑡𝑎𝑛−1(𝐵1 𝐴1⁄ )   if A1 > 0   (4-8b) 

𝜑1 = 𝜋 2⁄     if A1 = 0   (4-8c) 

The portion of the variance explained by the first harmonic, analogous to a correlation 

coefficient (R
2
) commonly computed in regression analysis, is given by: 

𝑉1 = 𝐶1
2 2𝑠2⁄

       (4-9) 

where s is the standard deviation of the n values. The phase simply describes to what 

extent the observed cycle is offset from a standard cosine curve. The amplitude describes 

the magnitude of the diurnal cycle. 
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4.3 RESULTS 

This work combines PM measurements from several different instruments.  

Measurements from different instruments generally agreed well as discussed in Section 

4.8. 

4.3.1 Bulk Concentrations and Diurnal Cycle 

Figure 4-1 shows a time series of particle size distributions (top), a time series of 

bulk concentrations measured by the ACSM (bottom), and the campaign-average bulk 

concentration (right). The ACSM nitrate measurements (sum of NO
+
 and NO2

+
 

fragments) can be attributed to inorganic nitrate and/or -ONO2 functional groups on 

organic nitrates. Measurements indicate that the nitrate measured by the ACSM in 

Conroe is mostly organic. One indication of this is the NO
+
:NO2

+
 ratio in ACSM 

measurements, which is estimated from the fragmentation table-corrected unit mass 

resolution data. In the ACSM used for this study a ratio of 2.6-3.9 has been measured for 

ammonium nitrate. For organic nitrate this ratio has varied but has always been greater 

than 5 for this instrument. The average NO
+
:NO2

+
 ratio for this data set is 13.4, which is 

consistent with organic nitrate (and inconsistent with ammonium nitrate). Filter 

measurements also indicate that nitrate measured by the ACSM was mostly organic (see 

Section 4.8): filter measurements of inorganic nitrate are significantly lower than ACSM 

measurements of total nitrate (Figure 4-13c). Further, the molar ratio of NH4:SO4 

indicates that on average there was no excess NH4 as required for the formation of 

ammonium nitrate.  

As seen in Figure 4-1, a large portion of PM1 measured in Conroe was organic 

(64% on average, including nitrate). PM composition from filter measurements agreed 

with ACSM measurements – 71% of PM from the filter samples was OM, with most of 

the remainder being ammonium and sulfate (as well as 1.7% EC). Sulfate is a significant 
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part of PM1 in Conroe. Ammonium concentrations were often below the detection limit 

of the ACSM but when it was measured, the aerosol had an average ammonium/sulfate 

molar ratio of 2. Figure 4-1 also shows the PM1 number distributions from the SEMS. 

Nucleation events are not easily identified and do not seem to play a major role in PM 

concentrations in this area during this time period.   

 

Figure 4-1. Campaign measurements from ACSM, SEMS.  

Consistent diurnal profiles were seen for both organics and nitrate in PM1 

measurements. Figure 4-2 shows the average (median) diurnal variation of organics, 

nitrate, sulfate and total PM1 measured by the SEMS; the error bars indicate the 25
th

 and 

75
th

 percentiles. ANOVA reveals statistically significant variation by time of day for 

organic, nitrate, and total PM1 concentrations (p < 10
-16

), but no statistically significant 

variation by time of day for sulfate concentrations (p = 0.65). Harmonic analysis suggests 

that the phase (between 0 and 2π) for these diurnal trends is 0.4, 0.7, and 0.5 for organics, 

nitrate, and (SEMS) PM1 respectively – indicating that concentrations of these species 
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increase and decrease at approximately the same time. The first harmonic explains 78%, 

88% and 87% of the variance for organics, nitrate, and (SEMS) PM1 respectively. The 

analysis further reveals that the amplitude-to-mean ratio of the nitrate diurnal is 0.55, 

compared to the amplitude-to-mean ratio of the organics and PM1 diurnal profiles which 

are 0.29 and 0.20, respectively. 

 

Figure 4-2. (A,B,C) Diurnal plots for organics, nitrate, and sulfate measured by the 

ACSM. (D) PM1 measured by the SEMS. Median values are plotted, with 

error bars showing the 25
th

 and 75
th

 percentiles. 

4.3.2 Positive Matrix Factorization 

Various PMF solutions (obtained by varying the number of factors and other PMF 

settings, See Section 4.2.2.2) were examined and evaluated with respect to mathematical 

diagnostics and ancillary data (not included in the PMF analysis, e.g. ACSM-sulfate). 
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The three-factor solution was found to best represent these data. Possible solutions of up 

to 8 factors were considered but factor splitting was observed and no additional 

information was obtained from the use of more than three factors. 

The mass spectra and diurnal cycles of the three factors are shown in Figure 4-3. 

Two of the factors resemble oxygenated organic aerosol (OOA), the other factor 

resembles fresher organic aerosol. We name the more oxidized OAA factor (f43 = 4.4% , 

f44 = 22.7%) MO-OOA (more oxidized OOA) and the less oxidized OOA factor (f43 = 

14.8% , f44 = 7.6%) LO-OOA (less oxidized OOA). The third factor has mass spectral 

signatures representative of hydrocarbon like organic aerosol (HOA) and biomass 

burning organic aerosol (BBOA), but we refer to the third factor (f43 = 4.6% , f44 = 3.2%) 

as HOA for simplicity. 
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Figure 4-3. Mass spectra (left) and diurnal profiles (right) of PMF factors. 

The time series of MO-OOA showed a correlation with the time series of sulfate 

measured by the ACSM (R
2
 = 0.46), whereas LO-OOA did not (R

2
 = 0.10). Thus, MO-

OOA correlated with a low-volatility inorganic component (sulfate). LO-OOA and HOA 

showed correlation with NOx (R
2
 = 0.35 and 0.34, respectively), a proxy for fresh 

anthropogenic emissions, while MO-OOA did not (R
2
 = 0.06). We also examined 

correlations of the factor profiles with factor profiles identified in previous work (Ng et 

al., 2011b). The MO-OOA profile correlated most strongly with previously identified 

MO-OOA (R
2
 = 0.92), the LO-OOA profile correlated most strongly with previously 
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identified LO-OOA (R
2
 = 0.92), and the HOA correlated most strongly to previously 

identified HOA (R
2
 = 0.67) and BBOA (R

2
 = 0.74). 

Figure 4-3 (right panel) shows the diurnal cycle of the three PMF factors. 

According to ANOVA, all three factors exhibited statistically significant variation by 

time of day (p < 10
-16

 for HOA and LO-OOA, p = 6×10
-8

 for MO-OOA). LO-OOA and 

HOA exhibited a clear pattern with higher concentrations at night, the same pattern 

exhibited by total OA (see Section 4.3.1). MO-OOA did not show this clear pattern, 

presumably because during the afternoon some LO-OOA and HOA is converted to the 

MO-OOA, which is more highly oxidized. MO-OOA can also form directly from 

oxidized VOCs. Harmonic analysis suggests that the diurnal cycle of LO-OOA has an 

amplitude-to-mean ratio of 0.53 and phase of 0.8 and can explain 84% of the variance; 

the diurnal cycle of HOA has an amplitude-to-mean ratio of 0.41, phase of 0.5 and can 

explain 79% of the variance. These two PMF factors (LO-OOA and HOA) hence have 

diurnal cycles of similar phase, which is also similar to the phase of the diurnal cycle of 

total OA (Section 4.3.1).  

Figure 4-4 shows time series of the factors in terms of fraction of total organics 

(the sum of all 3 factors). The 12 days before Sept 6
th

 were included in PMF calculations 

but excluded from Figure 4-4 to facilitate viewing of radiocarbon results. HOA can 

constitute 30% or more of OA on days when overall PM concentrations are low (Sept 7, 

Sept 16-21). However, fresh emissions represented by HOA constitute a smaller fraction 

(less than 20%) of PM on high concentrations days such as Sept 10-15 and Sept 25-28. 

On these higher concentration days a larger fraction of the increased PM levels are due to 

MO-OOA (and LO-OOA to a lesser extent), consistent with atmospheric conditions 

which transport highly processed OA or allow existing OA to become highly oxidized. 

The results of radiocarbon analysis (see Section 4.2.2.4) are also shown in Figure 4-4. 
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Fossil carbon constituted as little as 10% of carbon in OA during the low concentration 

period from September 21-23 but was approximately 30% of carbon during the high 

concentration period from September 25-28, suggesting that a higher fraction of OA 

originates from fossil sources of carbon on higher concentrations days.  

 

 

Figure 4-4. Time series of PMF factors in terms of fractional concentrations. 

4.4 DISCUSSION    

4.4.1 Composition of PM and Source Regions 

Because very little inorganic nitrate appears to be present (see Section 4.3.1), we 

assume that all nitrate measured by the ACSM is organic in order to estimate the organic 

nitrate contribution to organic aerosol. For an assumed MW range of 200-300 g mol
-1

 

(Rollins et al., 2012) organic nitrates constitute 27-41% of organic aerosol. If nitrate was 

overestimated by up to 60% (Figure 4-14) then organic nitrates would still constitute 18-

27% of OA. Either estimate would suggest that organic nitrates play a larger role in 

Conroe than has been measured in other areas. Using the same estimate for molecular 
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weight of organic nitrates, Xu et al. (2015a) estimated that organic nitrates constitute 5-

16% of OA during the summer in Alabama and Georgia locations. Mylones et al. (1991) 

assumed an average molecular weight of 150 g mol
-1

 for organic nitrates and calculated 

that they are 13% of OA in Los Angeles. Studies in Houston using the same methods as 

Mylones et al. have observed an organic nitrate fraction similar to the one observed in 

Los Angeles (Garnes and Allen, 2002; Laurent and Allen, 2004). O’Brien et al. (1975) 

estimated organic nitrates constituted 17% of OA in Los Angeles in 1975. The 

prominence of organic nitrates in OA highlights the importance of anthropogenic 

emissions for this region as nitrate formation requires anthropogenic NOx or NO3 in 

addition to VOCs. 

Concentrations of PM1 vary both diurnally and over the course of several days. 

Increases and decreases in PM1 concentrations in the timeframe of days and weeks are 

often associated with changes in regional air flow. Figure 4-5 shows 72-hour back 

trajectories calculated using the Hybrid Single Particle Lagrangian Integrated Trajectory 

Model (HYSPLIT, Stein et al., 2015). Figure 4-5A and 4-5B shows the trajectory for 

characteristic lower and higher concentration days, respectively. HYSPLIT uses archived 

meteorological data to compute the back trajectory of a particle or parcel of air which 

arrives at a location at a specified time. The trajectory ensemble method is used, in which 

grid points are offset by small amounts to produce multiple potential trajectories as 

shown in Figure 4-5. Back trajectories for times indicated by vertical dashed lines “A” 

and “B” in Figure 4-1 are shown in Figure 4-5A and Figure 4-5B, respectively. The air 

source of a characteristic high concentration day is slower moving continental air (Figure 

4-5B) while a low concentration day is supplied with quickly moving oceanic air with 

significant vertical mixing (Figure 4-5A). PMF results (Section 4.3.2) suggest that high 

concentration days are the result of increased levels of OOA but not HOA. The 7-day 
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period of radiocarbon results (Figure 4-4) shows higher portions of fossil carbon in OA 

during times of increased concentrations. The fact that fossil carbon increases along with 

MO-OOA and LO-OOA while HOA does not suggests that oxidized anthropogenic 

emissions are a larger contributor during this time of increased PM levels, consistent with 

transport of pollutants from the Houston metropolitan and/or industrial centers. On 

average, 87% of the measured PM1 organics was due to OOA, which is representative of 

organic aerosol that has been processed in the atmosphere, highlighting the importance of 

atmospheric processing on controlling fine PM concentrations in Conroe.   

 

Figure 4-5. HYSPLIT 72-hour back trajectories showing the differences between lower 

(A) and higher (B) concentration days. The low and high trajectories 

correspond to 2:00 Sept 8 and 2:00 Sept 26, respectively. 72-hour back 

trajectories are also shown for 14:00 Sept 26 (C), so (B) and (C) show a 

typical 12 hour difference.  

While the source of air mass can explain variation in OA over the course of days 

and weeks, it does not adequately explain the consistent diurnal variation that was 

observed. HYSPLIT back-trajectories (Figure 4-5B and 4-5C) show that there are often 

only small differences between day and night air sources. During the measurement 
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campaign, the average nighttime (0:00-6:00) winds were more easterly (average 48°) and 

daytime (12:00-18:00) winds were more southerly (average 137°). Daytime winds were 

typically stronger (average 6.3 miles/hour) than nighttime winds (average 2.7 

miles/hour). Despite these differences between day and night Figure 4-6 shows that there 

is significant variation in wind speed and direction during the day and night. This 

variation suggests that regional air flow is not a main factor in the observed diurnal cycle. 

In addition, the higher nighttime concentrations were observed when wind was 

predominantly from the east, which would likely be a cleaner air mass than the daytime, 

southeastern winds which pass through Houston. Thus, for Conroe the source of the air 

mass appears to play a large role in multi-day and weekly high and low concentration 

trends but has significantly less influence on the daily trends in OA levels. 

 

Figure 4-6. Wind rose plots for (A) night (0:00-6:00) and (B) day (12:00-18:00) averaged 

over the course of the campaign. 



 98 

4.4.2 Influences on Diurnal Cycle 

The strong diurnal cycle for organics and nitrate but lack of diurnal cycle for 

sulfate is consistent with a more regional source of sulfate and a more local source of 

organics and organic nitrates. The higher amplitude-to-mean ratio of nitrate indicates that 

the diurnal trend is especially prominent for nitrate and suggests that organic nitrates play 

a large role in the observed diurnal trends. The more pronounced diurnal changes in 

organic nitrates could be attributed to evaporation with increasing daytime temperatures 

or nighttime growth due to NO3 chemistry. NO3, formed from the reaction of NO2 and 

O3, is considered a night-time oxidant because it photolyzes quickly during the day. 

The shape of the diurnal profile shows highest concentrations at night and quick 

decreases in concentration during daylight hours. Photo-oxidation of organics 

predominantly decreases their vapor pressure and can result in overall increases of 

organic particulate matter during the day. The diurnal cycle of the organic aerosol O:C 

ratio (Figure 4-7) suggests that organic aerosol is more oxygenated during daylight hours, 

as expected with increasing photochemical activity. PMF results also support this, as 

daytime decreases are seen in HOA and LO-OOA, potentially indicating conversion to 

MO-OOA. However, total organic concentrations also decrease during this time, 

indicating that photochemical activity is not the main factor affecting concentrations of 

OA.  
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Figure 4-7. Diurnal cycle of organic aerosol oxygen to carbon ratio (O:Cf44) and solar 

radiation. 

Some meteorological factors may play a significant role in diurnal trends. 

Temperature and boundary layer height (BLH) effects on concentrations of PM are 

explored in Figure 4-8. Temperature increases when the sun rises, increasing the 

saturation vapor pressure of particle-phase compounds which causes the higher vapor-

pressure species to evaporate. According to absorptive partitioning theory (Donahue et 

al., 2006; Pankow, 1994), the gas-particle partitioning of an organic species depends on 

its vapor pressure and the concentration of organic material already in the condensed 

phase. The fraction of a compound i in the particle phase (Yi) is given by (Donahue et al., 

2006): 

𝑌𝑖 = (1 +
𝐶𝑖

∗

𝐶𝑂𝐴
)

−1

      (4-10) 

where 𝐶𝑖
∗ is a function of the vapor pressure., If 𝐶𝑖

∗ is known at one temperature then it 

can be predicted at a second temperature if ∆𝐻𝑣𝑎𝑝 is known using the Clausius-Clapeyron 

equation (Donahue et al., 2006): 
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𝐶∗(𝑇2) = 𝐶∗(𝑇1)𝑒𝑥𝑝 (
∆𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇1
−

1

𝑇2
))   (4-11) 

In a simplified yet illustrative calculation, we assume that ∆𝐻𝑣𝑎𝑝 = 40 𝑘𝐽 𝑚𝑜𝑙−1 

(Donahue et al., 2006) and assume an initial set of 𝐶𝑖
∗ values of those used by Murphy 

and Pandis (2010) for high-NOx terpene SOA. We assume this set of 𝐶𝑖
∗ values applies to 

the average OA concentration (including both the organics and nitrate measured by the 

ACSM) measured from 0:00 to 6:00 (the time period when concentrations and 

temperatures were stable) at the average temperature from 0:00 to 6:00 and then calculate 

the expected OA concentrations, based on observed temperature changes, for the entire 

day as seen in Figure 4-8C. Though these assumptions greatly simplify evaporation 

behavior of the organic aerosol, it is illustrative to see that the resulting predicted OA 

concentrations match the observed trend. Temperature is likely to be partially responsible 

for the observed diurnal cycle.  
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Figure 4-8. Diurnal profiles predicted by temperature and boundary layer height changes. 

Starting concentrations in predictions are the average of measured 

concentrations between 0:00 and 6:00. 

The effect of BLH on atmospheric mixing may also play a role, and a similar 

estimate was performed to illustrate the effect this might have. Carbon monoxide (CO) 

measurements from the TCEQ Jones Forest site (~10 miles southwest of Conroe site) 

were used for an estimate of mixing effects. The average CO and OA concentrations 

between 0:00 and 6:00 were used as a baseline, and then this baseline was diluted or 

concentrated based on the CO concentrations as seen in Figure 4-8C.  The increase in 
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predicted OA from 6-8 am is most likely a reflection of traffic conditions, but otherwise 

the CO-predicted OA concentrations match the trend of measurements and show the 

effect that BLH and mixing may have had on daytime concentrations as the air mass was 

diluted. Tucker et al. (2010) observed that BLH effects on pollutant concentrations in the 

Houston region are complicated and depend on many factors including the location of 

source air and turbulence levels. The lack of significant diurnal variation of sulfate could 

suggest that the effect of BLH on observed concentrations is lower than suggested by our 

analysis, and/or that BLH and daytime oxidation of SO2 leading to sulfate had opposite 

effects. It is also consistent with a more regional source of sulfate and similar 

concentrations above and below the boundary layer. Daytime oxidation of organics is 

also expected to increase concentrations of OA and partially offset the changes due to 

temperature and BLH. Nonetheless, the shape of the organic aerosol diurnal variation is 

consistent with changes in either BLH or temperature, and both are potential influences 

on the observed diurnal trend. 

In order to further explore this diurnal trend we considered PM2.5 (TEOM) 

measurements at four Houston area sites operated by the TCEQ (data retrieved from 

http://www17.tceq.texas.gov-/tamis/). Figure 4-9 shows diurnal cycles of PM2.5 

measurements averaged over the month of September and January taken at Conroe 

(Figure 4-9A, same site as our location), Kingwood (Figure 4-9B, midway between 

Conroe and downtown Houston), Clinton (Figure 4-9C, downtown Houston location), 

and Fayette County (Figure 4-9D, a rural Texas location). Figure 4-9 shows that the 

diurnal trend observed in Conroe is not specific to that area; similar patterns are observed 

in all three of the other areas, and use of ANOVA reveals statistically significant 

variation by time of day at all four of these monitoring sites. A similar trend is seen in the 

winter at all locations as also shown in Figure 4-9. This indicates that colder temperatures 
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and shorter daylight hours do not eliminate the trend, though the decrease in PM 

concentration starts later in the day.  

 

Figure 4-9. Diurnal plots for Conroe and neighboring areas based on TCEQ TEOM 

measurements of PM2.5. 

Variation in the hourly averaged PM2.5 concentrations measured at the Conroe 

location are reasonably well described with first order harmonic analysis, which can 

explain 54% of the variation in TEOM readings. Only 15%, 14% and 6% of the variation 

is explained by first-order harmonic analysis for Clinton, Kingwood, and Fayette County, 

respectively. We estimate the magnitude of the diurnal cycle as (Avghigh– Avglow)/Mean, 

where Avghigh and Avglow are calculated as the mean of the six highest and lowest 

concentrations in the diurnal trend, respectively. The magnitude of diurnal variation using 

this method is 0.57 for Conroe and 0.45, 0.39, and 0.39 for Kingwood, Clinton, and 
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Fayette County, respectively, suggesting that PM2.5 concentrations measured at Conroe 

exhibited the strongest diurnal cycle. It is notable that neither Clinton, which has the most 

anthropogenic influence, nor Fayette County, which has the least anthropogenic 

influence, has the most pronounced diurnal profile. Distance from the coast can affect 

diurnal temperature patterns, with coastal areas having milder temperature swings. 

However, TCEQ data show that the Conroe and Fayette County sites have nearly 

identical diurnal temperature profiles, suggesting that more than temperature is needed to 

describe the observed diurnal trend in organic aerosol concentrations. The strong diurnal 

cycle in Conroe may in part be due to the interaction of anthropogenic oxidants with 

biogenic hydrocarbons. Vegetation type may play a large role in this as the Conroe area is 

where the ecosystem transforms from prairie and marsh to the piney woods of the US 

Southeast, which are known to have higher biogenic emissions (Vizuete et al., 2002). Xu 

et al. (2015a) saw a similar diurnal pattern for a less oxidized OA factor in PMF analysis 

from measurements in Alabama and Georgia, places that have a piney woods ecosystem.  

Observations from the HR-ToF-CIMS support the hypothesis that biogenic VOCs 

are an important contributor to the diurnal cycle seen in OA in Conroe. Recent work 

(Boyd et al., 2015; Xu et al., 2015a) has suggested that monoterpene reactions with the 

NO3 radical at night are a significant source of SOA. Gas-phase organic nitrates observed 

during DISCOVER-AQ, which likely formed from monoterpenes (C10), also exhibited a 

diurnal trend of elevated concentrations at night. Data from the HR-ToF-CIMS in Figure 

4-10 show increased levels of monoterpene organic nitrates at night, the time when 

monoterpene and NO3 concentrations are typically highest (Lee et al., 2016). Increasing 

concentrations are also seen in the time just after sunrise when monoterpene 

concentrations are still high and NO concentrations are increasing. Lee et al. (2016) 
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observed a similar increase in gas phase concentrations of biogenic organic nitrates in the 

hours following sunrise in the SOAS campaign. 

 

Figure 4-10. Diurnal plot of gas-phase organic nitrates which appear to have formed from 

biogenic compounds. These HR-ToF-CIMS data are taken from the high-

concentration period of Sept 11-14. 

The SIMPOL.1 model (Pankow and Asher, 2008) was used to estimate changes in 

volatility from the oxidation of VOCs. The SIMPOL.1 model predicts vapor pressure 

based on molecular functional groups and in this case was used to predict changes in 

vapor pressure to biogenic VOCs due to the addition of nitrate and hydroxyl functional 

groups. Using Equation 4-10 and conditions in Conroe we find that α-pinene or β-pinene 

which have been oxidized to C10H16NO4 would partition less than 1% to the particle 

phase. C10H16NO5 would partition 11-25%, and C10H16NO6 would partition 95-98% to 

the particle phase. Thus C10H16NO6 and compounds that are more oxidized are not likely 

found at high concentrations in the gas phase but may be important components of the 

particle phase as was observed by Lee et al. (2016). Most oxidized gas-phase 
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hydrocarbons observed with the HR-ToF-CIMS have a diurnal cycle with elevated 

daytime concentrations due to photochemistry similar to C5H8NO4 shown on Figure 4-10. 

C5H8NO4 is likely an isoprene hydroxyl-nitrate that is formed through an isoprene 

peroxy-radical and NO, a similar mechanism to the early morning formation of 

monoterpene nitrates but different from the night-time monoterpene nitrate formation 

mechanism through reaction with NO3. Isoprene nitrates could be partially responsible 

for the diurnal trend in OA in the region. Though they mostly form during the day when 

isoprene concentrations are highest, according to the SIMPOL.1 model a compound such 

as C5H8NO6 would partition 15% to the particle phase during the day but nearly double 

that (28%) during the night, which would increase total organic nitrate concentrations. 

4.5 CONCLUSIONS  

Measurements were taken in Conroe, TX during August 24th– October 1, 2013 as 

part of DISCOVER-AQ. Organic aerosol (OA) was a major component of the measured 

particulate matter, constituting 64% of PM1, and up to 41% of the measured OA in the 

region was organic nitrates. Through PMF the OA was divided into three factors: Two 

factors were classified as OOA – one more oxidized (MO-OOA) and one less (LO-

OOA). A third factor, named HOA, had similarities to hydrocarbon-like OA and biomass 

burning OA. The LO-OOA and the HOA displayed diurnal cycles in which 

concentrations increased in the evening and decreased in the morning. This pattern was 

also seen in the bulk ACSM measurements of organics and nitrate. Night-time chemistry 

between biogenic compounds (isoprene, terpenes) and anthropogenic oxidants (O3, NO3) 

appears to contribute to this variation. Temperature and changes in boundary layer height 

also appear to contribute to the trend. 
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Understanding diurnal and multi-day trends in PM levels is crucial as regions 

continue to strive to achieve lower PM levels. Both the anthropogenic and biogenic 

drivers that cause concentrations to fluctuate need to be understood and correctly 

modeled for policy-makers to make informed decisions about regulations. Decreasing 

PM formation can be especially challenging in locations such as Conroe, TX where 

organic aerosol formation appears to be strongly influenced by the interaction of biogenic 

hydrocarbons and anthropogenic oxidants.  
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4.7 SUPPLEMENT A – ACSM CALIBRATION AND DATA PREPARATION 

4.7.1 ACSM Calibration 

The nitrate ionization efficiency (IE) of the ACSM, as well as the relative 

ionization efficiencies (RIEs) of sulfate and ammonium were measured four times 

between August 24 and September 30 (the time period during which ACSM data were 

acquired) using dried ammonium nitrate and ammonium sulfate particles with a diameter 

of 300 nm. The ratio of IE to the MS airbeam (AB) was constant for these calibrations 

(within noise), so the average IE/AB value of 3.29 × 10
-11

 Hz
-1

 was used for the whole 

campaign, and the IE was determined at any point by multiplying IE/AB by the current 
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AB. The RIE of ammonium measured during the IE calibrations ranged from 4.57 to 

5.82, and the measured RIE of sulfate ranged from 0.49 to 0.67. The variation in the 

values appeared random; therefore the average values of 5.02 and 0.57 were used for the 

entire campaign for ammonium and sulfate, respectively. The flow rate in the ACSM was 

100 cm
3
 min

-1
. Lens alignment and flow calibrations were performed at the beginning of 

the campaign. 

4.7.2 Adjustments to the Standard Fragmentation Table 

The collected data were analyzed using a standard AMS fragmentation table and 

batch table (Allan et al., 2004), with a few modifications: The fragmentation patterns of 

air at m/z 44 (CO2
+
), m/z 29 (N

15
N

+
) and m/z 16 (O

+
) were evaluated using filter data that 

were collected continuously throughout the campaign. N
15

N
+
 and CO2

+
 were calculated 

as constant fractions of the N2
+
 signal at m/z 28; the calculated fractions were 7.3 × 10

-3
 

and 1.2 × 10
-3

 for N
15

N
+
 and CO2

+
, respectively. O

+
 was calculated as a constant fraction 

of N
+
; the calculated ratio was 0.48. The correction for CO2

+
 from air using the N2

+
 signal 

was calculated by averaging the filter measurements throughout the campaign when 

particle-phase organics were below 1 µg m
-3

 in order to avoid interference of organics 

being interpreted as CO2
+
 from air. The correction for N

15
N

+
 was calculated as an average 

of all filter data throughout the campaign. 

4.7.3  Data averaging 

For bulk composition analysis (organics, sulfate, ammonium, nitrate), every 10 

ACSM data points were averaged, resulting in a time resolution of approximately 25 

minutes (including 12.5 minutes of averaged sample and 12.5 minutes of averaged filter 

data), and 1475 data points throughout the campaign. (ACSM measurements were taken 

August 24 – September 30, 2013). The following detection limits were then calculated 
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considering the 12.5 minutes sample averaging time (Ng et al., 2011a): 0.440 µg m
-3

 

(ammonium), 0.229 µg m
-3 

(organics),
 
0.037 µg m

-3 
(sulfate), 0.017 µg m

-3 
(nitrate). 

Application of the detection limits resulted in removal of 68% of the ammonium data, no 

removal of sulfate data, and removal of 0.3 and 0.7% of organics and nitrate data, 

respectively. A 42-hour period (Sept 4-5) in which the airbeam was abnormally high and 

a 68-hour period (Sept 1-3) during which the vaporizer temperature was set to 700°C 

were also removed. The f44 data were cleaned as follows: first, every five data points 

were averaged. Then datapoints for which f44 < 0 or f44 > 1 were removed since these are 

not physically possible. (7 data points were below zero, and 1 data point was above 1). 

Then, every four data points were averaged again for an overall time resolution of 

approximately 50 min. Then data were removed for which the signal of organics at m/z 

44 (i.e. f44 × org) was below the detection limit of organics for the 25 min averaging time. 

This resulted in removal of 17% of the final averaged data. 

4.8 SUPPLEMENT B – COMPARISON OF CO-LOCATED INSTRUMENTS 

Measurements across different instruments generally agreed throughout the 

campaign. In Figure 4-11 we show the comparison between PM1 mass concentrations 

measured by the ACSM (corrected for CE) and by the SEMS. The volume concentration 

from the SEMS was converted to mass concentration using the density 1.77 g cm
-3

 for 

ammonium and sulfate and 1.4 g cm
-3

 for organics and nitrate (Ng et al., 2007). On 

average the SEMS measured higher PM1 mass (slope = 1.35), which could be due to 

uncertainties in the density estimate and the SEMS measurement including refractory 

compounds which are not measured by the ACSM. 
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Figure 4-11. Comparison of PM1 mass measured by the SEMS and ACSM throughout the 

campaign. 

Figure 4-12 compares O:C and OM:OC measurements and estimations by the 

ACSM and HR-ToF-AMS when the HR-ToF-AMS was at the Conroe site (see Section 

4.2.2.1). There is relatively good agreement in f44 and total organic aerosol mass (Figure 

4-12a, Figure 4-14a,); however, the O:C calculated from measured f44 using Equation 4-1 

(O:Cf44) is significantly higher than the O:C calculated from elemental analysis of the 

high resolution HR-ToF-AMS spectra (Figure 4-12b). Despite this difference the 

calculated OM:OC is similar to the OM:OC from elemental analysis of the co-located 

HR-ToF-AMS (Figure 4-12c). This is important as OM:OC is used to convert filter 

measurements of organic carbon to organic mass (as described below). 
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Figure 4-12. Comparison of (A)  f44, (B) O:C and (C) OM:OC between the HR-ToF-AMS 

and ACSM. 

ACSM PM1 measurements are also compared with PM2.5 measurements from 

filter samples (see Section 4.2.2.4) and the TCEQ-operated TEOM (see Figure 4-13). The 

filter measurements of OC are converted to organic mass using the calculated OM:OC 

ratio described in Section 4.2.2.1. In general, measurements from the filters are consistent 

with those from the ACSM, suggesting that the majority of the mass in PM2.5 is found in 

particles with a diameter below 1 μm (Figure 4-13a, 4-13b, 4-13d). The total 

concentrations from the ACSM and filter measurements are also consistent with the 

TCEQ-operated TEOM (Figure 4-13d). The total filter measurement also includes 

elemental carbon (about 7% of total carbon), which is not measured by the ACSM. 
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Figure 4-13. Instrument comparisons between the PM1 ACSM, PM2.5 filter, and PM2.5 

TEOM measurements.  

Figure 4-14 shows that, with the exception of nitrate, speciated measurements 

between the HR-ToF-AMS (high resolution) and ACSM (unit mass resolution) were 

reasonably consistent during the times when the HR-ToF-AMS was co-located (61 hours 

over the course of the campaign). Nitrate was measured 60% higher by the ACSM, on 

average, than by the HR-ToF-AMS. Unit mass resolution measurements of nitrate from 

the ACSM rely on the standard fragmentation table to estimate the split of m/z 30 
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between nitrate (NO
+
) and organics (mostly CH2O

+
). Conditions with high levels of 

CH2O
+
 can result in over-prediction of nitrate by the ACSM. The HR-ToF-AMS directly 

measures NO
+
 and CH2O

+
. In this campaign, the ACSM measurements of nitrate were, 

on average, 60% higher than the high resolution measurements of nitrate by the HR-ToF-

AMS; ACSM measurements were only 20% higher than unit mass resolution 

measurements by the HR-ToF-AMS, which rely on the same fragmentation table as the 

ACSM. 

 

Figure 4-14. ACSM and HR-ToF-AMS comparison of organics, sulfate, and nitrate. HR-

ToF-AMS measurements are high resolution while ACSM measurements 

are unit mass resolution. 
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Chapter 5:  Formation of Particulate Matter from the Oxidation of 

Evaporated Wastewater from Hydraulic Fracturing Activity 

5.1 INTRODUCTION 

Natural gas production in the United States has increased dramatically in recent 

years due to hydraulic fracturing. The cost to harvest natural gas from shale formations 

has greatly decreased thanks to this process. In the past few years the use of the process 

has already grown to the point where in 2011 natural gas from shale formations 

accounted for 34% of the total U.S. production  (U.S. Energy Information 

Administration, 2013). The developments of this technology have led to cheaper energy 

for many people but the full scope of the environmental impacts of the process is not yet 

known. 

A key difference between hydraulic fracturing and traditional oil and gas is the 

use of high volumes of fracturing fluid to fracture geologic formations. The proprietary 

composition of the fracturing fluid varies among drilling companies and can also depend 

on the type and depth of reservoir formation. The bulk of the fluid is water (and 

suspended sand), composing up to 99% of the fluid, but there is typically a long list of 

additives (U.S. Environmental Protection Agency, 2015). The hydraulic fracturing of a 

horizontally drilled well in a shale formation can require over 5 million gallons of water 

(Gaudlip et al., 2008; Nicot and Scanlon, 2012); approximately 25% of this water returns 

to the surface as flowback fluid (Hayes, 2009). The sheer volume of fluid used in these 

operations makes its environmental impact very important. 

Flowback fluid is composed of the original fracturing fluid as well as any species 

that may have dissolved or formed in the fluid while underground, including oil and gas 

from geologic formations. It is first sent to a 3-phase separator where it is divided into 

condensate (oil), gas (lighter hydrocarbons), and wastewater. Condensate and wastewater 
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are stored in temporary tanks, although flowback wastewater can also be directed to 

holding ponds, which freely evaporate to the atmosphere. Flowback wastewater is a 

partial mix of the original fracturing fluid and produced water. Produced water is the 

water from oil and gas wells which originates in geologic formations and constitutes the 

largest waste stream generated in oil and gas production (Khan et al., 2016). Volatile and 

semi-volatile compounds which remain in the wastewater after it is separated from the oil 

and gas can enter the atmosphere. These volatile products can include additives which 

were put in the fluid before injection, compounds which dissolve into the water while it is 

underground, as well as those formed from the reaction of additives and underground 

compounds. These potential emissions and their effects on air quality have not yet 

received attention. 

Studies have estimated emissions from hydraulic fracturing activity based on 

bottom-up calculations (Field et al., 2014), regional measurements (Swarthout et al., 

2015), or comprehensive measurements of specific pollutants like methane (Allen et al., 

2013). Hays and Shonkoff (2016) found that 40 out of 46 manuscripts using approaches 

like these reported negative effects on air quality. We focus on the emissions from 

flowback wastewater and their subsequent atmospheric transformations. The organic 

compounds in produced water have been analyzed extensively and often include 

hazardous air pollutants such as BTEX compounds (Khan et al., 2016; Maguire-Boyle 

and Barron, 2014; Orem et al., 2014; Sirivedhin and Dallbauman, 2004; Tellez et al., 

2005; Utvik, 1999). The original fracturing fluid is very important as well as it can 

contain a large number of additives, including organic compounds. Hayes (2009) 

reported that freshly prepared fracturing fluid in the Marcellus contained as much as 1300 

mg/L dissolved organic carbon with a median 226 mg/L (from 19 locations). 
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Organic compounds which evaporate into the atmosphere can be oxidized and 

contribute to the formation of ozone and particulate matter (PM). Ozone formation will 

be most influenced by lighter compounds which form a significant portion of emissions 

but, due to their high vapor pressure, do not tend to persist in flowback wastewater for 

very long. Larger compounds, which remain dissolved in the flowback wastewater for 

longer periods, have higher potential to form particulate matter. The national ambient air 

quality standards from the U.S. Environmental Protection Agency require that ambient 

PM levels remain below 12 μg/m
3
 on a yearly average (U.S. Environmental Protection 

Agency, 2013). Some areas that are currently not able to comply with these standards are 

in areas of oil and gas activity (U.S. Environmental Protection Agency, 2016). 

We analyzed twelve samples of flowback wastewater taken from the Permian 

Basin from separators and flowback storage tanks for their total volatile carbon (TVC) 

content, TVC emission rate, and conducted laboratory chamber experiments to oxidize 

the emissions and quantify the resulting formation of particulate matter. Experiments 

were conducted under high-NOx conditions to simulate an oil and gas production 

environment where heavy machinery is often used.  

5.2 EXPERIMENTAL 

Twelve samples of hydraulic fracturing flowback wastewater were provided by 

Covenant Testing Technologies LLC. The samples came from 5 different sites in the 

Permian Basin and were collected either directly after the 3-phase separator or from the 

aqueous phase storage tank. Additional details on sample location are in Table 5-1.  

5.2.1 Total Organic Carbon and Evaporation Rate 

The total volatile carbon (TVC) of each sample was measured by allowing 0.2-0.8 

mL of flowback sample to evaporate completely in 40-60 L of clean air from an Aadco 
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clean air generator (Model 737-14A) into a Teflon
®
 bag. After the sample evaporated, 

approximately 1 mL of DI water was added to the bag and allowed to partially evaporate 

in order to increase the relative humidity in the bag to above 90% in order to reduce 

condensation of gas-phase species on the bag walls. The gas from the bag was then 

sampled by the hydrocarbon analyzer (Model 55i, Thermo Scientific); concentrations 

were reported in ppm and converted to mg C/L. The detection limit of the hydrocarbon 

analyzer is 0.2 ppm, which means that concentrations below 5.3 mgC/L could not be 

detected. This measurement process was performed shortly after receiving the samples as 

well as approximately 1 year later when environmental chamber experiments took place. 

The TVC evaporation rate from samples was determined by passing 1 L/min 

clean air over 10 mL of a flowback sample which had an exposed surface of 4.9 cm
2
. A 5 

L Teflon
®
 bag was filled and 50 μL of DI water was added to the bag and evaporated to 

increase relative humidity to approximately 40%. The hydrocarbon analyzer was then 

used to determine the amount of evaporated carbon in ppm, which was converted to an 

emission rate (mgC/L-m
2
-min).  

5.2.2 Ammonia Evaporation from Samples 

Ammonia was observed evaporating from samples and was subsequently 

measured using the High Resolution Time of Flight Chemical Ionization Mass 

Spectrometer (HR-ToF-CIMS). 5 μL drops of flowback wastewater were evaporated into 

40°C clean air as it was sampled by the HR-ToF-CIMS. A standard solution of 0.05 M 

ammonium hydroxide (Sigma Aldrich) was used as a reference. Measurement proceeded 

as seen in Figure 5-1. After the baseline was subtracted the data was integrated and 

converted to a concentration based on the reference solution. 
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Figure 5-1. Flowback wastewater evaporation into HR-ToF-CIMS for ammonia 

measurement. 

5.2.3 Environmental Chamber Experiments 

All experiments were performed in the Atmospheric Physicochemical Processes 

Laboratory Experiments (APPLE) chamber located at the University of Texas at Austin 

(UT-Austin). The APPLE chamber is a ~12 m
3
 Teflon ® bag suspended inside of a 

temperature-controlled room. The walls of the room are lined with UV lights which can 

be used to induce photolysis reactions. The intensity of the UV lights has been 

characterized by the photolysis rate of NO2, which was measured to be 0.3 min
-1

, similar 

to ambient NO2 photolysis rates (e.g., 0.46 min
-1

 at a zenith angle of 40°, Carter et al., 

2005). 

Before each experiment the bag was flushed for at least 12 hours with clean air at 

a flow rate exceeding 100 liters per minute. Following the injection of flowback 

wastewater (described below), ammonium sulfate ((NH4)2SO4) particles (Fisher 

Scientific, 99.5%) were injected both to monitor wall loss rates (Crump and Seinfeld, 

1981) as well as to act as seed particles onto which organic vapors can condense. Nitrous 
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acid (HONO) was used to initiate photo-oxidation and serve as a source of NOx. It was 

created by slowly adding 20 mL of 0.05 M H2SO4 to 10 mL of 0.1 M NaNO2 and then 

injected to the chamber by passing air over the solution. Reactions were allowed to 

proceed for at least 4 hours with continuous UV light. Experiments were run in a batch 

mode with no injections or dilution after the experiment was started; the bag volume of 

12 m
3
 allowed ample time for sampling. 

Three different injection methods were used to allow flowback samples to 

evaporate into the chamber. In method 1, 2-4 mL of sample were placed directly in the 

dry chamber at 30°C and allowed to completely evaporate over 16 hours. For this method 

the chamber was humidified to 25-35% RH after evaporation had finished by passing air 

through heated water and into the chamber to minimize the amount of VOC on the walls 

of the chamber. In method 2, 2-10 mL of sample was placed directly into the chamber at 

20°C and allowed to evaporate for 16 hours. Enough water to reach approximately 25% 

RH was misted into the chamber and also allowed to evaporate during this time. The 

increased RH limited evaporation of the sample to 1-2 g of total evaporation. In method 

3, a 2 mL sample was heated as clean air passed over it and into the chamber (at low RH) 

until the sample had completely evaporated. The different injection methods allow 

comparison of PM formation under different evaporation conditions (see Section 5.3.3.1, 

4.3.3.2). Method 1 was judged to be most representable as evaporation of the sample was 

complete (as opposed to method 2) and took place at room temperature (as opposed to 

method 3). Only data from method 1 are shown in Table 5-1. 

Chamber experiments were performed approximately 1 year after samples were 

received. The change in the amount of dissolved volatile carbon was quantified over this 

period as discussed in Section 5.2.1. 
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5.2.4 Instrumentation 

The composition of PM1 (particulate matter smaller than 1 micrometer in 

diameter) formed in chamber experiments was measured using an Aerosol Chemical 

Speciation Monitor (ACSM) from Aerodyne Research Inc. (Ng et al., 2011a). In the 

ACSM, particles are flash-vaporized on a heater at 600 °C, and the resulting gas 

molecules are ionized using electron-impact ionization. This harsh ionization method 

results in fragmentation of most molecules. The molecular fragments, which are 

measured by a quadrupole mass spectrometer, are attributed to four categories—organics, 

nitrate, sulfate, and ammonium - using a fragmentation table (see Section 5.2.4. The 

instrument alternates between normal sampling and sampling through a particle filter, 

enabling subtraction of a gas-phase background. During this study the ACSM was 

operated at a time resolution (filter/sample cycle length) of approximately 90 seconds. 

For some experiments, the size distribution of particles was measured using a Scanning 

Electrical Mobility System (SEMS) from Brechtel Manufacturing, Inc. The SEMS uses a 

Differential Mobility Analyzer (DMA) to size-select particles based on their electric 

mobility, which are then counted by a Condensation Particle Counter (CPC). The DMA 

continuously cycled between the voltages which select particles ranging from 5 to 1000 

nm in diameter, resulting in a time resolution of the particle size distribution of 

approximately 60 seconds. 

Gas and particle phase reaction products were monitored using the HR-ToF-

CIMS (Aljawhary et al., 2013) coupled to the filter inlet for gases and aerosols 

(FIGAERO, Lopez-Hilfiker et al., 2014) from Aerodyne Research, Inc. The HR-ToF-

CIMS uses softer chemical ionization which results in minimal fragmentation of parent 

molecules. Mass spectra are derived from measurements of the ions’ time-of-flight as 

they are pulsed through a low pressure chamber in a “V” shape. Water clusters 
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(H3O
+
·(H2O)n) were used as reagent ions. Water cluster ionization is most sensitive 

towards detection of moderately oxidized hydrocarbons; the ability to ionize and thus 

sensitivity is based on the relative proton affinity between the water cluster and the parent 

molecule (Lindinger et al., 1998).  

Concentrations of NO and O3 were measured using Teledyne chemiluminescence 

NOx and absorption O3 monitors (200E and 400E, respectively); concentrations of NO2 

were measured via an NO2 monitor from Environnement (Model AS32M), which uses a 

Cavity Attenuated Phase Shift (CAPS) method to directly measure NO2 (Kebabian et al., 

2008).  The advantage of this direct NO2 measurement is that it does not rely on NO2 

conversion to NO and therefore does not suffer from interference by other oxidized 

nitrogen compounds such as HONO and organic nitrates (Winer et al., 1973).  

Volatile carbon emissions from samples of flowback wastewater were measured 

using a Thermo Scientific 55i direct methane and non-methane hydrocarbon analyzer. 

The 55i uses a column to separate methane and non-methane hydrocarbons which are 

measured with a flame ionization detector. 

Data Analysis 

When the data were available (samples 3,4,7,8,11,12), the SEMS volume 

concentration was converted to mass using the densities 1.77 g/cm
3
 for ammonium 

sulfate, 1.72 for ammonium nitrate, and 1.4 g/cm
3
 for organics (Ng et al., 2007). Data 

from the ACSM were analyzed in Igor Pro using the software package “ACSM Local,” 

which includes a correction for relative ion transmission efficiency as well as changes in 

the flow rate throughout the experiment. The collected data from the ACSM were 

analyzed using a standard AMS fragmentation table and batch table (Allan et al., 2004), 

with a few modifications: The fragmentation patterns of air at m/z 44 (CO2
+
), m/z 29 
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(N
15

N
+
) and m/z 16 (O

+
) were evaluated using filter data that were collected continuously 

throughout experiments. N
15

N
+
 and CO2

+
 were calculated as constant fractions of the N2

+
 

signal at m/z 28. O
+
 was calculated as a constant fraction of N

+
. The correction for CO2

+
 

from air using the N2
+
 signal was calculated by averaging the filter measurements at the 

beginning of experiments when concentrations were low in order to avoid interference of 

organics being interpreted as CO2
+
 from air. The correction for N

15
N

+
 was calculated as 

an average of all filter data throughout experiments. 

The ACSM does not detect all sampled particles, primarily due to particle bounce 

at the vaporizer, resulting in a collection efficiency (CE) smaller than 1. A composition 

dependent collection efficiency (Middlebrook et al., 2012) was applied to correct for this. 

When the density-corrected SEMS data was available it was typically within 5% of the 

total mass estimated by the ACSM using the composition dependent collection 

efficiency. A characteristic time series of mass concentrations from the ACSM (not 

corrected for wall losses) is shown in Figure 5-2a. A depositional wall loss correction 

(Crump and Seinfeld, 1981) was applied, though PM formation seemed to cease within 

20-30 minutes after the start of photo-oxidation (Figure 5-2b) 

Data from the HR-ToF-CIMS were analyzed in Igor Pro (Wavemetrics) using 

Tofware, the software provided with the instrument. The data were first mass calibrated 

based on HR-ToF-CIMS reagent ions and other known ions. The baseline was subtracted 

and the average peak shape was found so it could be used for high resolution analysis, 

through which multiple ions can be identified at any given integer m/z. Ions up to m/z 350 

were analyzed in high resolution mode. After ions were identified in the high resolution 

spectrum, the peaks were integrated to yield the concentration time series of each ion. 

Analyte ion concentrations were then normalized by the reagent ion concentrations: the 

sum of H3O
+
, H3O

+∙(H2O) and H3O
+∙(H2O)2. This correction accounts for changes in 
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reagent ion concentrations and instrument sensitivity during and between experiments. 

Relative humidity can affect instrument sensitivity, but this was set to approximately 

30% for all experiments. 

During gas-phase sampling (see Figure 5-4a), OA particles were collected on a 

Teflon filter as part of the FIGAERO. After approximately 30 minutes a heated (125°C) 

stream of clean, dry air was used to desorb the organic aerosol compounds into the gas 

phase so they could be measured by the HR-ToF-CIMS (Figure 5-4b). 

5.3 RESULTS AND DISCUSSION 

5.3.1 Volatile Carbon Content and Emissions 

The measured levels of TVC are shown in Table 5-1 along with other 

measurements from the flowback wastewater. We note that wall losses during these 

measurements could cause an underestimation of the amount of TVC; the increased RH 

during sampling is meant to mitigate this effect. The data in Table 5-1 were taken at the 

time of chamber experiments, approximately 1 year after the samples were received. The 

samples remained in sealed bottles during this time but were opened for various 

characterizations. During this year the amount of TVC in the samples decreased by 25% 

on average. 
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Table 5-1. Flowback wastewater properties and amounts of particulate matter formed. 

 
TVC 

(mgC/L) 

Evap. 
rate  

(mgC/L-
m

2
-min) 

TAN
a
 

(mg/L) 
NH4NO3 
formed

b
  

OA 
formed

b
 

AmmNit 
yield

c
 

OA/ 
TVC 

Location
d
 

sample 1 42 1298 104 277 41.2 0.47 0.99 L1W3S 

sample 2 23 333 173 92 10.2 0.09 0.44 L2W3T1 

sample 3 <5.3 122 168 300 4.5 0.31  L2W3T2 

sample 4 92 5286 88 294 91.2 0.58 1.00 L2W2S 

sample 5 <5.3 192 283 252 4.0 0.16  L2W2T1 

sample 6 15 277 147 337 15.1 0.40 1.02 L2W2T2 

sample 7 40 1026 109 231 11.8 0.37 0.30 L3W1S 

sample 8 38 692 144 219 45.5 0.27 1.19 L4W1T1 

sample 9 43 5700 185 364 39.7 0.34 0.93 L4W1T2 

sample 10 21 386 94 316 5.6 0.59 0.27 L5S 

sample 11 20 459 208 256 5.7 0.22 0.29 L5T1 

sample 12 19 510 121 210 15.9 0.30 0.82 L5T2 

average 29 1357 152 262 24.2 0.34 0.72  
a
Total Ammonia Nitrogen (see Section 5.3.2) 

b
Units are μg per mL evaporated 

c
Ammonia from ammonium nitrate divided by ammonia measured by the HR-ToF-CIMS 

d
Location format is L[location number]W[well number at location]T or S[tank number, or S if taken from 

separator] 

Measured levels of TVC (Table 5-1) ranged from below the detection limit of 5.3 

to 92 mg/L with an average of 29 mg/L. Some of the TVC levels are comparable with 

measurements of total dissolved organic carbon in produced water in the Permian Basin 

from Khan et al. (2016), which ranged from 63 to 146 mg/L (average 109 mg/L). Other 

samples (e.g. samples 3,5,6) had significantly lower levels of TVC. Levels of total 

organic carbon (TOC) in natural waters in the Permian Basin are typically 0-10 mgC/L 

(TCEQ, 2016). Measurements of TOC differ from measurements of TVC as TOC also 

includes organic compounds that do not evaporate. Thus, TOC measurements are 

expected to be higher than TVC, and most flowback wastewater samples contain 

significantly more volatile carbon than natural waters.  The increased formation of OA 

when samples were evaporated at high temperature in chamber experiments (method 3, 
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see Section 5.3.3.1) suggests that a significant portion of carbon in samples does not 

volatilize at room temperature and thus is not counted towards TVC. 

Several factors can affect the amount of carbon in wastewater samples. Flowback 

wastewater is a mixture of natural waters and the original fracturing fluid, both of which 

vary in composition based on several factors. There is variability in the carbon content of 

the produced water from geologic formations; this water can vary by the geology of a 

formation and by the age of the field (Dudasova et al., 2009). The organic carbon content 

of freshly prepared fracturing fluid can vary significantly. Fracturing fluid is tailored to a 

specific location but also varies by the manufacturer of the fluid (U.S. Environmental 

Protection Agency, 2015). It is designed to have the viscosity, friction, and other 

characteristics best suited to fracture a geologic formation. Hayes (2009) reported that for 

sites in the Marcellus shale gas region TOC in fracturing fluid before injection was 5.6 – 

1260 mg/L (median 226 mg/L)  and then decreased to 3.7 – 388 mg/L (median 62.8 

mg/L) and then 1.2 – 509 mg/L (median 38.7 mg/L) after 5 and 14 days of flowback, 

respectively. Thus Hayes observed a decrease in the median concentrations of TOC over 

time but an increase over time in some samples (maximum 388 mg/L after 5 days and 

maximum 509 mg/L after 14 days). Lastly, the separation of the wastewater from 

flowback fluid can vary in efficiency and samples which have had more time since 

separation to vent will have lower levels of volatile carbon. 

The hydrocarbons in these samples were not detectable with the HR-ToF-CIMS 

using H3O
+
(H2O)n clusters, suggesting that they are dominated by nonpolar compounds. 

This is consistent with the observations of Tellez et al. (2005) and Khan et al. (2016) that 

alkanes are the dominant hydrocarbon in produced water. Khan et al. reported that 

straight chain alkanes were the most abundant, followed by cyclohexanes and 

cyclopentanes.  
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The evaporation rate of carbon ranged from 122 to 5700 mgC/L-m
2
-min (with an 

average of 1357 mgC/L-m
2
-min) and correlated with TVC for most samples (Table 5-1). 

The exceptions were samples 4 and 9, which had very high evaporation rate. This may be 

an indication that these samples contain a higher fraction of lighter hydrocarbons 

compared to the other samples; lighter hydrocarbons have a higher vapor pressure and 

evaporate more quickly. The significant correlation between evaporation rate and TVC 

(R
2
 = 0.61, or R

2
 = 0.82 excluding samples 4 and 9) suggests that samples are composed 

of organic compounds with similar vapor pressures, despite having very different 

concentrations of these organic compounds. The Water9 model from the U.S. 

Environmental Protection Agency (2006) is used to estimate air emissions from process 

equipment.  The estimated evaporation rate from the Water9 model for a mixture of 30 

mgC/L n-decane with water is 7400 mgC/L-m
2
-min – approximately 1.3 times the 

evaporation rate from sample 9 but 5.4 times the average evaporation rate from all 

samples. Thus, based on the Water9 model the samples likely contain compounds which 

evaporate from water at a rate similar to n-decane as well as larger, less volatile organic 

compounds. 

5.3.2 Ammonia Emissions 

Ammonia was observed when droplets were evaporated into the HR-ToF-CIMS. 

Ammonia in water can be in the form of dissolved NH3 or aqueous NH4
+

, depending on 

the pH and temperature, so for simplicity it is measured as total ammonia nitrogen 

(TAN). TAN concentrations in these samples ranged from 88 to 283 mg/L. All measured 

TAN levels were at least 5 times the acute EPA criterion (17 mg/L) and more than 40 

times the chronic EPA criterion (1.9 mg/L) for natural fresh waters (U.S. Environmental 

Protection Agency, 2013a).  



 134 

The source of ammonia in this wastewater is uncertain. Ammonia can be a 

contaminant of produced water (Arthur et al., 2005). In the Marcelles Shale, Hayes 

(2009) observed TAN concentrations of 0.28 – 441 mg/L (median 5.9) in freshly 

prepared fracturing fluid which increased to 29.4 – 199 mg/L (median 71.2) and then 3.7 

– 359 mg/L (median 124.5 mg/L) after 5 and 14 days of flowback, respectively. The 

increase in median TAN concentrations with time suggests that produced water can be a 

source of ammonia. However, the Permian Basin is known for having lower ammonia 

levels (Hong et al., 2013). The data from Hayes also suggest that ammonia can be a part 

of the original fracturing fluid, and ammonium salts are a common ingredient of 

fracturing fluid (U.S. Environmental Protection Agency, 2015). Thus, the original 

fracturing fluid may be the largest source of ammonia for these samples. 

5.3.3 Particulate Matter Formation 

Particulate matter formed as evaporated flowback wastewater was exposed to a 

photo-oxidative, high-NOx atmosphere. PM data from a characteristic experiment is 

shown in Figure 5-2a. It is important to divide particulate matter by source as organic 

compounds formed organic aerosol, while ammonia emissions combined with HNO3 

produced in the high NOx environment of these experiments to form ammonium nitrate. 

The amount of particulate ammonium attributable to the ammonium sulfate seed particles 

was calculated from the ammonium:sulfate molar ratio (2 for ammonium sulfate), and  

extra ammonium was attributed to ammonium nitrate. The process results in two PM 

measurements, organic PM and ammonium nitrate, as seen in Figure 5-2b with wall-loss 

corrections and collection efficiency (see Section 5.2.4) applied. We note that HONO-

initiated photochemistry proceeds very quickly so we see little growth of PM after the 
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first 20 minutes of photo-oxidation. After PM formation was observed to level off, 20 

minutes of data were averaged and summarized in Table 5-1.  

 

 

Figure 5-2. (a) PM data from a characteristic experiment (sample 4) showing the growth 

of organics, nitrate, and ammonium. (b) The same experiment showing the 

analyzed data in which PM is divided into organics and ammonium nitrate. 

Collection efficiency has been applied to both graphs, wall loss corrections 

were applied in (b) but not (a). 

5.3.3.1 Organic PM 

In Table 5-1 organic PM has been expressed as the amount of organic PM formed 

per mL of evaporated flowback wastewater. As expected, organic PM formation 

correlated linearly (R
2
=0.85) with the measured amount of TVC (see Section 5.3.1). This 

is important as it suggests that though concentrations are different, the carbon compounds 

that compose the TVC in different samples have similar potential to form organic aerosol. 

This makes it possible to extrapolate these findings to flowback wastewater evaporations 

from other locations. 



 136 

 

Figure 5-3. Correlation between OA formed and measure of TVC in samples. Samples 3 

and 5 are included at TVC = 2.65 mgC/L (one half the detection limit). 

The compounds formed from the oxidation of evaporated flowback wastewater 

can be observed with the HR-ToF-CIMS. With the FIGAERO, oxidized particle-phase 

compounds can also be observed. Figure 5-4a shows the gas phase growth of many 

compounds which have 8-13 carbon backbones. In the particle phase these compounds 

also have a significant presence but molecules with 14 to 24 carbons play a significant 

role too (Figure 5-4b). Higher molecular weight compounds require fewer stages of 

oxidation to reach low enough vapor pressure to partition to the particle phase. Thus we 

expect higher OA mass yields from higher molecular weight compounds. The y-axis for 

Figure 5-4a and 5-4b is arbitrary as explicit calibration for all of these compounds is not 

possible, especially as only empirical formula is known and not the molecular structure. 

Figure 5-4a and 5-4b show qualitatively the growth of important compounds. These 

results indicate that the TVC from these samples contains a wide range of compounds 

and that a large fraction of these compounds contain 8 to 16 carbon atoms. Figure 5-4 

also shows the molecular formulas of compounds seen in the figure. We note that organic 
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nitrates (containing an ONO2 functional group) compose a significant portion of the 

compounds observed. 

 

Figure 5-4. HR-ToF-CIMS data from the (a) gas-phase and (b) particle-phase. The 

compounds which are on the graphs are shown at the right. 

SOA yield is typically expressed as the ratio of OA formed divided by the mass of 

volatile organic compound (VOC) reacted. For these experiments the amount of VOC 

reacted is not known as the only measurement available is the amount of total volatile 

carbon in the wastewater. The extent of reaction for the measured carbon is also not 

known, though Loza et al. (2014) observed that at least 95% of 12 carbon VOCs reacted 

in high-NOx photo-oxidative conditions. A similar approach to SOA yield is taken here 



 138 

by dividing OA formed by the TVC as reported in Section 5.3.1. In Table 5-1 the average 

OA/TVC is 0.7, and several experiments had OA/TVC near 1 or higher. Wall losses 

cannot be estimated in the original TVC measurements, and these losses (which are not 

accounted for) could result in underestimate of TVC and overestimate of OA/TVC. The 

amount of TVC reacted would also be needed to report yield, as opposed to OA/TVC. 

Yields calculated using the true VOC mass (including hydrogen), which is not available 

for these samples. Thus, caution should be taken in comparing OA/TVC to SOA yield. 

Lim and Ziemann (2009) estimated the high-NOx SOA yield at 0.15 and 0.35 for 

10 and 12 carbon linear alkanes. Loza et al. (2014) estimated a high-NOx yield of 0.11-

0.62 for linear and branched 12 carbon alkanes. The OA/TVC estimates reported here are 

higher than those previously reported for 10-12 carbon VOCs. The composition of the 

VOCs is not known for these samples, and the OA/TVC to SOA yield comparison is 

subject to several uncertainties as discussed above. A key result from this work is that a 

high portion of VOCs which evaporated from flowback wastewater formed organic PM. 

Hydrocarbon emissions are a part of oil and gas activity, but the bulk of those emissions 

are lighter compounds which do not form PM upon oxidation. It is important to point out 

that, despite much lower emissions by volume, hydrocarbons emitted from flowback 

wastewater have a high potential to form PM. 

The different methods of flowback wastewater evaporation for chamber 

experiments give insight to emissions and potential for particulate matter formation. 

When samples were heated and evaporated quickly to the chamber (method 3, Section 

4.2.3) an average of 78% more OA formed. This suggests that a significant portion of 

hydrocarbon content in these samples does not volatilize at the 30°C used for the other 

injections and for the measurement of TVC. This has implications on the potential for the 

PM formation from evaporations of flowback wastewater at different temperatures. Oil 
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and gas activity takes place across a wide range of temperatures. If 78% more OA formed 

when samples were heated then OA formation could differ greatly between a very hot 

climate like the summer-time Permian Basin in West Texas and a very cold one like the 

winter-time Bakken Formation in North Dakota. In addition to evaporation, partitioning 

between the gas and particle phase is also affected by temperature. The combined effect 

of temperature on evaporation and on partitioning will need to be understood to correctly 

predict differences in PM formation from flowback wastewater evaporations. 

In method 2 more flowback wastewater was injected to the chamber but because 

of the high initial RH the samples did not evaporate completely over the 16 hours 

allotted. Despite this, and the lower evaporation temperature (20°C instead of 30°C), OA 

formation/mL (normalized by mL placed in the chamber, not by the amount evaporated) 

was roughly equal to that in method 1 even though only 20% of the original sample 

evaporated. This suggests that hydrocarbons evaporate much more quickly than the water 

in which they are dissolved (see Section 5.3.3.2).  

5.3.3.2 Ammonium Nitrate 

Table 5-1 shows ammonium nitrate data in terms of micrograms formed per mL 

of flowback wastewater evaporated. Ammonia emissions are significant because under 

high-NOx conditions 1 kg of ammonia can be transformed into up to 4.7 kg of 

ammonium nitrate. Because experiments were conducted at high-NOx levels we assume 

that an excess of HNO3 is available and ammonia is the limiting reactant in ammonium 

nitrate formation in these experiments. Thus the numbers in Table 5-1 can be considered 

as an upper limit to the potential for ammonium nitrate formation from these 

evaporations of flowback wastewater. Ammonium nitrate formation was significant as it 

accounted for 90%, on average, of the total PM formed in chamber experiments.  
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While OA formation was consistent between injection method 1 and 2, regardless 

of whether the entire sample evaporated, ammonium nitrate formation appears to be 

higher when the sample evaporates completely. Ammonium nitrate formation from 

injection method 3 was only 40% of that from injection method 1. During HR-ToF-CIMS 

injections ammonia evaporations were observed in the gas phase until the droplet had 

completely evaporated (see Figure 5-1). This implies that while organic compounds 

evaporate much faster than water, ammonia evaporates closer to the rate of water. 

The Water9 model from the U.S. Environmental Protection Agency (2006) 

suggests that for water with 30 mgC/L decane and 150 mg/L TAN (the average of these 

samples), the initial evaporation rate for decane is approximately 25 times that of 

ammonia on a weight basis. This is consistent with observations that carbon compounds 

appear to evaporate rapidly while ammonia evaporates at a rate similar to water. Venting 

and partial evaporation are more likely emission scenarios of flowback wastewater than 

complete evaporation. Thus a model such as Water9 will play an important role in 

estimating emissions of organic compounds and ammonia. 

5.3.4 Discussion and Implications 

In a simplified, yet illustrative calculation we show the scale of these emissions 

towards PM2.5 formation in the State of Texas. In 2008 there were 40 million m
3
 of water 

used for hydraulic fracturing across the state (Nicot and Scanlon, 2012). We assume that 

25% of this water flows back to the surface and the water has the average potential to 

form ammonium nitrate and OA from Table 5-1. Under a complete evaporation scenario 

the subsequent atmospheric transformations would produce 2900 tons/year of ammonium 

nitrate and 270 tons/year of OA. For reference, in the State of Texas rig emissions of 

PM2.5 were estimated at 2470 tons/year in 2008 (Baker and Pring, 2014) and in 1997 
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biomass burning emissions of PM2.5 were 46,000 tons/year in the state (Dennis et al., 

2002). This suggests that formation of PM2.5 from evaporated wastewater can 

significantly add to the PM2.5 burden. While not explored in this work, under more 

moderate NOx conditions the atmospheric processing of evaporated wastewater can also 

result in significant formation of ozone. In one experiment, in which hydrogen peroxide 

and NO were used as sources of ∙OH and NOx (approximately 1:1 VOC:NOx), significant 

ozone production was observed, which was in line with amounts predicted by the CB6r2 

mechanism (the mechanism used in the CAMx regional model). Thus, evaporation of 

hydraulic fracturing wastewater and its atmospheric processing can significantly affect air 

quality 

Overall, our work shows that compounds which evaporate from hydraulic 

fracturing flowback wastewater have potential to form PM. The organic compounds 

appear to be high molecular weight compounds which form OA at high yield. Ammonia 

emissions appear to be significant, especially as ammonia rapidly forms ammonium 

nitrate PM in high NOx environments such as the high machinery areas of oil and gas 

activity. 

The potential of flowback wastewater to influence air quality will depend on the 

amount of evaporation. These rates are complicated for mixtures of many compounds 

such as flowback wastewater. Storage tanks further complicate estimates of evaporate 

rate because of the high variation in the amount of ventilation between different types of 

tanks. Models are needed to correctly estimate evaporation from these types of mixtures 

from different varieties and conditions of storage tanks. Updated emission inventories 

will require additional measurements such as those reported here. These inventories, 

which estimate the number and types of tanks as well as their contents, are needed to 

correctly assess the regional impact of flowback wastewater management strategies.  
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Chapter 6:  Summary and Future Work 

6.1 SUMMARY 

This work has improved understanding of the interaction between NOx, organic 

compounds, and particulate matter (PM) in three applications: 1 – organic nitrate 

partitioning and hydrolysis, 2 – interactions between biogenic organic compounds and 

anthropogenic oxidants, and 3 – atmospheric impacts of hydraulic fracturing activity. 

Gas-particle partitioning and hydrolysis of organic nitrates (ON) influences their 

role as sinks and sources of NOx and their effects on the formation of tropospheric ozone 

and organic aerosol (OA). Organic nitrates were formed from the photo-oxidation of α-

pinene in environmental chamber experiments under different conditions. Particle-phase 

ON hydrolysis rates consistent with observed ON decay exhibited a nonlinear 

dependence on relative humidity (RH): an ON decay rate of 2 day
-1

 was observed when 

the RH ranged between 20 and 60%, and no significant ON decay was observed at RH 

lower than 20%. In experiments when the highest observed RH exceeded the 

deliquescence RH of the ammonium sulfate seed aerosol, the particle-phase ON decay 

rate was as high as 7 day
-1

 and more variable. The ON gas-particle partitioning was 

dependent on total OA concentration and temperature, consistent with absorptive 

partitioning theory. In a volatility basis set the ON partitioning was consistent with mass 

fractions of [0 0.11 0.03 0.86] at saturation mass concentrations (C*) of [1 10 100 1000] 

µg m
-3

. 

Particulate matter was measured in Conroe, Texas (~ 60 km north of downtown 

Houston, Texas) during the September 2013 DISCOVER-AQ campaign to determine the 

sources of particulate matter in the region. The measurement site is influenced by high 

biogenic emission rates as well as transport of anthropogenic pollutants from the Houston 

metropolitan area and is therefore an ideal location to study anthropogenic-biogenic 
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interactions. Data from an Aerosol Chemical Speciation Monitor (ACSM) suggest that on 

average 64 percent of non-refractory PM1 was organic material, including a high fraction 

(27-41%) of organic nitrates. There was little diurnal variation in the concentrations of 

ammonium sulfate; however, concentrations of organic and organic nitrate aerosol were 

consistently higher at night than during the day. Potential explanations for the higher 

organic aerosol loadings at night include changing boundary layer height, increased 

partitioning to the particle phase at lower temperatures, and differences between daytime 

and nighttime chemical processes such as nitrate radical chemistry. Positive matrix 

factorization was applied to the organic aerosol mass spectra measured by the ACSM and 

three factors were resolved – two factors representing oxygenated organic aerosol and 

one factor representing hydrocarbon-like organic aerosol. The factors suggest that the 

measured aerosol was well mixed and highly processed, consistent with the distance from 

the site to major aerosol sources, as well as the high photochemical activity. 

Hydraulic fracturing flowback wastewater samples from the Permian Basin were 

analyzed for their potential to produce PM in high-NOx environmental chamber 

experiments. Ammonia emissions were observed and measured as samples evaporated 

using a High Resolution Time of Flight Chemical Ionization Mass Spectrometer (HR-

ToF-CIMS). Total Volatile Carbon (TVC) and the initial hydrocarbon evaporation rate 

were measured for each sample using a hydrocarbon analyzer (Thermo Scientific 55i). 

PM growth was observed in all chamber experiments using the ACSM. Both organic 

aerosol and ammonium nitrate formed in these experiments for all samples. A high 

portion of evaporated organic compounds reacted to form OA and OA correlated with the 

amount of TVC. A Filter Inlet for Gases and Aerosols (FIGAERO) was coupled to the 

HR-ToF-CIMS for particle phase measurements during chamber experiments. 
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Compounds with 8 to 13 carbon atoms dominated the gas phase; a large fraction of the 

particle phase was composed of compounds with 14 to 24 carbon atoms. 

Overall, the work presented in this thesis suggests that an understanding of NOx, 

organic compounds, and PM will be required to efficiently push towards cleaner air. 

Emissions of these compounds are not likely to decrease drastically in the near future. As 

the understanding of these compounds and their interactions grows it can be applied in 

greater detail to help solve current and future air quality issues, including those discussed 

in this thesis. 

6.2 FUTURE WORK 

6.2.1 Organic Nitrate Hydrolysis and Partitioning 

The partitioning and hydrolysis of ON was quantified here for compounds derived 

from α-pinene. Previous measurements have quantified hydrolysis for ON derived from 

trimethyl benzene (Liu et al., 2012) and β-pinene (Boyd et al., 2015) and partitioning of 

ambient ON (Rollins et al., 2013). More measurements are needed which span a wider 

range of compounds and conditions. As these measurements proceed there will need to be 

some focus on the amount of ON which hydrolyzes because hydrolysis is very different 

for tertiary ON molecules as opposed to primary and secondary. In addition, the chamber 

conditions can be varied in future experiments to explore the effect of other parameters 

on hydrolysis. In this work the increased hydrolysis rate at very high RH (>80%) was 

interesting and deserves more investigation. The temperature dependence of hydrolysis 

rate could be important and should receive attention as well. 

Modeling ON behavior of hydrolysis and partitioning has only recently begun. 

Collaboration between modelers and experimentalists will be necessary to accurately 

represent these processes in regional chemical transport models. The recent CAMx 
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mechanism Carbon Bond 6 version 2 (CB6v2) uses the results from Liu et al. (2012) and 

Rollins et al. (2013) to estimate the organic nitrate hydrolysis rate in the particle phase. 

More studies are needed to verify that model parameters for hydrolysis and partitioning 

are based on representative data.  

6.2.2 Anthropogenic – Biogenic Field Measurements 

As regions push towards lower and lower levels of PM and ozone it will be very 

important to understand the contribution from biogenic VOCs in order to reduce PM and 

ozone in the most efficient ways possible. Measurements of specific biogenic VOCs such 

as isoprene and terpenes will be very valuable in understanding their contributions to PM 

and ozone formation. Radiocarbon analysis which shows the portion of biogenic and 

anthropogenic carbon will be very valuable for these types of measurements as well. 

The development of standard procedures with the HR-ToF-CIMS can help further 

this area, and field measurements in general. The instrument detects an immense number 

of compounds and is able to take measurements in real time due to its high time 

resolution. The difficulty is that compounds observed in field measurements cannot easily 

be quantified unless their molecular configuration is known and a calibration standard 

can be acquired. In a recent publication from Lee et al. (2016) an averaged calibration 

curve from isoprene hydroxynitrates was applied to all particle phase ON observed with 

the FIGAERO and HR-ToF-CIMS through iodide ionization. If methods like this can be 

developed and verified then an incredible amount of data will become available on 

organic compounds in the gas and particle-phase. Positive matrix factorization with the 

HR-ToF-CIMS will likely yield very valuable data in the future as this method is 

developed. 
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6.2.3 Hydraulic Fracturing Emissions 

Even emissions from conventional oil and gas activity are still a point of ongoing 

research. In the oil and gas industry there is a lot of variation between regions and 

between operators in how things processes are conducted and this results in a broad range 

in the magnitude of emissions from this activity. This will be true for the hydraulic 

fracturing process as well. In this work the air-quality impacts of emissions from one part 

of the hydraulic fracturing process in one region were investigated. 

Eventually, field measurements are going to be needed to understand and quantify 

the sources of emissions. These on-site measurements are costly though, so lab samples 

such as those in this work will be very valuable in paving the way towards field 

measurements. More laboratory measurements, such as the ones described in this thesis, 

will be needed to quantify the carbon content of samples from different regions, and their 

potential to form PM. More measurements will also show whether ammonia emissions 

are widespread across the industry or whether these emissions could easily be removed 

by changing the way that wells are hydraulically fractured. Laboratory and field 

measurements can also show whether there are better ways to run process equipment 

such as separators. As important emissions are identified they can receive additional 

attention. A broad spectrum of measurements from all the different processes will be 

needed to start building emission inventories and to understand the effect of these 

operations on air quality.  
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