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ABSTRACT 

 
New Chemical Aerosol Characterization Methods- Examples Using Agricultural and 

Urban Airborne Particulate Matter.  

(August 2010) 

Lijun Zhou, B.A., Qingdao University; 

M.S. Peking University 

Chair of Advisory Committee: Dr. Gunnar W. Schade 

 

This study explored different chemical characterization methods of agricultural 

and urban airborne particulate matter. Three different field campaigns are discussed. For 

the agricultural aerosols, measurement of the chemical composition of size-resolved 

agricultural aerosols collected from a ground site at the nominally downwind and 

upwind edge of a feedlot in West Texas were reported. High volume cascade impactor 

samplers were used for the collection of the particles, and two major analytical methods 

were applied to characterize different components of the aerosols, ion chromatography 

(IC ) was used to measure ionic composition with the main targets being ammonium 

(NH4
+), nitrate (NO3

-), and sulfate (SO4
2-), direct thermal desorption gas 

chromatography-mass spectrometry/flame ionization detection (GC-MS/FID) 

methodology was used to identify and quantify organic compounds in the aerosol 

particles.  

For the urban aerosols, I report the measurement of mass, and the chemical 

composition of size-resolved aerosols collected from two different locations in Houston, 

analyzed by the thermal desorption GC-MS/FID method. The investigation of single 

particle composition using RM is reported as well: RM and chemical mapping 

techniques have been applied for the qualitative analysis of components in the samples 

of air particulate matter collected in downtown Houston.  
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CHAPTER I 

INTRODUCTION 
Increases in the size and number of concentrated animal feeding operations 

(CAFOs) have lead to an increase in public concern regarding the emission of 

atmospheric pollutants, including particulate matter (PM) and odor emissions. PM 

emissions impact atmospheric visibility directly, can indirectly affect the global radiation 

balance, and can be detrimental to human health. In addition, particles can affect cloud 

formation by causing changes in condensation nuclei. Large particles, commonly called 

dust, are usually associated with natural sources, such as wind-blown soil particles, and 

can be both a nuisance and health concern. Agricultural, fugitive dust is a significant 

source of local air pollution in the semi-arid southern Great Plains. The generation and 

emission of aerosol particles from animal feeding operations have long been known to 

affect local air quality, animal and human health (Rule et al., 2005; Schicker et al., 2009). 

It is also connected to direct environmental impacts on the surrounding environment, 

such as from odorous volatile or semi-volatile compounds transported with the 

agricultural particles (Miller et al., 2001; Merchant et al., 2005). Therefore, these 

agricultural aerosols must be considered in assessments of the impacts of aerosols on 

visibility, climate forcing and human health. 
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Gaseous emissions from agriculture have been known as a significant regional, 

national, and global source of methane, ammonia, nitrogen oxides and nitrous oxide 

(NRC 2003; Hiranuma et al., 2010). These trace gas emissions are often associated with 

emissions from cattle feeding operations, such as open air animal feeding facilities 

(Parker et al., 2005). Daily formation and emission of trace gases through agricultural  

activities are issues of concern to the public and the government. However, accurate 

estimation of air emissions from Animal Feeding Operations (AFOs) is complicated by 

various factors, including the kinds and number of animals involved, their diets and 

housing, the management of their manure, and climate and weather conditions. State and 

federal regulators try to assess the impacts of agricultural production on air quality 

(Sweeten et al., 1998). However, accurate data for a number of regulated pollutants is 

lacking, and more measurements of agricultural aerosols are needed. 

A better understanding of the chemical composition of PM is also necessary for a 

complete understanding of PM emissions and impacts (Takahama et al., 2007; Moffet et 

al., 2009). A number of studies have shown that the chemical composition of aerosols 

plays an important role in changing its physical properties, such as particle size and 

hygroscopicity (Brooks et al., 2002, 2004; Chan and Chan, 2003; Gysel et al., 2004). 

Ammonia is arguably the most important trace gas emitted from animal feeding 

operations. After its emission, ammonia is normally converted into particle-phase 

ammonium in the atmosphere within several days. Under typical atmospheric conditions, 

conversion of ammonia to the particle phase is likely to happen by the reactions between 

ammonia and gas phase inorganic compounds, such as sulfuric acid or nitric acid, to 

form ammonium sulfate and ammonium nitrate, respectively (Kim and Seinfeld, 1996). 

Field measurements of ammonia at agricultural sites, however, especially at open air 

AFOs, representing a large fraction of the total animal population, are still limited.  In 

fact, only a few studies have been conducted at feedlots representative of the large 

facilities that are often found in the southwest United States (Faulkner et al., 2008; Todd 

et al., 2008). One study was conducted by Koziel and coworkers (2004) at a large open 

air facility in the Texas Panhandle referred to as Feedlot C, where around 45,000 head of 
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cattle are housed on one square mile. Hourly averaged concentrations of NH3 of ~700 

ppbv were measured with a large standard deviation. Part of our work includes the 

measurement of ammonium in the particulate matter at the studied field site, and will be 

described below. Similar to ammonium, AFOs are also known to emit volatile fatty acids 

(VFAs) (Ngwabie et al., 2007); the latter can adsorb rapidly to the ambient aerosol 

depending on meteorological conditions and upwind ambient aerosol mass and 

composition. Results for identified VFAs will be presented as well.  

Recently, several studies have introduced direct thermal desorption with 

subsequent gas chromatographic separation for the determination of organic compounds 

in atmospheric aerosols (Ho et al., 2004; Welthagen et al., 2003; Kotianová et al., 2004; 

Goldstein et al., 2008; Ding et al., 2009).  Ho et al. (2004) provided an approach for the 

analysis of aerosol alkanes and polycyclic aromatic hydrocarbons (PAHs) instead of the 

traditional solvent extraction method (Sin, D.W et al 2002). In their approach, small 

strips of aerosol-laden filter materials were packed into a GC split/splitless injector liner. 

Alkanes and PAHs on the filter are thermally desorbed in the injection port and focused 

onto the head of a GC column for subsequent separation and detection by GC/MS. 

Kotianová et al. (2004) reviewed organics in aerosols analyses, which presented the 

procedures and methods used for identification of organic compounds in the particulate 

matter, showing that GC-MS is one of the most widely used techniques to separate, 

identify and quantify individual species within aerosol particles. Compared with the 

traditional solvent extraction method, direct thermal desorption analysis has the 

advantage of lower detection limits under most conditions. The thermal desorption 

method also avoids the complicated and time-consuming sample handling process and 

possible contamination from the solvents. The thermal desorption method has most often 

been used for non-polar organics as compared with polar organics (Welthagen et al., 

2003). Goldstein et al. (2008) reported a new version of such an instrument used for the 

measurement of organic compounds in ambient aerosols, called 2D-TAG. It combines 

two dimensional GC (GC×GC) with the thermal desorption aerosol treatment. This 

instrument greatly improved the separation of organic compounds in the ambient 
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aerosols collected. In another study of TD-GC/MS, the authors used thermal desorption, 

cryofocusing, and GC/MS successfully to identify 60 target compounds from ambient 

particulate matters in Gold, BC, Canada (Ding et al., 2009). 

Chemical analysis of ambient aerosols is important in identifying the sources, 

transportation and formation mechanism of these aerosols. Therefore, my scientific 

objective of this research is to characterize the chemical composition of aerosols, and try 

to relate the chemical to other aerosol properties. I will describe below the sampling 

conditions at the field sites studies, the sampling methods, and the instruments used for 

chemical analysis in the laboratory. The study’s main focus is on the measurement of 

particulate matters emitted from animal feeding operations, and was designed to 

characterize selected chemical properties of both coarse and fine particles. 

Raman Microspectroscopy (RM) is another analytical technique developed 

recently for the investigation of single particle composition (Takahama et al., 2007).It is 

a powerful technique to study chemical composition of atmospheric particles on a single 

particle basis. Recently, RM was used to create chemical maps of single atmospheric 

aerosols and pollen grains (Everall, 2000a and 200b; Sadezky et al., 2005; Lee and Chan, 

2007; Tomba and Pastor, 2007; Schulte et al., 2008), this technique enables us to 

investigate the degree of internal mixing of multiple components in a single particle. RM 

and mapping have been applied for the analysis of soot, humic-like substances (HULIS) 

and inorganic compounds in size resolved samples of air particulate matter(Ivleva et al., 

2007). Here, I applied RM for the investigation of atmospheric aerosol particles 

collected with PIXE Streaker sampler, explored the potential of this technique for 

qualitative analysis of soot, humic-like substances, organics and inorganic components 

in atmospheric particulate matter. 

This study explored different chemical characterization methods of agricultural 

and urban airborne particulate matter. Three different field campaigns are discussed. For 

the agricultural aerosols, I report measurement of the chemical composition of size-

resolved agricultural aerosols collected from a ground site at the nominally downwind 

and upwind edge of a feedlot in West Texas. High volume cascade impactor samplers 
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were used for the collection of the particles, and two major analytical methods were 

applied to characterize different components of the aerosols, ion chromatography ( IC ) 

was used to measure ionic composition with the main targets being ammonium (NH4
+), 

nitrate (NO3
-), and sulfate (SO4

2-), direct thermal desorption gas chromatography-mass 

spectrometry/flame ionization detection (GC-MS/FID) methodology was used to 

identify and quantify organic compounds in the aerosol particles. For the urban aerosols, 

I report the measurement of mass, and the chemical composition of size-resolved 

aerosols collected from two different locations in Houston, analyzed by the thermal 

desorption GC-MS/FID method. The investigation of single particle composition using 

RM is reported as well: RM and chemical mapping techniques have been applied for the 

qualitative analysis of components in the samples of air particulate matter collected in 

downtown Houston.  
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CHAPTER II 

METHODOLOGY 
2.1 Sites Description and Sampling Setup 

In June and July 2007, and July 2008, field studies were conducted in Tulia, TX, 

where 45,000 head of cattle are housed in an open air feedlot (2.6 km2), called “Feedlot 

C”, which is a representative open air feedlot run by the Texas Cattle Feeding 

Association (TCFA) operation (Hiranuma et al., 2008). An aerial of the feedlot is shown 

in Figure 1 (from Google Earth). Local weather conditions at Feedlot C are characterized 

by a semi-arid suptropical climate with diurnal variation in temperature and relative 

humidity, the latter peaking in the coolest hours of early morning (Mitchell et al, 1974). 

Cooler temperatures, lower relative humidities, and lower wind speeds usually occur in 

the afternoons and evenings, concurrent with increased cattle activity. Major dust events 

occur when dry, uncompacted manure accumulates on the feedlot surface and dust is 

suspended by hoof action of the active cattle (Razote et al., 2006).   

In March and April 2009, another field study was conducted in Houston, Texas, 

which is the nation’s 4th largest metropolitan area. I carried out one month of sampling 

from March 11 to April 11 in a typical urban neighborhood, on private property of the 

Greater Houston Transportation Company (Yellow Cab), which is in a mixed land use 

area of Houston, a few kilometers north of downtown, shown in Figure 2. It is 

surrounded by residential areas in three directions, two multi-lane commuter roads, a 

light industrial area, and a park. During spring sampling, PIXE Streakers were used to 

collect time resolved aerosol samples for offline analysis using RM. 

In October and November 2009, a shorter field study was conducted at the same 

site. I carried out nine days of sampling in two typical urban neighborhoods, the Yellow 

Cab site described above, and at a second site located atop the Moody Tower (MT) 

student dormitory building on the University of Houston campus, approximately 5 km 

southeast of Downtown Houston and 10 km west from the western edge of the Houston 

Ship Channel (HSC) (Figure 2).  
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In the field, I sampled at two different locations next to feedlot C with size-

resolving cascade impactors for later off-line analysis of particles in the laboratory. 

Figure 3 shows the particle samplers operated in the field with aluminum filters for the 

different size range, which were exchanged regularly and stored in a refrigerator for later 

analysis. A brief description of each off-line laboratory technique will be given in the 

next sections.  

Two tripods extending to approximately 1.5 m above the ground were located at 

the nominal downwind and upwind site of the feedlot respectively. Each tripod was 

equipped with two impactor samplers, connected to a pump by two polyethylene tubes. 

Two samplers were run in parallel on each tripod, equipped with either Teflon or 

Aluminum filters respectively. Sampling was carried out simultaneously at the nominal 

upwind and downwind sides of the feedlot, and sampling intervals were either 24 or 48 

hours according to the weather (and dust load) conditions; usually 24 hours for high 

aerosol load conditions and 48 hours for relatively clean conditions. The impactor 

samplers were operated at a flow rate of 9 L/min. In the field, flow was regulated with a 

mass flow meter to 9 L/min, because the sampler’s impactor stages were calibrated to 

deliver the indicated cutoff-points at that flow rate. A homemade adjustable electronic 

feedback loop was employed using the mass flow meter output voltage in a negative 

feedback loop to drive power to two 12 VDC membrane pumps, one per sampler. Flow 

rate was checked and adjusted regularly during sampling.  

A total of 150 size-resolved filter samples were collected during the sampling 

periods. At the end of each 24-h sampling period, all filter samples collected in the field 

were sealed in individual containers, shown in Figure 4, temporarily stored in a 

refrigerator, then transported in a refrigerated cooler to the Texas A&M College Station 

laboratory and again stored refrigerated until analysis. Several field blanks were also 

collected and analyzed in order to quantify the level of contamination during filter 

handling, shipping and analysis. The average concentrations of the field blanks were 

small, generally under the detection limit of the analytical systems, so I will not consider 

the contamination during sample collection further. 
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The same tripod setup equipped with two samplers as used during the West 

Texas field measurements was applied at both Houston locations, sampling at near-equal 

time intervals at both sites. The Moody Tower site is unique, as it can be affected by 

different air masses from urban, biogenic, and industrial sources throughout the Houston 

area. 

 

2.2 The Sampling Systems 

Our sampling setup consists of two white, weather-proof boxes that contain the 

DC-pumps with feedback controllers aspirating air through two ¼” OD polyethylene 

tubes, each tube connected with one cascade impactor sampler. As shown in Figure 5, 

we used a five-stage Personal Cascade Impactor Sampler from SKC Inc. (PCIS, Cat. No. 

225-370) to sample particulate matters in the diameter ranges <0.25 μm, 0.25-0.5, 0.5-

1.0, 1.0-2.5 and >2.5μm. Impact materials included 25 mm diameter Teflon and 

Aluminum filters, and a 37 mm diameter glass fiber as back-up filter. Each cascade 

impactor sampler consists of four impaction stages filled with the Teflon or Aluminum 

filters, followed by the glass fiber back-up filter.  

Design and comprehensive laboratory evaluation of the PCIS were described in 

detail by Misra et al. (2002). Here I just give a brief description of the cascade impactor 

sampler that I used during two sampling campaigns. Each cascade impactor sampler 

consists of four impaction stages and an after-filter that allows the separation and 

collection of airborne particles in five size ranges (Figures. 5a–d). The sampling flow 

rate is 9 L/min, and the cascade impactor sampler is used in combination with a KNF 

sample pump (model PU 1215-N814-9.00). Particles in the size range of 0.25–10 µm are 

accelerated through rectangular-shaped nozzles and collected on Teflon or Aluminum 

filters with diameter 25 mm; particles smaller than 0.25 mm are collected on a 37 mm 

flow-through glass fiber back-up filter. Top-Trak® Mass Flow Meters (Sierra 

Instruments, Inc) were used to measure the mass flow rate of gases. 

For mass and inorganic ion concentration measurements, the cascade impactor 

sampler substrates were Teflon filters. For organics analysis, aluminum foil filters were 
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used for the cascade impactor samplers. I compared relative mass sampling efficiency 

between different impaction materials during the West Texas field study, and variance 

between the same aluminum impaction materials/filters from the Houston field study, 

both as a function of particle size, by operating samplers in parallel. Results will be 

discussed below. 

PIXE Streakers (http://www.pixeintl.com/Streaker.asp) were used to collect time 

resolved aerosol samples for offline analysis of RM. As shown in Figure 6 a, two 

Streaker Samplers were equipped on a protective instrument housing 2 m above the 

ground, which were used for continuous collection of particles at this location. The 

Streaker produces a continuous series of discrete samples for offline chemical 

composition analyses. With an air flow of one liter per minute, particles are collected in 

the size range of PM10 on 82-mm diameter aluminum filters. Figure 6 b shows a cross-

sectional view of PIXE Streaker sampler configured for two size-fraction operation. 

Arrows indicate airflow. Sampling intervals were set to 25 minutes for continuous daily 

collection at the sampling site, and regular change of filter wheels occurred twice every 

week. The aluminum foil was used as the particle impaction and sample substrate, all 

samples collected in Houston were transported in a refrigerated cooler to Texas A&M 

University and stored under refrigeration until analysis by RM. 

 

2.3 Mass Measurements and Subsequent Sample Pretreatment 

For mass concentration measurements, all 25-mm impactor filters were weighed 

before and after each field sampling using a Sartorius Electric Micro-balance (model 

LE26P, Sartorius Inc., Germany) in the laboratory. The balance was placed in a 

reinforced plastic chamber (Figure 7), in which environmental conditions – specifically 

relative humidity – was controlled with a saturated salt solution (K2CO3, constant 45% 

relative humidity in air above this saturated solution). Temperature and humidity inside 

the balance chamber were monitored by a data logger (HOBO Data Logger, Onset 

Computer Corporation); by controlling the relative humidity in the chamber, we can 
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reduce the influence of humidity on aerosol particles. In addition, the setup was placed 

on a marble table to minimize vibrational influences. 

Filters loaded with particulate matter were weighed, humidity equilibrated for 

minimum one hour, and reweighed again. After weighing, the Teflon and glass fiber 

filters were moved into 2 mL polyethylene vials, 1.5 mL high purity water was added 

and the vial was subjected to water extraction in an ultra-sonic bath (Cole-Parmer 

instrument Company standard sonicator). The water extracts were stored in a refrigerator 

until ion chromatography analysis, as described below. 

The aluminum filters were analyzed without pretreatment by thermal desorption 

gas chromatography–mass spectrometry/flame ionization detection (GC-MS/FID). To 

test the Al filters for out-gassing or other chemical changes, I performed a heating test in 

the laboratory: I weighed the aluminum filters, then baked them at 200 °C inside an oven 

for about 2 hours, then reweighed them when they were cooled down. Results showed 

that there was no obvious difference of the filter mass, as shown in Figure 8.  

To evaluate the precision and reproducibility of the balance, the same blank 

aluminum filter was measured in the same way described above for six times in six 

hours, and I calculated the standard deviation for comparison to the manufacturer’s 

specifications of the balance’s performance. Results showed the standard deviation is 

around 2.34 µg, close to the manufacturer’s precision of ±2 µg for this balance. 

 

2.4 Ion Analysis 

Ionic components of the sampled aerosols were determined from 75 Teflon and 

glass fiber filters. As briefly discussed above, the Teflon and glass fiber filters were 

extracted with deionized water after weighing, immersed in Millipore water, and 

subjected to sonication for 15 minutes. The extracts were sealed in their individual vials 

and stored in a refrigerator until analysis. The extracts were analyzed for cations and 

anions using an older model Dionex Ion Chromatograph system (Dionex system 4000i ). 

The main target of cation analysis was ammonium (NH4
+), and the anionic targets were 

sulfate (SO4
2-) and nitrate (NO3

-). For the cation analysis, separation was achieved on a 
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25 cm long Dionex IonPac CS12 cation exchange column with 18 mM methane sulfonic 

acid (MSA) as eluent and a flow rate of 1.0 mL/min. 100 mM tetrabutylammonium 

hydroxide was used as the cation regeneration solution as specified by the supplier. An 

ammonium sulfate solution was used as standard stock solution for obtaining a standard 

calibration curve using dilutions. Identification of cations was based on retention time as 

compared to the standard. Figure 9 showed a sample chromatogram of cations analysis 

which give the detection limits of ammonium according to the related calibration curve. 

Based on the retention time compared to the standards, we can see some other ions such 

as Sodium, Potassium and Calcium ions were also detected but not quantified, further 

analysis is needed for the quantification of these cations. The peak area of ammonium 

(peak 2) in Figure 9 is 6936990 uS^2, around 5 times the detection limitation, so the 

ammonium concentration in this sample is about 1.26 ppm. 

The anions were determined on a 25 cm long Dionex AS4A-SC column using 

1.8 mM Na2CO3/1.7 mM NaHCO3 as eluent solution and a flow rate of 0.5 mL/min. 

Sodium sulfate and sodium nitrate stock solutions were used to obtain standard 

calibration curves. 

For all analyses, 1 µl of each standard solution was directly injected into the 

instrument. Solution blanks containing only 0.1 M HCl were also analyzed by ion 

chromatography to determine if there was any ammonia emanating from the tubing and 

filters, and none was detected.  

Ion chromatography can be used to determine the water-soluble inorganic 

components in aerosol particles. One disadvantage of using ion chromatography is that 

this method consumes a significant amount of eluent and regeneration solution, and daily 

replacement of these solutions was necessary, and a new calibration was required each 

time the solutions were changed. 

 

2.5 Thermal Desorption GC-MS/FID Method 

A direct thermal desorption method followed by gas chromatographic separation 

and MS/FID detection was used to identify and quantify organic compounds in 
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atmospheric aerosols. All aluminum filter particle samples were analyzed by thermal 

desorption GC-MS/FID method. In the laboratory, small strips of each aluminum filter 

exposed to depositing particles were cut from the 25 mm filter and packed into a Siltek-

deactivated (Restek Corp., proprietary), gooseneck inlet liner that fits into the standard 

HP 5890 gas chromatograph injector. Organics on the filter that can be thermally 

desorbed in the injection port and are of low volatility, were focused onto the head of a 

GC column for subsequent separation and detection. Compounds eluting from the 

column were split between a flame ionization detector (FID) and mass selective detector 

(MSD) to provide simultaneous mass spectral identification and FID quantification. Data 

were acquired and processed with HP Chemstation software. Individual compounds 

were identified by comparison of their mass spectra with mass spectral library data, and 

by comparison of mass spectra and GC retention times with known standards. Just as for 

the ion analysis, blank filter samples were also prepared and handled in the same way as 

field filter samples. Standard injections were used to determine the detection limits of 

the GC-MS/FID system. 

Calibration curves were produced by the analysis of standard mixtures purchased 

from Restek Corporation, as shown in Table 1, both standard mixtures including 16 

components. Calibration standards were prepared by spiking known amounts of the 

liquid standard mixtures (typically 0.5-2 µL) onto blank filter strips, which were placed 

into the inlet liners by tweezers and analyzed in the same way as for the sample filters. 

Liners were generally desorbed without a sample filter first to remove any adsorbed 

organics from the liner. Filter samples were dropped into the cold liner (typically 30-60 

°C) through a “flip-top” fast to open and close injector head. Injection occurred through 

starting the chromatogram after heating the injector to its nominal setpoint of 300 °C. 

Heating rates and subsequent start of the oven temperature program were highly 

reproducible. 

A stock solution calibration standard of PAH with a concentration 200 ug/mL 

was prepared in methylene chloride solvent. Five levels of calibration solution were 

prepared from the stock solution in order to make the calibration curves for all PAH 
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standards. I characterized the capability and reproducibility of the analytical setup with 

the standard mixtures. I checked the reproducibility of the method by injecting the same 

amount of standard mixture repeatedly, and I determined evaporative losses from the 

filters by comparing direct injection at cold or hot injector temperatures. Gloves were 

worn and all liner tubes and filters were handled only with clean forceps to avoid any 

contamination of the outer portion of the tubes. A blank tube was run before each 

analysis to avoid any potential contamination due to carry-over from the previous 

analysis. The liner in the injection system was packed with glass wool which may have 

prevented heavy and polar compounds from entering the GC column (Ding et al., 2009). 

Chromatographic separation was achieved on a 60 m RTX-5ms column equipped 

with a 5-m pre-column to aid in sample focusing. Helium or hydrogen were used as 

carrier gas with optimal flow rate settings guided by the HP Chemstation software, 

usually a constant flow rate between one and two milliliters per minute. The temperature 

program was 30 °C for 1 min, increased at a rate of 12 °C/ min to 320 °C, and then held 

at the final temperature of 320 °C for 10.83min, for a total run time of 36 min. Samples 

were analyzed under the same chromatographic conditions as the standard solutions. 

 

2.6 UV-is Method 

After the ionic analysis completion, I attempted a UV-vis spectral analysis 

measurement with the aqueous samples in assessment of the light-absorption properties 

of any dissolved organics in my samples. I used a standard UV-vis spectrometer with 

acrylic, square cuvettes of 1 cm side length. First, I tested the absorption of a blank 

cuvette, then a cuvette with water, and then a cuvette with aqueous sample extract to 

check whether there are obvious absorption lines in the 200- 600 nm range. Results 

showed that there was a measurable difference between the latter two for the extract 

from high mass samples. The maximum absorptivity was observed near 294.5 nm. 

Subsequently, I made standard humic acid solutions of different concentrations and 

scanned at the wavelength 294.5 nm for calibration. Using the standard curve, I 
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attempted to determine the mass of water soluble organics in the samples. I did not 

obtain conclusive results for this measurement. 

 

2.7 Raman Microspectroscopy Analysis 

DXR Raman Microscope Apparatus (Thermo Fisher Scientific Inc.) was used for 

analysis, which was equipped with an Olympus BX microscope with a 50 × objective 

(LUMPlanFl), 25 μm confocal aperture, a motorized x, y-stage, and a charge-coupled 

device (CCD) detector. The 532 nm line of a Nd:YVO4 Diode-pumped solid state 

(DPSS) laser was used as the excitation source, with maximum laser output power of 10 

mW. Raman spectra of the aerosol samples were recorded over the spectroscopic range 

of 50 to 3500 cm−1, with a spectral resolution of ~7.5 cm-1. 

Raman Microspectroscopy (RM) is an inelastic light scattering experiment that 

measures the vibrational frequencies of the sample and provides fingerprint spectra of 

molecular structures and compositions, and information about internal and external 

mixtures. Raman Microspectroscopy used in this study quantifies the inelastic scattering 

between the monochromatic laser beam light (532 nm in wavelength) and the molecular 

bond’s ro-vibrational transitions within single particles (Skoog et al., 1997). The laser 

light interacts with phonons in the molecule, resulting in the energy of the laser photons 

being shifted up or down. The shift in energy gives information about the phonon modes 

in the molecule. Figure 10 illustrates the theory of Inelastic Scattering. When an 

incoming photon beam interacts with a molecule, it can get scattered without changing 

its energy, i.e. Rayleigh scattering, or it may exchange energy with distinct ro-

vibrational states, either exciting ground states to lower ro-vibrational states (Anti-

Stokes Raman scattering) or de-exciting populated higher energy states to higher ro-

vibrational states (Stokes Raman scattering). The energy between the original state and 

the resulting new state is different for distinct molecular bonds and functional groups, 

therefore molecular compositions can be identified by Raman Microspectroscopy.  

For the analyzed samples, the mapping was conducted over three different 50 μm 

× 50 μm areas on each deposition spot using a step of 5 μm and an exposure time of 10 
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s, so one hundred Raman spectra were obtained in each 50 μm × 50 μm area, and a total 

of three hundred spectra were collected on each deposition spot. The mapping procedure 

was employed in this study with reference to the technique reported in a previous study 

of atmospheric aerosols using RM (Ivleva et al., 2007). Spectral maps are created by a 

computer-controlled mapping procedure, in which the precision motorized x, y-stage is 

moved with respect to the microscope objective in incremental steps (5 μm) in the x and 

y directions respectively. Most spectra in the map represent a single independent 

particle, however, a few agglomerations that were large enough were observed 

occasionally in multiple spectra. Table 4 summarized Raman frequencies observed in 

spectra of agricultural aerosols and their tentative assignments to the classes of 

vibrational modes (from PhD thesis by N. Hiranuma, TAMU, 2010). 

Raman spectra of some salts, organics and HULIS – as typically found in 

aerosols – are shown in Figures 24 a-c. These spectra were created by analyzing the 

standard reagents, for example, the salts of NH4NO3, (NH4)2SO4, Na2CO3 NaHCO3, 

NaNO3 and Na2SO4 were used without further purification. All of the salts were 

dispersed on the foil filter for investigation, and the mapping experiment was conducted 

with a laser power of 4mW. The same procedure was employed for organics and HULIS 

standards. 
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CHAPTER III 

RESULTS AND DISCUSSION 
3.1 Total Particle Mass Concentration of West Texas Samples 

Relative mass sampling efficiency between two different impaction materials for 

the West Texas field study was compared. The total particle mass concentrations 

obtained by impactor samplers with aluminum filters and Teflon filters were plotted in 

Figure 11 a. Regression was performed with either filter data on the x-axis because both 

measurements contain errors and a bivariate regression is needed. As each sample’s error 

is based on the same mass measurement method, a geometric mean between the 

calculated OLS (ordinary least squares) slopes describes the relationship satisfactorily 

and without bias (Robert R. Sokal, 1981). The geometric mean regression slope in this 

case was 0.79, smaller than one, suggesting that the Teflon filters were more efficient in 

particle deposition, consistent with the developers’ work (Misra et al., 2002). Figure 11 b 

shows a stage-by-stage statistical comparison of mass collection efficiencies for 

Aluminum and Teflon filter respectively, the geometric mean regression slopes are 0.87, 

0.70, 0.91 and 0.45 respectively for stage one to stage four of two impactor samplers 

equipped at the nominal downwind site of the feedlot. Correlation coefficients are only 

0.2848 and 0.4878 for stage three and stage four, that is larger uncertainties for ultra-fine 

particulate matter were found for both Teflon and Aluminum filters. 

 

3.2 Ammonium, Sulfate and Nitrate Measurements 

Figure 12 presents the average mass concentration of NH4
+ compared to the total 

particle mass concentration at each stage of the sampler measured during the field 

experiment as a function of particle size in terms of collection stage number. We can see 

that most of the particle mass was in the coarse mode (>2.5 μm), and NH4
+ mass 

concentrations were significant in the size ranges >2.5 μm and 0.25-0.5 μm. This means 

that some ammonium was found in the coarse mode particles and some in accumulation 

mode particles. The latter is an expected finding based on gas to particle conversion 

being the dominant process converting ammonia into particle ammonium. Particle 
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ammonium is formed from the reaction of gas-phase ammonia (NH3) and some acid, the 

conversion of gas-phase ammonia to the particulate phase depends on air temperature, 

humidity, precipitation, and the presence and composition of preexisting particles. 

Hiranuma et al. (2008) stated that the relative humidities during the measurement 

campaign (usually <75%) limit the conversion of ammonia to the condensed phase 

ammonium. More measurements are needed to quantitatively understand the variability 

in observed ammonium concentrations. 

As shown in Figure 12, in each size range, ammonium constituted only a minor 

fraction of total mass. This result agreed well with the research of Hiranuma (2010), 

which illustrated that the ambient NH3 at the feedyard is almost completely found in the 

gas phase. I compared my results of ammonium concentration from particulate matters 

collected in 2007 at the same field sites to the studies of Hiranuma (2010), which 

showed an average of 1114 ppbv and 33 ppbv NHx (i.e. total gas phase plus particle 

ammonium) at the downwind and upwind sites respectively, and average gas-phase NH3 

mixing ratios of 1063 ppbv (downwind) and 31 ppbv (upwind). Converting average 

ammonium concentrations in particulate matter from ion analysis shown in Figure 12, 

lead to 0.74±0.44 (average ± 1 sd) and 0.35 ± 0.2 ppbv downwind and upwind sites 

respectively. This may be low by as much as a factor of 2 as the back-up filter was not 

analyzed. Results are compared in Figure 13 using 2007 average differences between 

NHx and gas-phase NH3 (Hiranuma, 2010). The comparatively low values of aerosol 

ammonium when converted to gas-phase ammonia confirm that Hiranuma’s (2010) 

measurements could not have revealed any significant differences between total and gas-

phase ammonium, so that these results create a consistent picture. Note that in some 

samples, the concentration of particle phase ammonium was even below the detection 

limit of the ion analysis, indicating that within the uncertainty of ion measurement 

(±10%), no detectable ammonium was in the particle phase. 

Figure 14 shows the average ammonium (NH4
+), sulfate (SO4

2-) and nitrate 

(NO3-) mass concentrations measured on the four-stage impactor and back-up filters, 

based on a total of 50 Teflon and glass fiber back-up filter samples obtained from the 
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downwind site of the feedlot. (no ammonium mass concentrations were measured on the 

back-up filter). Results showed that SO4
2- was the main ionic component in the aerosol 

particles, especially in the size range <0.25μm, as expected.  

To compare the possible impacts of ammonia emissions from the feedlot on 

particle composition, I compared the concentration of aerosol NH4
+ between the nominal 

downwind and upwind locations. Figure 15 a demonstrates that, although low, NH4
+ 

concentrations at the downwind site were significantly higher compared to upwind 

NH4
+. Interestingly, the same was found for sulfate (as shown in Figure 15 b) and 

nitrate. Figure 15 a also shows that most NH4
+ mass was found in the size ranges > 2.5 

μm, and 0.25 - 0.5 μm, NH4
+ in accumulation mode particles is an expected finding. The 

difference in the size range 0.25 - 0.5 μm may be attributed to the gas to particle 

conversion, which is the dominant process converting ammonia into particle ammonium.  

 

3.3 Total Particle Mass Concentration of Houston Samples 

Variations between the same impaction materials were studied for the Houston 

field samples by running two impactor samplers with the same aluminum filters in 

parallel at the Yellow Cab and Moody Tower sites, respectively. The total particle mass 

concentrations were plotted in Figures 17 a-e and Figures 18 a-e along with linear 

regression lines. These Figures show that mass concentrations on the filters of the first 

two stages were highly correlated with correlation coefficients of R2 = 0.94 and R2 = 

0.96, while weaker correlations were found on the third and fourth stages, at both sample 

sites. The results were shown tabulated in Table 2, which summarize the geometric mean 

regression slopes and the regression coefficients for Yellow Cab and Moody Tower, 

respectively. The results show that a good reproducibility (better than 10-20%) can be 

achieved for coarse and accumulation mode particles, while fine particle mass 

determination is less accurate, at least in part due to limitations set by the balance (±2 µg 

resolution only). 

I also compared the effect of sampling time length between samplers: I operated 

one sampler at the Yellow Cab site sample for 29 h (from 1PM on Nov 2 to 6PM on Nov 
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3) and another sampler for 19 h (from 1PM on Nov 2 to 8AM on Nov 3) and 10 h (from 

8AM to 6PM on Nov 3) separately. Figure 16 a shows that the total particle mass of the 

29-h sample was almost equal to the total mass particle mass of 19 h plus 10 h samples, 

for total mass and between the different stages.  The same test was done at the Moody 

tower site, this time running one sampler for 46 h and another one for 22 h and 24 h. 

Figure 16 b shows the respective comparison with a similar result as at the Yellow Cab 

site. 

 

3.4 Organics Analysis 

Calibration Curves were constructed by plotting the most abundant mass or the 

peak area (from TIC) between the analytes versus the injected amount of the analytes. In 

the laboratory I injected the PAH mix calibration standard with a concentration of 200 

µg/ml three times at each volume of 0.5 µl, 1.0 µl, 1.5 µl, 2 µl. Figure 19 presents 

examples of the resulting calibration curves of three PAH standard mixtures indicated by 

dominant mass abundance (left) and TIC peak areas (right) versus mass of PAH standard 

solution injected on the filters. Figure 19 c shows an example of a poor PAH calibration. 

Figure 20 shows sample total ion chromatograms (TIC) with identification from 

a West Texas feedlot sample. Figure 20 a shows the analysis of the filter on stage one 

and Figure 20 b shows the analysis of the combined filters on stages 2-4. Generally, only 

small mass amounts were collected on the fine aerosol stages, and filters were combined 

for analysis to increase sensitivity. Aerosol mass was usually sufficient for the coarse 

mode particles. Figures 21 a-b show total ion chromatograms of soil samples 

(dominantly dried manure) from the West Texas feedlot. Some acids such as 

Hexadecanoic acid and Octadecanoic acid were both identified in the fine and coarse soil 

samples. There also is a general similarity between the TICs in Figures 20 and 21.  

Table 3 listed some results of VOCs analysis for the samples collected on the 

Aluminum filters from West Texas,  some dominant organics such as C16 acid and C18 

acid were investigated, and the percentage of total observable organics were also studies 

by integrate the sum of all FID area counts. Results show the abundance of the dominant 
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organics such as C16 acid and C18 acid constituted ~0.5 % and ~1.4 % by mass of the 

total particle mass on the filters respectively. The relative mass of all detectable 

compounds was investigated by integrating all FID area counts; the total observable 

organics account for ~5.6 % of total particle mass on the collected Aluminum filters. 

For the Houston urban samples, long-chain alkanes and PAHs were targeted and 

quantified, also in this case, filters were split between coarse (> PM 2.5) and fine mode 

(PM 2.5) particles. However, the detection limits of our system were often not low 

enough to quantify organics abundances in my samples.   

 

3.5 Raman Microspectroscopy Analysis 

Chemical composition of the particles has been observed on single particle basis 

using Raman Microspectroscopy (RM). Since RM is a high resolution but time 

consuming technique, only three sets of samples that have been collected in the 

midnight, morning rush hour and noon Mar 21, 2009 were investigated in detail. On the 

substrates obtained in the morning Mar 21, three deposition spots (50 μm × 50 μm per 

spot) have been mapped at laser intensity 1mW, 4mW and 8mW respectively to study 

the spatial variation in composition with different laser intensities, so a total of nine 

hundred spectra were created for the morning samples of Mar 21. For the midnight 

sample of Mar 20 and noon sample of March 21, three deposition spots were mapped at 

an excitation laser power of 8 mW respectively, so a total of six deposition spots were 

mapped.  

As can be seen in Figure 23 A, a Raman spectrum was collected at each of the 

point grid on the microscope map. Multiple particles were collected and imaged in this 

sample. Next spectra were sorted and major peaks were identified.  For example, the 

Raman spectra of several particles (I, II, III, IV, V and VI) with the major peaks were 

identified and shown in Figure 23 B. Each of these particles in this sample has different 

major components. Particles II, IV,V and VI were mainly composed of Calcium 

Carbonate (CaCO3), Sodium Nitrate (NaNO3), Ammonium Nitrate (NH4NO3) and 

Calcium Sulfate (CaSO4) respectively, the major components of particle I were soil/soot 
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dominant complex with sodium nitrate (NaNO3) at ~1068 cm-1. The broad peak at ~1500 

cm-1 indicates the presence of amorphous carbon (Sadezky et al., 2005), which is the 

main component of Particle III. 

Raman spectra can also be used to investigate the degree of internal mixing of 

multiple components in a single particle. The observation of single and multi- 

component spectra indicated the presence of both externally and internally mixed 

particles. For example, the spatial distribution of each component in all particles is 

mapped in Figure 24, in which the integrated area of a single chosen spectral peak is 

mapped. Maps of the integrated area of individual peaks, CaCO3, amorphous carbon, 

NaNO3, NH4NO3 and CaSO4 are shown in Figure 23 A, B, C, D and E respectively. This 

gives an indication of the degree of internal and external mixing. For instance, particle I 

showing up in all the five spectral maps indicates that particle I is the combination of 

five components. Particle II shows up in spectral map C, which indicates that the particle 

contained NaNO3. In contrast, Particle III shows up in spectral map B but not the other 

maps, which indicates that particle III is predominantly composed of amorphous carbon. 

Figure 25 shows representative Raman spectra of internally mixed particles. For 

example, Figure 25 A shows a representative Raman spectrum of an inorganic dominant 

complex with CaSO4 at ~1006 cm-1  and  Ca(NO3)2  ~1050 cm-1 , Figure 25 B shows a 

representative spectrum of a soil/soot dominant complex with HULIS bands at ~1500, 

Na2SO4 at 995 cm-1 and NH4NO3 at 1045 cm-1. 

A total of 1500 spectra were recorded for analyzed particles collected at Yellow 

Cab location. The results are summarized in Table 4 and Table 5 respectively, the total 

number of spectra recorded per invested filter range from 48 to 176 depending on laser 

intensity and sampling time. All peaks > 50 counts per second (cps) were considered to 

be major components. A detailed method was developed to categorize single particle 

data by Raman MS. As seen in Figure 22, after all the measurements were done, spectra 

were qualitatively classified into several groups manually based on our understanding of 

chemical similarity. Four categories were used to classify all the 1500 spectra based on 

similar spectra features. First category of spectra type, namely “Organics”, include the 
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complex combination of characteristic Raman bands contributed from saturated fatty 

acid and specific organic chemical bonds corresponds to applied energy. The 

“inorganics” types classified in Table 4 and Table 5 include sodium sulfate (Na2SO4), 

calcium sulfate (CaSO4), ammonium nitrate (NH4NO3), calcium nitrate (Ca(NO3)2), 

sodium nitrate (NaNO3), sodium carbonate (Na2CO3) and calcium carbonate (CaCO3), 

the fraction of these kind of particles appeared to decrease with the increase of laser 

intensity. Third, any combination of inorganic peaks and organics was grouped as 

“inorganic dominant complex” type. Representative Raman spectrum of this group is 

shown in Figure 24A. Lastly, the most dominant type of spectra was categorized into 

“soil/soot dominant complex”, particles in this category were characterized with the 

presence of amorphous carbon that coincides with broad spectra from 1050 to 1620 cm-1. 

These types of particles generally consist of multi-components and are internally mixed 

with the threshold of Raman intensity 50 counts per second (cps), as shown in Figure 24 

B. Except the four major categories described above, the peaks at Raman shift around 

100 cm-1 were observed occasionally, these peaks are the contributions of lattice 

vibration in crystals (Bougeard et al., 1977). The qualitative classification of spectra 

types is described below. 

Table 5 summarized detailed chemical components of aerosols obtained in 

morning March 21, 2009, three deposition spots have been mapped respectively for three 

different laser intensity of 1 mW, 4 mW, 8 mW. A total of 900 spectra collected in the 

morning sample were analyzed, the total number of characteristic spectra for the particle 

deposition spots increased from ~48 to ~176 with the increase of intensity from 1mW to 

8mW. The relative standard errors between the different spots investigated on this filter 

were no more than 4%, indicating fairly uniform composition and reasonable counting 

statistics. The ratio of the total number of recorded spectra over the total number of 

spectral scan per subset varied from ~16% for the particle deposition spots with 1mW to 

~58.7% with 8mW. On the filter obtained at midnight of Mar 20 and noon of Mar 21, 

three deposition spots have been mapped at the laser intensity 8mW respectively, A total 

of 600 spectra collected at midnight and noon were analyzed, and the ratios of the total 
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number of characteristic spectra over recorded spectra for the three different time 

midnight, morning and noon samples are 44%, 58.6 % and 33% respectively. The results 

were summarized in Table 6.  

As can be seen in Table 5, the percentage of organics from the sample collected 

in Mar 21 morning increased from 1.3% to 13.5% with the increase of laser intensity 

from 1mW to 8mW, while the percentage of inorganics decreased from 16.8% to 3.8%. 

The increase in organics fraction may imply that organics identified are Raman active at 

a higher range of laser intensity and the increase in detected organics population may 

have influenced the relative fraction of other compounds as well as measurement 

uncertainties among different intensities. Among all the mean spectral data subsets in the 

morning Mar 21, the contributions of soot/soil dominant complex were especially high: 

more than 70%, specifically, counting 76.6 ± 3.6%, 72.5 ± 0.7% and 74.8 ± 0.2% of the 

total spectra at 1mW, 4mW and 8mW respectively. Among all the inorganics, counting 

16.8 ± 1.9% at 1 mW, CaSO4 at 1006 cm-1 and Ca(NO3)2 at 1051 cm-1  were the most 

dominant components. Ca(NO3)2  is an important component of atmospheric aerosols; it 

has been confirmed that CaCO3 particles in the atmosphere can be converted to 

Ca(NO3)2  ( Sullivan et al., 2007; Liu et al., 2008).  

From Table 5 and Table 6, we can see that the fraction of soot/ soil dominant 

complex was the most prevalent composition in analyzed samples. For the soot/soil 

dominant complex categories, soot/soil represents a large percentage of the total 

particles, decreasing from 72.9% to 48.9% with the increase of laser intensity in the 

analyzed sample of Mar 21 morning. This agrees with the decrease of the inorganic 

percentage, as it leads to an increase of the inorganic components in the soot/soil 

dominant complex. As can be seen in Table 5, a highly complex mixture of inorganic 

compounds can be found as a part of soil/soot dominant complex particles. Table 6 

compares the samples collected in the midnight, morning and noon time at 8mW: We 

observe that the “soil/soot dominant complex” was still the most dominant type of 

spectrum, quantitatively counting for 70.0 ± 0.8%, 74.78 ± 0.2% and 30.9 ± 1.6% of 

total spectra for midnight, morning and noon samples. Soot/HULIS was the most 
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dominant component of the “soil/soot dominant complex” samples. More soot/soil 

components were found in the sample obtained in the morning, counting for 48.9 ±1.1% 

of total spectra, and there were more multi-component in the sample obtained in the 

midnight, counting ~30.4%. Sodium nitrate was not observed in the sample obtained in 

the morning, while the percentage of sodium nitrate was 21.9 ± 1.7% of total spectra in 

the noontime sample.  

Raman spectra of various components were influenced by laser power. For 

comparison, spectra at different intensity (1 mW, 4 mW and 8 mW) were collected to 

investigate any variations of Raman band with the laser excitation. For example, certain 

organics such as the amorphous and graphitic carbon peaks fluoresce significantly with 

laser power and it was also found that some of atmospherically relevant organic 

substances, such as polycyclic aromatic hydrocarbons (e.g., Anthracene and Pyrene) and 

humic-like substances (e.g., Pahokee Peat Soil II) were only detectable below 80 mJ 

(i.e., 8 mW x 10 s) of laser intensity. Figure 27 shows the Raman spectra of Glutaric acid 

as function of laser intensity at 1 mW, 4 mW and 8 mW. The increase of organics 

fraction in Table 5 may imply that organics identified are Raman active at higher range 

of laser intensity. Figure 26 shows characteristic Raman spectra of the reference 

materials for HULIS (Graphite, Fluka standard Humic Acid, Pahokee Peat Soil II, and 

Leonardite). They all show peaks at ~1350 cm-1 and ~1580 cm-1, but these two peaks 

differ greatly with respect to relative intensities and widths. 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 
This study focused on the chemical characterization methods of agricultural and 

urban airborne particulate matter (PM) collected during two different field campaigns. 

For the agricultural aerosols, the measurement of mass and the chemical composition of 

size-resolved PM collected at the nominally downwind and upwind edge of a feedlot in 

West Texas were reported. Off-line analysis of field samples was performed using a 

standard ion chromatography method to determine the ionic components of particulate 

matter. It was found that most of the particle mass was in the coarse mode (>2.5 μm), 

and NH4
+ mass concentrations were significant in the size ranges >2.5μm and 0.25-0.5 

μm. The latter is expected as particle ammonium is usually formed from the reaction of 

gas-phase ammonia (NH3) and some acid, called gas-to-particle conversion. This 

conversion of gas-phase ammonia to the particulate phase in the air depends on air 

temperature, humidity, precipitation, and the presence and composition of preexisting 

particles. The relative humidities during the measurement campaign (usually <75%) 

limit the conversion of ammonia to condensed phase ammonium. Comparisons of the 

average mass concentration of ammonium to the total particle mass concentration at 

each stage of the sampler measured during the field experiment were made. Results 

showed that the concentration of aerosol ammonium was low, and it constituted only a 

minor fraction of total mass. Previous gas-phase and total ammonium at the site showed 

that the ambient NH3 at the feedyard is more or less exclusively in gas phase, but 

elevated at the downwind compared to the upwind location. In this study, low particle 

ammonium confirmed this finding but also showed that particle ammonium nevertheless 

about doubles between the up- and downwind locations. 

Total particle mass concentrations measured by impactor samplers with Al filters 

and Teflon filters were compared, showing good correlation but lower collection 

efficiency on the Al filters. Anion analysis showed aerosols were acidic; nitrate and 

sulfate represented the major part of the aerosol ionic composition. For the urban 

aerosols, I compared measurements of mass between the Al filters and showed that 
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reproducibility is high except for the fine PM, for which low mass amounts were 

collected that are difficult to measure accurately on the available microbalance. 

Organics analysis did identify several hydrocarbons and VFAs in the samples, 

with C16 and C18 acids dominant.  Sterols were also identified in some samples. 

However, detection limits were generally not low enough to quantify organics 

abundances in 24-h samples, many samples showed no or very few peaks, and large 

aerosol masses were needed for identification of more volatile and semi-volatile 

organics.  

For the samples collected over the sampling period with Aluminum filter in West 

Texas, organics analyses shown the abundance of the dominant organics such as C16 

acid and C18 acid constituted ~0.5 % and ~1.4 % by mass of the total particle mass on 

the filters respectively. The relative mass of uncertainty compounds was investigated by 

integrating all FID area counts, the total observable organics account for ~5.6 % of total 

particle mass on the collected Aluminum filters. 

Measurements of single particle compositions were performed using RM, the 

results of Raman mapping experiments with different laser intensity provide quantitative 

information about the composition and mixing state of aerosol samples. The major 

component of aerosols at the Houston urban sampling location was soot or “soil” 

material (HULIS) in ~70% of the particles analyzed in the morning and to a lesser 

extend in the samples at noon: ~ 30.88% of  total spectra of samples. Particles containing 

other organics comprised an additional ~10% of the total particle population with high 

population of 23.2% at noon. High fraction of inorganic (23.2% of total population of 

the sample) was found in the sample collected at the noon Mar 21.  

In conclusion, this study focused on the chemical characterization methods of 

agricultural and urban airborne particulate matter. Three main different measurement 

methodologies were employed, and each technique has its own advantages and 

disadvantages. Ion chromatography can be used to determine the water-soluble inorganic 

components in aerosol particles. The major limitation of ion chromatography is that it 

will introduce additional measurement uncertainties. This method consumes a significant 
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amount of eluent and regeneration solution; daily replacement of these solutions was 

necessary, and a new calibration was required each time the solutions were changed.  

Organic compounds analysis with thermal desorption GC-MS can be used to 

identify and quantify individual organic compounds in particulate matter (PM) samples, 

which is an alternative to solvent extraction for many organic compounds, and is a 

relatively fast, simple, and sensitive analytical method compared to solvent extraction. 

For this method, thermal stability of organic compounds is also important. Organic 

compounds in aerosol samples are separated according to their physical and chemical 

properties. Not all types of substrates are suitable for high temperature desorption, and 

the desorption temperature is directly related to the volatility and thermal stability of the 

targeted analytes. At desorption temperatures < 275°C, some analytes are not 

completely extracted, especially less volatile compounds. Temperatures higher than 

340°C may cause thermally labile compounds to decompose. For both ion 

chromatography and thermal desorption GC-MS methods, the amount of aerosol mass 

sampled and the resulting detection limits are important, and low detection and 

quantification limits are needed for daily or better time resolution measurements. Only 

dominant, single chemical components in the aerosol can be analyzed this way unless a 

very high sensitivity MS is available. 

Compared to Desorption GC-MS method, Raman Microspectroscopy can be 

used to obtain more detailed chemical information on a particle by particle basis. Raman 

mapping experiments can provide qualitative information about the composition and 

mixing state of aerosol samples. With RM we can find molecular specific information 

and get more detailed composition analysis, however Raman analysis is time consuming, 

which limits the number of samples that can be analyzed. To accurately quantify the 

abundances of organics components in the particulate matters, for thermal desorption 

GC-MS method, either high mass amounts are collected or low detection limits of GC-

MS are needed. The observation of single and multi-component spectra indicated the 

presence of both externally and internally mixed particles. Further comprehensive and 
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systematic studies are needed for accurate quantitative analysis of atmospheric aerosols 

by RM and Raman mapping experiments.  

To further explore the relationship between chemical composition and other 

physical properties, some modifications or improvements need to be made to the thermal 

desorption GC-MS and RM methods in the future studies of airborne particles. For 

thermal desorption GC method, instead of split of effluent between a MSD and a FID for 

compound identification and quantification, internal standards may be used as an 

alternative way of quantification on the MSD. Direct thermal desorption GC method 

should be used with respect to the large amount of samples acquired and the relative 

time consumption of GC-MS analysis. At the same time, all samples should be analyzed 

shortly after transferring back to laboratory to avoid sample storage time. With Raman 

we can find molecular specific information and get more detailed composition analysis, 

but the population of each composition varied in term of the laser density, to some 

extent, so a complementary analysis or combination is necessary. 
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APPENDIX A 

 
Figure 1: Map of Feedlot C in West Texas. Highlight the nominal upwind site (N 34°38.5' W 
101°47.32') and downwind site (N 34º 39.5'   W101º 47.3').  
 

 

Figure 2: Locations of the investigated sites in the Houston metro area. Yellow Cab and Moody 
Tower.  
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Figure 3: Pictures of the Cascade Impactor Sampler with collected particulate on aluminum 
filters. 
 

 

 

(a)                                                                     (b) 

   
Figure 4: Pictures of containers used for filter storage. 
 

 

                
(a)                                                                        (b) 

Figure 5: Pictures of Personal exposure Cascade Impactor Sampler. (a) four impaction stages and 
one back-up filter, (b) disassembled sampler including inlet and outlet plate, (c) one of the 
impaction stages including accelerator plate(right) and collector plate(left), (d) overall picture of 
one PCIS with length only 3.4 inch(Singh, M et al., 2003). 
 

 Stage A >2.5 µm 

 Back-up filter <0.25 µm 

Al filter 
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(c)                                                                       (d) 

Figure 5 continued 
 

 

 

 

(a)                                                                                (b) 
 

                
 

Figure 6: (a) Pictures of PIXE Streakers setup in field site and (b) Cross-sectional view of PIXE 
Streaker sampler configured for two size-fraction operation. Arrows indicate airflow. Air passes 
through the non-rotating pre-impaction stage A, where particles larger than 10 mm are deposited. 
The air then flows through an impactor slit B where particles larger than 2.5 mm are deposited 
on a moving filter. Next the air flows through the rotating filter stage C where particles smaller 
than 2.5 mm are deposited (http://www.pixeintl.com/Streaker.asp). 

PIXE Streaker 



 36

 

 

Figure 7: Pictures of Microbalance used to weigh the filters. 
 

 

 

 
Figure 8: Weight difference of Al filters before and after heating test. Error bars show the 
standard error of measurement. 
 
 
 
 
 

 

 

 Data Logger 

Salt Solution 
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Figure 9: A sample chromatogram of cation analysis of sample collected from the downwind 
field site of West Texas. (1) Sodium;(2) Ammonium;(3) Potassium; (4) Calcium.  
 

 
 

 

 

 

Figure 10: Concept of Raman MS’s inelastic scattering. 
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(a) 

 
Geometric mean regression slope: 0.75         

 

 

(b) 

  
Geometric mean regression slope: 0.77 
 

 

 
Geometric mean regression slope: 0.72 
 

Figure 11: Total particle mass obtained by impactor samplers with Aluminum and Teflon filters. 
Total Particle mass obtained by impactor samplers with Aluminum and Teflon filters on each 
stage. The error bars represent the standard error for two different filters. 
 

 

 stage one >2.5 µm  stage one >2.5 µm 

 stage two  stage two 
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Geometric mean regression slope: 0.54 
 

 

 
Geometric mean regression slope: 0.61 

Figure 11 continued 

 
 

 

 

 
Figure 12: Average mass concentration of ammonium and particles at each stage of the sampler.      
 

 

 stage three 
 stage three 

 stage four 
 stage four 
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Figure 13:  Average ammonia concentration from particulate matters sampled from downwind 
and upwind field sites. Total ammonia – gaseous ammonia (average difference, error is 
essentially 100%, aka within the detection limit) at downwind and upwind field sites dring the 
same time periods of 2007 (Hiranuma 2010). 
 

 
 

 

Figure 14: Average mass concentrations of ammonium, sulfate and nitrate at downwind 
site in West Texas. Error bars represent standard error from mean. No ammonium analyses 
were done on the back-up filter. 
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(a)  

 
 

(b)    

 
Figure 15: Average (a) ammonium and (b) sulfate mass concentrations sampled at upwind and 
downwind field sites. Error bars represent standard error from mean. 
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(a) 

 
 
 
 
 
 
(b) 

 
Figure 16: Particle mass obtained from different sample time. (a) Particle mass obtained 
from different sample time (29h, 19h and 10h separately) at Yellow cab; (b) Particle mass 
obtained from different sample time (46h, 22h and 24h separately) at Moody tower. 
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Geometric mean regression slope: 1.01 
 

 

 
Geometric mean regression slope: 1.0 
 

 

 
Geometric mean regression slope: 1.13 
 

Figure 17: Total particle mass concentrations obtained by two samplers on four stages at Yellow 
Cab. 
 

 stage one >2.5 µm  stage one >2.5 µm 

 stage two  stage two 
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Geometric mean regression slope: 1.24 

 

 
Geometric mean regression slope: 1.07 

Figure 17 Continued 
 

 

 

 
Geometric mean regression slope: 1.0 

Figure 18: Total particle mass concentrations obtained by two samplers on four stages at Moody 
tower. 
 

 stage three 

 stage three 

 stage four  stage four 
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Geometric mean regression slope: 1.01 
 

 

 

 

 
Geometric mean regression slope: 1.07 

Figure 18 Continued 

 

 

 

 

 

 

 

 

 stage one >2.5 µm  stage one >2.5 µm 
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Geometric mean regression slope: 1.01 

 

 

 

 
Geometric mean regression slope: 0.76 

Figure 18 Continued 
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(a) 

 
 

 

(b) 

 
 
 

(c)  

 
 
Figure 19: Three examples of a calibration curves. Linearity of PAH standard solution 
indicated by mass abundance (left) and peak areas (right) versus mass of PAH standard solutions 
injected on the filters, (a) Fluorene, (b) Pyrene, (c) Benzo(k)fluoranthene (c) Showed an example 
of a poor PAH calibration, with determination coefficients (R2) of 0.94 for mass abundance and 
0.83 for Peak area.  
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(a)  

 

 

 

(b)  

 

Figure 20: Total ion chromatograms of an aerosol filter sample from 2008 West Texas field 
measurement. (a). (1) n-Hexadecanoic acid; (2) Octadecanoic acid; (3) Hexadecanamide; (4) 
Teradecanamide;  (b). (1) n-Hexadecanoic acid; (2) Haptadecanenitrile (3) Octadecanoic acid; 
(4) Hexadecanamide ;(5) Cyclotetracosane; (6) 1,2-Benzenedicarboxylic acid. 
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Figure 21 a: Example chromatograms of soil sample. Total ion chromatograms of ~500ug 
fine soil sample from West Texas field   (1)2-Methoxy-4-vinylphenol; (2) n-Hexadecanoic acid; 
(3) Octadecanoic acid; (4) Hexadecanamide. 
 

 

 
Figure 21 b: Example chromatograms of soil sample. Total ion chromatograms of ~726ug coarse 
soil sample from West Texas field.  (1) 2-Methoxy-4-vinylphenol; (2) n-Hexadecanoic acid; (3) 
Octadecanoic acid; (4) Hexadecanamide; (5) Gamma Sitosterol. 
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Figure 22: Qualitative classification of spectra types created by Raman mapping analysis of 
aerosols. 
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A 

 
 
 
B. 

             
 

         
 

         
 
Figure 23: Representative Raman spectra of urban aerosols. (A) Microscopic image of 
particles derived from samples collected on Mar 21, 2009, at noon time. (B) Raman spectra of 
urban particle I, II, III, IV, V and VI in spectral range of 50 to 3500 cm-1: (I) Soil/soot dominant 
complex with NaNO3 at 1068 cm-1, (II) CaCO3 at 1086 cm-1,  (III) amorphous carbon with broad 
spectra ~1500 (1050-1620) cm-1, (IV) NaNO3 at 1068 cm-1, (V) NH4NO3 at 1045 cm-1, (VI) 
CaSO4 at 1006 cm-1.  
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C                                              D                                                  E 
 

                                 
 
1068 cm‐1: NaNO3                           1045 cm‐1: NH4NO3                      1006cm‐1: CaSO4 

 
 
Figure 24: Chemical mapping by Raman microspectrometry. Chemical maps of selected 
molecular groups in aerosols at different Raman band position, (A) 1086 cm-1: CaCO3, (B) 1500 
cm-1: amorphous carbon, (C) 1068 cm-1 NaNO3, (D) 1045 cm-1 NH4NO3, (E) 1006 cm-1 CaSO4. 
Mapping experiment was conducted on particles collected on March 21, 2009 at 11AM~12PM 
with a laser power of 8mW. 
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A 

  
B 

 
 
Figure 25: Qualitative classification of Raman spectra types. (A) inorganic dominant complex, 
(B) soil/soot dominant complex. Threshold is ≥50 cps. For these particular spectra, (A) 1006 cm-

1  CaSO4; 1050 cm-1  Ca(NO3)2, (B) 995 cm-1 Na2SO4; 1045 cm-1 NH4NO3; ~1500 HULIS bands. 
All spectra are measured on sample collected on March 21, 2009 at 6AM~9PM with a laser 
power of 8mW. 
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Figure 26: Raman spectra of salts, organics and HULIS found in atmospheric aerosols.  Mapping 
experiment was conducted with a laser power of 4mW. 
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Figure 26 Continued 
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Figure 26 Continued 
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Figure 27: Roman spectra of Glutaric acid as function of laser intensity: 1mW, 4mW and 8mW. 
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Table 1. Physical properties, regression coefficients and retention time of n-alkanes and PAHs 
standards using in GC-MS/FID method. 
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Table 2. Ordinary least squares (OLS) regression Coefficient and Geometric Mean of two slopes. 
(a) for Yellow Cab samples; (b) for Moody Tower samples. 
 

(a) 

 
 

(b)  

 
 
 
 
 
 
 
Table 3. Identified compounds collected from West Texas field site and possible quantification 
for dominant organic compounds. “na” denote “not available”, relative mass of total observable 
organics are calculated by integration of total FID area counts.  
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Table 4. Raman frequencies observed in spectra of agricultural aerosols and their tentative 
assignments to the classes of vibrational modes. 
 
Raman Shift, cm-1  Tentative Assignment a,b,c 
 
Chemical bonding of Organics (<525/>2700 cm-1)  
178 cm-1    symmetric CI4 stretches  
160 to 200 cm-1    skeletal deformation of aliphatic nitriles  
267 cm-1    symmetric CBr4 stretch in solution  
335 to 355 cm-1    skeletal deformation of monoalkyl acetylenes  
150 to 425 cm-1    chain expansion of n-alkanes  
437 cm-1    symmetric CI3 stretch of CHI3 (in solution)  
459 cm-1    symmetric CCl4 stretch  
483 cm-1    symmetric CI2 stretch  
484 to 475 cm-1    skeletal deformation of dialkyl diacetylenes  
485 to 495 cm-1    CI stretch of secondary/tertiary iodoalkanes  
480 to 510 cm-1    SS stretches of dialkyl trisulfides  
500 to 510 cm-1   CI stretch of primary iodoalkanes  
523 cm-1    CI stretches from CH3I  
510 to 525 cm-1    SS stretch of dialkyl disulfides  
2700 to 2850 cm-1   CHO group vibration of aliphatic aldehydes  
2849 to 2969 cm-1   symmetric/antisymmetric stretches of n-alkanes (-CH2/-CH3)  
2986 to 2974 cm-1   symmetric NH3

+ stretch of aqueous alkyl ammonium chlorides 
2980 to 2990 cm-1  symmetric =CH2 stretches of C=CH2 derivatives  
3026 cm-1   symmetric =CH2 stretches of ethylene (gas)  
3000 to 3040 cm-1   CH stretch of C=CHR derivatives  
3057 cm-1    aromatic CH stretch of alkyl benzenes  
3062 cm-1    CH stretch of benzene  
3070 to 3095 cm-1   antisymmetric =CH2 stretch of C=CH2 derivatives  
3000 to 3100 cm-1   aromatic CH stretch of benzene derivatives  
3020 to 3100 cm-1   CH2 stretches of cyclopropane  
3103 cm-1    antisymmetric =CH2 stretch of ethylene (gas)  
3154 to 3175 cm-1   bonded NH stretch of pyrazoles  
3145 to 3190 cm-1   bonded symmetric NH2 stretch of primary amides  
3290 to 3310 cm-1  bonded NH stretch of secondary amides  
3250 to 3300 cm-1   bonded symmetric NH2 stretch of primary amines  
3300 to 3350 cm-1   ≡CH stretch of alkyl acetylenes  
3325 to 3355 cm-1   bonded antisymmetric NH2 stretch of primary amines  
3374 cm-1    CH stretch of acetylene (gas)  
3340 to 3380 cm-1   bonded OH stretch of aliphatic alcohols  
3330 to 3400 cm-1   bonded antisymmetrc NH2 stretch of primary amines 
 
Inorganics (Major Peak) 
976 cm-1    ammonium sulfate ((NH4)2SO4) 
994 cm-1    sodium sulfate (Na2SO4)  
1006 cm-1    calcium sulfate (CaSO4) 
1044 cm-1    ammonium nitrate (NH4NO3) 
1046 cm-1    bi-sodium carbonate (NaHCO3)  
1050 cm-1    calcium nitrate (Ca(NO3)2)  
1069 cm-1    sodium nitrate (NaNO3)  
1080 cm-1    sodium carbonate (Na2CO3)  
1088 cm-1   calcium carbonate (CaCO3)  
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Table 4 Continued 
Raman Shift, cm-1  Tentative Assignment a,b,c 
 
Inorganics (Minor Peaks) 
452/615/2263/3122 cm-1   (NH4)2SO4  
450/621/1102-1153 cm-1   Na2SO4  
414/493/619/700/1134 cm-1  CaSO4 
140-172/715/832/1385/1768/ 

2399/3023-3133 cm-1  NH4NO3  
112-207/686/1269/1433 cm-1  NaHCO3  
187/725/1386 cm-1   NaNO3  
187/699/1062 cm-1   Na2CO3  
280/712 cm-1    CaCO3  
 
a,b Organic chemical bond on the basis of Dollish et al. (1974) and Schulte et al. (2008) 
 c For identification of Raman spectra (band wavenumbers and relative intensities) of inorganics, the 
resolved spectra are compared with commercially available spectral libraries (Thermo Scientific, Nicolet 
Instruments, Marcel Dekker Inc.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 62

 
Table 5. Chemical composition of aerosols measured by Raman at different laser intensity. 
Aerosols obtained in morning March 21, 2009 at 1mW, 4mW, 8mW: investigated area, number 
of particle deposition spots investigated; ratio of the number of all spectra with signals 
characteristic for each component ± standard errors from averaging over different particle 
deposition spots. 
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Table 6. Chemical composition of aerosols measured by Raman at different sampling time. 
Aerosols obtained at midnight, morning and noon time March 21, 2009: investigated area, 
number of particle deposition spots investigated; number of spectra recorded; ratio of the number 
of all spectra with signals characteristic for each component ± standard errors from averaging 
over different particle deposition spots. 
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