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Abstract 

Earth’s atmosphere is a complex mixture of gases and particles. Literally 

thousands of different chemical species from both natural and anthropogenic sources 

are present. These materials partake in a variety of chemical reactions and phase 

partitioning that have profound impacts on climate, ecology, and human health. 

Analytical chemistry plays an important role for studying the atmosphere since 

sensitive and high time resolution measurements are needed to unravel the complex 

chemical processes occurring. This dissertation describes the application of 

microvolume techniques for the analysis of gases, particles, and reaction systems of 

relevance to the atmosphere. These methods have the advantage of being inexpensive 

and potentially portable. In addition, the low fluid volumes employed are well-suited 

to analysis in which analyte mass is limited, as is often the case for atmospheric 

analytes. 

Chapter 2 describes a passive gas sampling probe based on a regenerated 

cellulose (RC) microdialysis fiber. The sampling approach was used to detect 

ammonia in air via fluorescence spectroscopy after derivatization with 

o-phthaldialdehyde (OPA). The approach was effective for sampling ammonia from 

air due to the high sampling surface area-to-volume ratio. The limits of detection for 

ammonia were 0.05 ppm which corresponded to a liquid phase LOD of 4.6 x 10
-7

 M. 

As an application of the technology, the ammonia in air at a swine barn facility was 

determined to be 2.98±0.04 ppm, in good agreement with a reference method. 
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Chapter 3 describes an innovative approach for sampling and analyzing single 

aerosolized droplets of solution by capillary electrophoresis-laser induced 

fluorescence (CE-LIF). In the approach, single particles were collected into a droplet 

formed at the end of a fused silica capillary via inertial impaction. A light scattering 

pulse was used to signal arrival of a particle and trigger CE separation. At 15 kV, a 

mixture of FITC - GLU and FITC - GLY could be separated in less than 120 s 

allowing qualitative analysis of single aerosolized droplets. This method has the 

potential for liquid phase analysis of single atmospheric aerosol particles.   

Chapters 4 and 5 describe use of on-line CE for studying aqueous phase 

atmospheric chemistry. Specifically, I have studied the dynamics of nitration reactions 

of aromatic compounds. This type of reaction rapidly produces colored products that 

absorb light at wavelengths above the actinic cut at  = 290 nm and therefore may 

influence absorption of solar radiation and photochemistry. Flow-gated capillary 

electrophoresis (CE) was coupled with a UV absorbance detector to analyze products 

of the nitration reactions of benzoic acid and phenol. Inclusion of β-cyclodextrin in 

the electrophoresis buffer allowed resolution of the ortho-, meta-, and para- nitro- 

substituted isomers in fewer than 4 min. Sequential separations (online analysis) 

allowed the reaction kinetics to be quantitatively described. For benzoic acid, product 

yields were low (2 - 3%), and results suggest both 3- and 2-nitrobenzoic acid form in 

a 1 - 1.4 concentration ratio. For phenol, the reaction occurred more rapidly with 

observed yields between ≈10 - 30% for individual isomers. The yield of 2-nitrophenol 
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was higher than 4-nitrophenol by a ratio of ≈ 1.7 – 2, and 3-nitrophenol was not 

detected. ESI-MS measurements confirmed m/z values of expected reaction products. 
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Chapter Ι 

General Introduction 

1.1 Structure of Earth’s Atmosphere 

Our earth is surrounded by the atmosphere restrained by gravity. The 

atmosphere can be divided into several different layers: troposphere, stratosphere, 

mesosphere, thermosphere and exosphere determined by the changes in lapse rate 

and showed as different distances from earth’s surface. There are transition zones 

between layers know as tropopause, stratopause, mesopause, and thermopause. The 

physical properties such as temperature, density and chemical composition varies 

in each different layer and each plays different roles in protecting the earth and its 

inhabitants.  The troposphere starts from the surface and extends to 10-15 km 

while the stratosphere begins at the tropopause and rises to approx. 50 km. These 

two layers contain roughly 99% of the atmosphere’s mass and therefore are the 

places of interest to most atmospheric chemists.   

1.2 Atmospheric Composition: Gases and Aerosols 

The earth’s atmosphere is a complex mixture of all kinds of compounds 

with diverse physical and chemical properties. The composition of the atmosphere 

can be divided into gases and aerosols. Aerosols are solid or liquid particles 

suspended within the gas. Both gases and aerosols play important roles in air 

quality, visibility, climate, and human health.
1
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1.2.1 Introduction to Atmospheric Gases: Sources, Composition & Effects 

Nitrogen and oxygen comprise almost 99% of air. However, the other 1% 

includes numerous compounds that have a much greater impact on air quality, 

climate and human health. The source of the low abundance gases can be natural or 

anthropogenic (human activities). The anthropogenic source emissions can be from 

fossil fuel combustion, biomass burning, fertilizer usage, stock farming, etc...
2-4 

Besides the human activities, the natural environment releases a huge amount of 

gases into the atmosphere. Plants emit large quantities of certain organic species 

such as isoprene and terpenes.
5
 Also, the ocean, volcanic eruptions, and forest fire 

caused by lighting are additional sources of natural gases.
6-7 

The released gases 

affect air quality directly by their physical properties, or more likely through their 

chemical reactivity. The gases can either be primary pollutants (e.g. as the released 

form) or they can react with other species in the atmosphere to form secondary 

pollutants in the gas-phase or aerosol phase. For example carbon dioxide, carbon 

monoxide, and methane are three relatively abundant primary emission gases and 

are responsible for earth’s greenhouse effect.
8
 Sulfur dioxide and nitrogen oxides 

are infamous for the so-called “acid rain” phenomenon for their reaction and 

dissolving within water droplets in the atmosphere. Such acidic precipitation is 

known to have harmful effects on plants and aquatic animals. Ammonia (NH3) is 

the most important basic gas in the atmosphere. It has health effects on humans and 

livestock, and is responsible for neutralization reactions with the aforementioned 
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acidic gases to form secondary inorganic aerosol. These aerosols are responsible 

for decreasing visibility and affecting earth’s reflectivity. Another important 

category is the organic gases. There are thousands of trace level (< tens of parts per 

billion) organic gases in the atmospheric. These gases often have  significant 

impacts on our lives despite the very low concentrations.
9
 Table 1.1 lists sources 

and effects of common gases in the atmosphere. This table was built from a 

re-organization of a review paper and other literature.
7, 10-11 

1.2.2. Introduction to Atmospheric Aerosols: Sources, Composition & Effects 

Aerosols are solid or liquid particles with a variety of compositions 

suspended in the air. The term “aerosol” and “particle” often have the same 

meaning. Atmospheric aerosol particulate matter includes solid, liquid or even a 

mixture of these two phases. The size can range from several nanometers up to 

100-200 micrometer diameter. Like gases, aerosols can be produced from both 

natural and anthropogenic sources. Table 1.2 shows the estimated global emissions 

of atmospheric aerosols by type / source.
12

  

There are different types of aerosols in the atmosphere and their formation 

mechanisms are very different. Based on composition of compounds, typical 

aerosol classes include sulfate, nitrate, soot, organic carbon, and mineral dust. 

Aerosols can also be divided into primary particles and secondary particles based 

on whether they are directly released into the atmosphere, or form there. Figure 1.1 
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shows a typical formation process for atmospheric particles.
13

 Primary particles are 

directly emitted into the atmosphere from both natural and anthropogenic sources. 

Secondary particles are formed from a series of gas-phase reactions involving 

volatile organic compounds (VOCs) and other species in the atmosphere such as 

OH, ozone, NO2, SO2, HOOH, HNO3, NH3. The most common processes produce 

highly oxidized, less volatile species from VOCs. The effect of this is either new 

particle production or condensation of material on existing particle surfaces. This 

particle material is referred to as secondary organic aerosol (SOA). Both primary 

and secondary particles can uptake other gas molecules and water. In fact, the 

uptake of water generates cloud droplets. Aerosols are constantly being generated, 

transported, and removed from the atmosphere, so the concentration and 

composition of aerosols are not constant. It is a dynamic process and the lifetime of 

aerosol is determined by their chemical composition and sizes. For example, small 

particles (diameter less than several micrometers) often have relatively long 

lifetimes - up to several weeks or even years.  Larger aerosols have shorter 

lifetimes due to precipitation (wet deposition), and a combination of gravity and 

dry deposition. 

Aerosols can affect atmospheric and environmental processes in the 

following ways
14-15

: (1) Aerosols absorb and scatter solar radiation; also they 

absorb, scatter and emit thermal radiation. (2) Aerosols act as cloud condensation 

nuclei, enable the formation and growth of cloud water droplet and ice crystals. (3) 
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The heterogeneous interaction process between gases and aerosols are responsible 

for uptake of atmospheric gases via condensing volatile and semi volatile gases. 

This process can change the concentration and composition of atmospheric gases. 

These heterogeneous processes also change the sizes and composition of the 

particles themselves. (4) The deposition of atmospheric particulate matter onto 

ecosystems or the deposition of particles within the respiratory system of humans 

or livestock. 

Clearly, atmospheric aerosols play very important roles in many aspects of 

our lives such as climate change, air quality, and human health. 

1.3 Analytical Chemistry & the Atmosphere 

Due to the increased emission of air pollutants by human activities, 

atmospheric monitoring has drawn a great deal of attention. Monitoring 

atmospheric gas concentrations, analyzing aerosol composition, and studying the 

formation of atmospheric aerosol could provide important information to better 

understand earth’s atmosphere and climate change. Numerous analytical 

approaches have been developed to study the gases and aerosol in the atmospheric 

system. However, because of the complexity of the atmosphere (e.g. thousands of 

compounds, gas and particle phases, different concentrations, very different 

physical and chemical properties) there is no universal method for air sampling and 

analysis. Nevertheless, there are several common factors that need to be 
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considered:
16 

(1) Temporal Resolution: The method should ideally provide rapid 

analysis so that on-line monitoring can be achieved. (2) Dynamic Range: The 

detection should be sensitive enough to detect trace quantities of analyte yet, 

include a wide concentration range. (3) Selectivity: The method should be able to 

eliminate interferences of other species. (4) Weight & Portability: Often 

measurements must be performed at field sites where limited power and space are 

available.  

In the remainder of section 1.3, some common and important analytical 

methods for the analysis of atmospheric gases or aerosols will be introduced. A 

special emphasis will be placed on techniques related to this research in section 

1.4. 

1.3.1 Analysis of Atmospheric Gases 

Many efforts have been developed for analysis of atmospheric gases.
16-18

 In 

general; methods can be classified into two categories: off-line and on-line 

analysis.   

Off-line approaches: This approach involves sequential sampling and 

analyzing. Solid-phase extraction and microextraction (SPE and SMPE) or sorbent 

collection tubes can be used for air sampling and pre-concentration. A 

thermo-desorption process followed by gas chromatography coupled to mass 

spectrometry is a common method for measuring ppb to ppt concentration level 



Texas Tech University, Hao Tang, August 2012 

7 
 

organic gases from collected samples. Denuder is a classic method for gas 

collection and analysis.
19

 A denuder is a device where gas collection is carried out 

on the inner wall of a designed tube structure coated with absorbing material and 

then followed by desorption and convention analytical methods such as direct 

absorbance, fluorescence, chemiluminescence or indirect derivatization/reaction 

with all kinds of detection methods. Next generation or development of denuder 

applies aqueous phase solution combine with gas permeable membrane so that gas 

can flow over the absorbing lever continuously, this device was called as diffusion 

scrubbers (DS). Several types of DS approaches based on different structure design 

and gas permeable membrane type choices were developed and coupled with 

selective reactions for detection.
20-22

 The continuous air flow sampling about DS 

makes it capable of continuous measurements, however, its time resolution often 

limited by detection methods. DS collection and subsequent analysis is very 

sensitive and capable of measuring very low concentration (low pptv levels). DS 

approach is suitable for miniaturization device design and more information about 

miniaturization DS will be introduced in the microvolume and miniaturization 

technique for gas analysis section. 

On-line approaches: Spectroscopic methods are a very good approach to 

achieve fast analysis of certain types of gases based on their optical absorptions. A 

common example of this type of analysis is ozone monitors based on ultraviolet 

(UV) absorption. Non-dispersive infrared (NDIR) sensors are also very common 



Texas Tech University, Hao Tang, August 2012 

8 
 

for monitoring CO, CO2 and other hydrocarbons in the atmosphere.
23

 Also, 

differential optical absorption spectroscopy (DOAS) is well established for 

atmospheric gas measurement over long paths,
 24 

and cavity ring down 

spectroscopy (CRDS) has been used for detection of NO and NO2 and various 

organic gases.
25-26

 

1.3.2 Analysis of Atmospheric Aerosol 

1.3.2.1 General information 

Measurements of aerosols are also important and numerous techniques 

have been developed for measuring aerosol physical properties, mass concentration, 

optical properties, and chemical composition.
27-28 

Filter samplers are usually used 

for total mass concentration measurement; condensation particle counters also 

known as condensation nucleus counters (CPC, CNC) can provide information of 

total number concentration of particles that are larger than a minimum size. A 

conceptual framework was introduced by Friedlander for characterizing aerosol 

measurement instruments, and McMurry further illustrated the type of information 

provided by different aerosol instruments.
27,29-30

 Figure 1.2 demonstrates various 

types of aerosol instruments and their integral measurement about size, time and 

composition information.
27

 From this figure it has shown the different instruments 

were focused on specific aerosol properties study while development of “ perfect” 

analysis tool for aerosol study is to integrate information as much as possible: high 
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time resolution, size resolution, optical properties as well as chemical composition.  

1.3.2.3 Aerosol Chemical Composition Analysis 

Numerous methods have been developed for analysis of aerosol chemical 

composition. The methods can be classified into two different approaches: off-line 

and on-line analysis. 

(1) Off-Line Atmospheric Aerosol Analysis: The off-line aerosol analysis 

often involves the collection of particles onto a filter or impactor and subsequent 

analysis through traditional methods including: gas chromatography (GC), high 

performance liquid chromatography (HPLC), ion chromatography (IC), mass 

spectrometry (MS), electron microscopy (SEM), X-ray fluorescence, or atomic 

absorption. The off-line method has the advantage of requiring less-integrated 

instrumentation and permits improved results through preconcentration techniques 

and replicate analysis. However, the off-line approach suffers from low sampling 

frequency and sampling artifacts, including the gain or loss of species during 

sampling and reactions that can alter the sample.
16, 28 

Also, one goal of field studies 

is to capture real-time changes in aerosol chemistry and relate this to other 

parameters. This is nearly impossible to achieve with off-line analysis. Due to 

these reasons, there has been a major push over the past decade to shift to on-line 

measurements of aerosol chemistry coupled with other physical and optical 

properties with high time resolution. 
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(2) On-Line Atmospheric Aerosol analysis: On-line aerosol analysis 

involves automation of sampling and analysis processes and can overcome some 

problems of the off-line techniques. Examples of such approaches include particle 

into liquid sampler (PILS), and aerosol mass spectrometry (AMS). 

A particle into liquid sampler (PILS) has been developed for smapling 

atmospheric aerosols and sequential study.
31 

As demonstrated in figure 1.3, this is a 

steam collection approach where sampled air is mixed with steam and cooled to 

create a supersaturated vapor. Water condenses on particles in the airstream 

causing them to grow in size. The larger particles are then easily impacted into a 

stream of flowing water and coupled with ion chromatography (IC) for analysis. 

Typical sampling intervals of PILS-IC is often several minutes and limits of 

detection (LODs) in the 1-300 ng m
-3

 range have been reported for inorganic 

species, while longer times are needed for organic acid analysis.
32-33 

Recently, the 

PILS sampling approach was coupled with other separation techniques such as 

microchip capillary electrophoresis (CE) with conductivity detection.
34

   

On-line mass spectrometry has become a very promising approach for 

on-line aerosol analysis due to the high time resolution and rich chemical 

information available. Over the past decades, many types of on-line mass 

spectrometers were developed for the measurement of atmospheric aerosols.
35-38 

The aerosol mass spectrometer applies aerodynamic lens system to achieve particle 

size selection as well as focusing particles into very narrow particle beam. And 
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different methods were developed for particle desorption and ionization. There are 

two types of on-line aerosol mass spectrometer (AMS); the first one is for 

measuring chemistry properties of bulk aerosols, and the second type measures 

individual particles and is called single particle mass spectrometer (SPMS). The 

bulk measurements often vaporize particles thermally before ionization while the 

single particles mass spectrometer typically desorbs particle one at a time using a 

pulsed laser. Bulk measurement of aerosol by AMS can obtain very useful 

information.
39-40 

For example it can be used to measure and monitor mass 

concentrations of submicrometer nonrefractory species such as nitrate, ammonia, 

sulfate, and organic carbon with high time resolution. Also it is very useful to 

analysis chemical composition for studying the formation of secondary organic 

aerosols (SOA). Single particle mass spectrometers were developed for tracking 

real-time changes in particle size and mixing state for individual particles. It allows 

further in-depth research about source and composition of atmospheric aerosols. 

Friedlander and coworkers developed the original design of the single particle 

instruments in the early 1980s.
41 

These early mass spectrometers used a filament to 

desorb the particle and electron impact ionization coupled with a quadrupole mass 

spectrometer. Nowadays, the majority of single-particle mass spectrometers use 

time-of flight technology to obtain the entire mass spectrum of each particle. Many 

systems now use a dual polarity time-of-flight mass spectrometer, so both positive 

and negative ions can be obtained from each particle.
42

 The time-of-flight mass 
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spectrometer is ideally suited for pulsed laser desorption/ionization (LDI), offering 

the advantage of high-throughput analysis. 

1.4 Introduction to Anlytical Techniques used in this Dissertation Research 

1.4.1 Microvolume and Miniaturization Techniques for Gas Analysis 

Miniaturization of gas analysis systems is an attractive approach to analysis 

due to the many merits to miniaturization.
 
Microdevices can often achieve rapid 

analysis because of fast derivatization reactions and / or separations in small 

dimensions. Microvolume diffusion based gas samplers can also be designed with 

a high surface area-to-volume ratio yielding efficient gas sampling. High 

sensitivity and good time resolution are available with a microsystem if a 

concentration sensitive detection approach is employed. Power consumption is 

often minimized – especially with respect to heating devices. Therefore, an entire 

analytical system may in theory be powered by a battery so it is portable for field 

measurement. Microvolume devices are also usually environmentally friendly 

because of their small consumption of chemicals. Many inorganic gases and 

water-soluble organic compounds can be measured by wet chemistry techniques 

after collection into an aqueous phase.
 
Wet chemistry is generally used for gas 

analysis where gases are collected in a suitable device and are subsequently 

determined by colorimetry or fluorometry and other methods. Different sampling 

approaches were developed includes droplet method, film sampling, membrane 
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based DS, long absorbance cell. Table 1.3 is a summary of wet chemical 

techniques with microvolume sampling approach for analysis of trace atmospheric 

gases via all kinds of detectors such as colorimetric, fluometric and conductivity.
43

 

In this dissertation, a permeable membrane based DS was developed for sampling 

ammonia in microvolume solution and coupled with fluorescent detection and was 

described in chapter 2. 

1.4.2 Capillary Electrophoresis and its Application in Atmospheric Chemistry 

1.4.2.1 CE Instrumentation 

The technique of capillary electrophoresis (CE) to separate species was first 

demonstrated applying high voltage on glass capillary for separation of amino 

acids by Jorgenson in 1980s.
44-45 

The basic CE instrumentation is relatively simple 

and low cost as shown in figure 1.4. It consists of a high voltage supply (0-30 kv), 

a fused silica capillary, two buffer reservoirs, a sample vial, two electrodes and a 

detector. Sample injection could achieve by placing capillary inlet into sample via 

hydrodynamic injection (by pressure, aspiration or siphoning) or electrokinetic 

injection. Then the capillary could be placed back into buffers to run a separation. 

1.4.2.2 Theory of Capillary Electrophoresis 

In a solution applied with electric field, analytes migrate determined by 

electrophoretic mobility. Charged species have the tendency to move towards the 
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opposite charged electrode when migrating in an applied electric field. The 

velocity determined by electrophoretic mobility (μep) is given by 
46 

 

                         (1.1) 

Where E is the electrical field strength, q is the charge of analyte, r is the 

radius of analyte, ŋ is the viscosity of solvent. 

While electroosmotic flow (EOF) is observed when an electric field is 

applied to a solution in a capillary that has fixed charges on its interior wall as 

shown in figure 1.5. For fused silica capillary, Si-OH groups are present on the 

interior wall and can be ionized to negatively charged silanoate (Si-O
-
) groups at 

pH values higher than 3. To maintain the electrical neutrality, cations from the 

buffer solution will migrate and form two layers of actions called as diffuse double 

layer or the electrical double layer. The first layer is called as the fixed layer 

because it is very close to the silanoate groups. The second layer, called the mobile 

layer, is farther from the silanoate groups and can be pulled in the direction of the 

negatively charged cathode when an electric field is applied. So the bulk buffer 

solution migrates with the mobile layer, causing the electroosmotic flow (EOF) of 

the buffer solution. The velocity caused by EOF can be expressed as: 

νo=                          (1.2) 

The net mobility is the sum of the electrophoretic mobility and 

electroosmotic flow and the velocity in the electrical filed can be given by: 
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  (        )*E                (1.3) 

 Movement by electrophoretic flow could have different directions with 

electroosmotic flow, however, the electroosmotic flow of the buffer solution is 

often designed greater than that of the electrophoretic flow of the analytes so all 

the analytes are carried along with the buffer solution toward the cathode. Figure 

1.5 demostrates how different species were separated in capillary electrophoresis 

process. Electrophoretic mobility values were detrmined by analyte charge, sizes, 

and electrical field strength. Cations and anions have different directions of 

electrophoretic mobility, so they can easily be separated, while ions with same 

kind of charge can be separated by their sizes. Neutrals cannot be separated by 

unmodified capillary zone electrophoresis since they are mainly driven by EOF. 

Based on the above equations, high voltage applied in short capillary length gives 

high electrical field can improve separation speed. 

1.4.2.3 Types of Capillary Electrophoresis 

Several different types of capillary electrophoresis were developed 

focusing on various applications. Capillary zone electrophoresis (CZE) is the most 

commonly used method and a very simple one since it is used unmodified fused 

silica and can achieve fast separation of charged ions. However, the drawback of 

CZE is that this approach cannot separate neutrals based on the previous discussion. 

Also CZE often lacks of the ability of separate isomers since CZE is based on 
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charge and size difference and isomers have very similar charge and size. 

Enantioseparations by CE can be achieved by the addition of chiral selector into 

the background electrolyte. Cyclodextrins are naturally chiral molecules and 

widely used for charily separations in CE.
47

 Micellar electrokinetic capillary 

chrotomaotorgraphy (MEKC) was developed based on solutes partitioning 

between micelles and the solvent and can be used for separation of neutrals. Other 

types were developed for specific focus such as capillary electrochromatography 

(CEC), capillary isoelectric focusing (CIEF), capillary gel electrophoresis (CGE) 

and capillary isotachophoresis (CITP).
48

 

1.4.2.4 Detection Methods 

CE is compatible with all kinds of detectors, commonly used methods 

include: UV-vis absorption, conductivity, and laser induced fluorescent (LIF), mass 

spectrometry.
47-48 

 In our experiments, UV-vis absorption and LIF methods was 

applied. 

1.4.2.5 CE Application in Atmospheric Chemistry 

CE has many advantages such as small sample volume requirement, fast 

separation, and simple instrumentation and has been widely used in many 

analytical areas such as environmental pollution analysis and bioanalysis.
49-52

 CE 

can also be used for analysis of atmospheric chemistry. For example, CE has 

already been used for off-line atmospheric analysis
53-54

 and the rapid separations 
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CE provides can allow for continuous monitoring or for atmospheric chemical 

reaction kinetic studies.  Recently the development of microchip CE (MCE) 

provides potential chance for developing portable and integrated device applied in 

atmospheric chemistry field measurement. Some MCE approaches were developed 

for atmospheric research such as designed for the separation of inorganic anions in 

aerosol extracts; coupled with a PILS sampling approach to achieve 

semi-continuous monitoring of atmospheric ion species.
34, 55 

In this dissertation, 

CE was coupled with LIF and used a tool for separation and analysis of single 

aerosol composition when it was sampled into small volume of water. Also our 

research includes CE couple with UV-vis absorbance detector for studying 

atmospheric reactions. 

1.5 Summary  

This dissertation presents a series of research efforts to advance 

measurement science in relation to atmospheric chemistry. Ammonia gas detection 

method was developed applying a microvolume permeable membrane sampling 

method coupled with fluorescence detection. An approach for sampling and 

analyzing single aerosolized droplets of solution with capillary 

electrophoresis-laser induced fluorescence (CE-LIF) separation and detection was 

developed. Moreover, aqueous phase atmospheric chemistry was studied by 

focusing on the nitration reactions of aromatic compounds. The reaction products 
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and kinetics were characterized and studied by capillary electrophoresis (CE), 

UV-Vis absorption and MS methods. 
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Table 1.1 Sources and Environmental Effects of Common Gases in the Atmosphere. 

Type of Gas Sources Environmental Effects 

Nitrogen oxides 

(NO and NO2) 

 

 combustion of oil, coal, gas in 

both 

 automobiles and industry 

 bacterial action in soil 

 forest fires 

 volcanic action 

lightning 

 decreased visibility due to yellow/brown 

color 

 causes visible leaf damage 

 irritates eyes and nose 

 suppress plant growth (even when not 

causing visible damage) 

 contributes to heart and lung problems 

 may encourage the spread of cancer 

Volatile organic 

compounds 

(VOCs) 

 

 evaporation of solvents 

 evaporation of fuels 

 incomplete combustion of 

fossil fuels 

 naturally occurring 

compounds like terpenes from 

trees 

 eye irritation 

 respiratory irritation 

 may be carcinogenic 

 decreased visibility due to blue-brown 

haze 

Ozone (O3) 

 

 formed in troposphere from 

photolysis of NO2 

 diffusion from stratosphere 

 respiratory irritation, disturb lung 

function 

 irritate eyes, nose and throat 

 decreased crop yields 

 retards plant growth 

Carbon monoxide 

(CO) 

 

 incomplete combustion of 

fossil fuels 

 combustion of oil, coal, gas in 

both 

 automobiles and industry 

 causes headaches, dizziness, and nausea 

 absorbed into blood 

 reduces oxygen content 

 

Carbon dioxide 

(CO2) 

 combustion of oil, coal, gas in 

both automobiles and industry 

 greenhouse effect 

 

Sulfur dioxide 

(SO2) 

 

 incomplete combustion of 

fossil fuels 

 combustion of oil, coal, gas in 

both automobiles and industry 

 volcanic gases 

 causes acute and chronic leaf injury 

 attacks a wide of variety of trees 

 irritates upper respiratory tracks 

 destroys paint pigments 

 

Ammonia 

(NH3) 

 volatilization from animal 

waste and synthetic fertilizers  

 biomass burning 

 human excreta and fossil fuel 

combustion 

 health effects 

 injury on vegetation 

 

polycyclic aromatic 

hydrocarbons 

(PAHs) 

 incomplete combustion of  

organic materials 

 risks to human and all living organism 
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Table 1.2 Sources and Estimates of Global Emissions of Atmospheric Aerosols. 

 Amount, Tg/yr [10
6
 metric tons/yr]  

Source Range of Estimates Best Estimate 

Natural   

Soil dust  1000-3000 1500 

Sea salt 1000-10000 1300 

Botanical debris 26-28 50 

Volcanic dust 4-10000 30 

Forest fires 3-150 20 

Gas-to particle conversions 100-260 180 

Photochemical 40-200 60 

Total for natural sources 2200-24000 3100 

Anthropogenic   

Direct emissions 50-160 120 

Gas-to-particle conversion 260-460 330 

Photochemical 5-25 10 

Total for anthropogenic 320-640 460 
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Table 1.3 Miniature gas sampling system with wet chemistry detection method.  

 

Analyte Pump Collector Reaction Detection LOD(pptv) Sampling 

time (min) 

Application 

Droplet 

NH3 

SIA(EOF) H2SO4 indophenols ABS    

SO2  H2O2/MnSO4 SO2→SO4
2-

 CD    

Cl2 Syringe Tetramethylbenzidin  ABS 3.3 1.1  

H2S Gravity FMA/NaOH FMA FL 10 2  

HCHO Syringe MBTH  ABS 4.7 5 Indoor/outdoor 

Film 

NH3 

 

Peristaltic 

 

Water 

 

OPA, sulfite 

 

FL 

 

0.0004 

 

18 

 

HCOOH, CH3COOH EOF Water Na2CrO4 ABS 3 1 Outdoor 

SO2 Solenoid 

pump 

H2O2 soap film SO2→SO4
2-

 CD 37 1  

NH3 Gravity H2SO4 Neutralization CD 1 3 breath 

Annular DS 

H2O2 

 

Gravity 

 

HCl/Nafion 

  

AMP 

 

0.11 

 

9 

 

Ambient air 

H2O2 Peristaltic Water/Nafion Hematine/thiamine FL 0.025 CF Air on the sea 

CH3HO2  Water/ePTFE HRP/thiamine  0.015   

HCHO Peristaltic H2SO4/ Nafion 2,4-Pentanedione FL 0.07 CF  

NH3 HFA Water/pPP OPA FL 7.5 CF Atmosphere 

HCHO HFA Water/pPP 2,4-Pentanedione FL 0.1 9 Atmosphere 

H2O2, CH3HO2 Peristaltic Water/Nafion Hematine/thiamine LCW, FL 0.0135 CF Atlanta 

HCHO Peristaltic Water/Nafion 1,3-CHD LCW, FL,  0.03 CF Atlanta 

H2O2 Peristaltic Water/Nafion Luminol/Co(NO3)2 LCW, CL 0.025 CF  

Long collector 

/absorbance  

cell 

NO2 

 

 

 

Gravity,  

SF 

 

 

 

pPP 

 

 

 

Saltzman 

 

 

 

ABS 

 

 

 

0.4 

 

 

 

3 

 

 

 

Atmosphere 

Cl2 Peristaltic Teflon AF TMB ABS 0.3 9.5  

H2O2 Peristaltic Nafion Ti-TPyP ABS 0.026 CF  

O3 Gravity, 

SF 

pPP ITS ABS 1.2 1  

 

 

SF: stopped-flow; CF: continuous flow. 

ABS: absorbance; Fl: fluorescence; CD: conductivity. 
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Figure 1.1 Formation and aging process of atmospheric aerosols (Reprint from ref 

13 with permission). 
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Figure 1.2 Classification of aerosol instruments according to their capacity to 

resolve size, time and composition (Reprint from ref 27 with permission). 
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Figure 1.3 Schematic diagram of the PILS. It is composed of a saturated vapor 

generating system, a chamber for mixing vapor and ambient air, a condenser, and 

the impaction region for collecting the droplets into a liquid flow stream. The 

insert shows apparatus part of the impactor nozzle, glass impactor housing, and the 

stable liquid ring formed by the impinging air jet (Reprint form ref 31 with 

permission). 
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Figure 1.4 Schematic of CE instrumentation 
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Figure 1.5 Capillary electrophoresis principle. 
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Chapter II 

Evaluation of Microvolume Regenerated Cellulose (RC) Microdialysis Fibers 

for the Sampling and Detection of Ammonia in Air 

Source: Talanta 2010, 81, 1350-1356 

Abstract 

We have explored use of perfused regenerated cellulose (RC) microdialysis 

tubing (216 μm o.d. / 200 μm i.d.) as sampling probes for gaseous ammonia. The 

probes functioned by allowing the gas to diffuse through the permeable membrane 

into a stream of de-ionized water which continually perfused the tubing at 10-20 

μL min
−1

. The resulting ammonium in the perfusate was determined through a 

fluorimetric method (OPA-sulfite) with LED excitation at λex = 365±10 nm and 

measurement of fluorescence emission at λem = 425±20 nm. By shielding the 

sampling membrane with a Plexiglas tube purged under laminar flow conditions, 

the potential interference of particulate ammonium depositing on the probe was 

minimized. The RC microdialysis tube was found to act as an efficient sampling 

device since it exhibits a very high surface-area-to-volume ratio (≈200cm
2
 mL

−1
). 

As a result, aqueous concentrations of >100 μM NH4
+
 per ppm NH3 (g) have been 

observed. In addition, the fluorogenic OPA-sulfite reaction is demonstrated to be 

very selective for ammonia over amines that have been measured in the 

atmosphere. This feature of the derivatization chemistry allows analysis of 

ammonia by fluorimetry without need for a separation step. The method developed 
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has been applied to field measurements of ammonia at a swine barn facility with 

quantitative results agreeing with a reference method. 

2.1 Introduction 

Ammonia is the most significant basic gas in the troposphereand is present 

at concentrations ranging from <50 ppt to several ppm near agricultural operations. 

Recent estimates suggest >70% of the 57.6 Tg year
−1

 flux of ammoniacal N is 

anthropogenic in origin.
1
 A large fraction of this anthropogenic flux is believed to 

be the result of agricultural practices (animal operations, fertilizer application, etc.). 

Ammonia emissions are a significant concern to atmospheric chemistry and 

climate since ammonia can neutralize HNO3 or H2SO4 yielding secondary 

atmospheric particulate matter. Additionally, the concentration of ammonia in 

exhaled breath can be used as an indicator of renal failure, progress made during 

hemodialysis dialysis treatment, or infection by H. pylori, bacteria implicated in 

gastro-intestinal ulcers and cancer.
2-4

 At higher concentrations (tens of ppm), 

ammonia irritates the eyes, nose and throat. Exposure to ammonia at several 

hundred ppm can lead to pulmonary edema, a potentially fatal accumulation of 

fluid in the lungs. Clearly, monitoring the ambient concentration of ammonia in 

various settings is of analytical interest. 

Given this importance, a variety of analytical tools have been developed to 

meet the needs of specific applications. For very high NH3 concentrations 
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(10-1000 ppm), inexpensive sensors are commercially available. The sensing 

mechanism of these devices is often the conductance change when gas molecules 

chemiadsorb to a metal oxide or conducting polymer sensing layer. While these 

low-power devices are inexpensive and portable they do not have the requisite 

sensitivity for breath or environmental analysis and typically are not specific for 

ammonia.
5-6

 In the case of the conducting polymer sensors, the reaction between 

ammonia and the polymer is often irreversible so the sensitivity of the device 

changes with age/exposure to ammonia. When exceptional limits of detection and 

additional specificity are needed, a popular choice is absorption spectroscopy in 

either the UV or IR (TDLS - tunable diode laser spectroscopy and FTIR).
7-9

 More 

recently, photoacoustic spectroscopy has been applied to the sensitive detection of 

ammonia.
10-11

 Detection limits on the order of 0.1-0.25 ppb have been reported for 

the photoacoustic technique while detection limits as low as 25 ppt have been 

reported for TDLS–IR spectroscopy with a 150m pathlength. The spectroscopic 

techniques are favorable from a technical perspective since they can eliminate 

sampling artifacts associated with wet-chemical methods and are much more 

specific and sensitive when compared to adsorptive sensors. However, they often 

suffer from the practical limitations of expense, complexity, and need for a suitably 

long path length which can at times be on the order of hundreds of meters. Clearly, 

these techniques may not be suitable for all applications. An alternate approach to 

the determination of ammonia is sequential sampling and wet-chemical analysis. 
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This approach uses either filters impregnated with an adsorbent, membrane-based 

samplers, or diffusion denuders to sample and accumulate gas phase ammonia. 

Subsequent analysis can be completed by either ion chromatography, fluorescence, 

or conductivity measurements.
12-16

 In general, these relatively simple, low-cost 

solutions often yield detection limits suitable for atmospheric or breath analysis. 

However, care must be taken to avoid chemical interferents for various 

applications. For instance, particulate matter must be removed prior to collecting 

ammonia on a filter since particulate ammonium is a possible interferent. In the 

case of conductivity measurements, changes in relative humidity can in some cases 

affect the observed signal and the presence of other gases which are ionogenic in 

aqueous solution (e.g. CO2) could possibly interfere with analysis. 

Of particular interest within the field of wet-chemical ammonia analysis is 

development of methods that integrate sampling and analysis in an on-line fashion. 

Continued advances in microfluidic platforms are particularly exciting given the 

vision of producing small, lightweight, low-cost, and portable sensors for both 

clinical and environmental applications. Towards this goal, efficient methods to 

sample gas-phase analytes into nL–μL liquid volumes are required. One possible 

sampling approach is a semi-permeable membrane-based diffusion sampler. In this 

approach, analyte diffuses across a gas-permeable membrane and into a fluid 

which is swept away for subsequent analysis. Membrane-based samplers are an 

attractive alternative since they can be designed to achieve a very high 
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membrane-surface-area to perfusion-fluidvolume ratio. This promotes efficient 

sampling and provides fluid volumes compatible with established microfluidic 

technologies. The membrane-based approach to sampling ammonia has previously 

been explored by several authors and a summary of recently reported membrane 

sampling probes is presented in Table 2.1. Amornthammarong et al. have used a 21 

cm length of 600 μm inner diameter polypropylene tubing with 0.2 μm pores as a 

diffusion based sampler for ammonia.
17

 Typical fluid flow rates on the order of 

0.3-3 mL min
−1

 were employed and the total volume of the diffusion sampler was 

68 μL. Fluorometric analysis afforded sensitive detection for ammonia, with an 

L.O.D. of 135 pptv reported. Erisman et al. have reported on a commercially 

available system (AiRRmonia) marketed by Mechatronics.
18

 The permeable 

membrane employed is fabricated from Teflon and a collection fluid is perfused 

through a 200 μm deep channel. Total volume of the fluid within the channel was 

0.6mL and the reported membrane surface area was 30 cm
2
 yielding a membrane 

surface-area-to-volume ratio of 50cm
2
 mL

−1
. The AiRRmonia system has a 

reported limit of detection (L.O.D.) of 0.04 ppb for NH3. More recently, Timmer et 

al. have reported on a microfabricated membrane sampler built through standard 

photolithography techniques.
19

 This device employed a polypropylene membrane 

(0.22 μm pores) to separate a gas stream containing ammonia and the collection 

fluid. The fluid was contained in a microchannel of 100 μm width, 15 μm depth, 

and 2 cm length. This arrangement allowed an impressive 
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membrane-surface-area-to-fluid-volume ratio of ≈660 cm
2
 mL

−1
. Unfortunately, 

the authors report difficulties with ion contamination and air bubbles that limited 

the limit of detection of their integrated device to the 1 ppm range for NH3 (g). All 

membrane probes reported in Table 2.1 have differing geometries and are operated 

under different conditions. For example, some membranes are cylindrical and 

some are flat. Also the perfusion solutions are of differing compositions and flow 

rates. In light of this, it is difficult to conduct direct comparisons of performance. 

In this work, we have explored use of commercially available microdialysis 

tubing as a membrane-based probe for sampling ammonia. The dialysis tubing is 

formed from regenerated cellulose, a material more hydrophilic than Teflon or 

polypropylene used by previous authors. Additionally, the cylindrical shape and 

small diameter of the membrane tubing maximizes surface area-to-volume ratio. In 

our experiments, 15 cm of the 216 μm o.d. and 200 μm i.d. dialysis tubing was 

perfused at flow rates of 10-20 μL min
−1

. The perfusate is collected and 

fluorescently labeled using the fluorogenic o-phthaldialdehyde and sulfite method. 

We present results that suggest this derivatization reaction is highly selective for 

NH4
+
 compared to simple amines previously found to be present in the atmosphere. 

This allows selective fluorescence analysis without the need for a separation step. 

The flow rates used and dimensions of the probe tubing are compatible with 

microfluidic devices. While our experiments consider only ammonia, it is 

envisioned this approach may be applicable to sampling additional atmospheric 
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gases. 

2.2 Experimental 

2.2.1 Reagents 

Reagents were obtained from commercial sources and were used without 

further purification. The OPA (o-phthaldialdehyde) reagent is prepared by 

dissolving 67 mg of standard grade OPA in 5mL of methanol, followed by the 

addition of 20 mL of water. The solution, 20 mM in OPA, can be stored 

refrigerated for 1 week. Sodium sulfite solution (6mM, containing 1% glycerol) 

also is stored refrigerated for a week. Glycerol was added as a stabilizer. Borate 

buffer (50mM) is made by dissolving 19.068 g of reagent grade Na2B4O7 in 900 

mL of water, adjusting pH to 11.0 with NaOH and diluting to 1 L. Ammonium 

standards were made from a 10 mM NH4NO3 stock solution and fresh DI water. 

2.2.2 Design of the Permeable Membrane Sampling Probe 

The sampling probe assembly is illustrated in Figure 2.1. Regenerated 

cellulose (RC) microdialysis fibers (SpectraPor, Spectrum Labs, MWCO 18,000) 

have been used as a permeable probe for sampling ammonia. The RC fiber (i.d. 

200 μm, o.d. 216 μm, length 15.24 cm) is the active element for collecting 

ammonia from the atmosphere. When the fiber was exposed to air, ammonia can 

diffuse to the probe surface and pass through the permeable membrane. Two short 
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pieces of fused silica capillary tube (i.d. 73 μm, o.d. 150 μm) were inserted into 

each end of the RC fiber and secured with aminimumamount of JB Weld glue. The 

second end of each capillary tube was then threaded through a short (≈3 cm) length 

of 197μm i.d., 360μm o.d. capillary tube and sealed/secured with cyanoacrylate. 

The larger capillary tubes were threaded into 1/16 in. o.d. Teflon tubing to make 

fluid connections to the remaining flow system. De-ionized water (18.2MΩ cm
−1

, 

MilliPore) was used as the fluid pumped through the membrane. Pumping was 

achieved through syringe pumps (Chemyx) equipped with gas-tight syringes of 

volume 0.25-1.0 mL (Hamilton). The RC probe was placed inside a Plexiglas tube 

(i.d. 5 cm, length 30 cm) to shield it and provide a well-defined sample airstream. 

Flow through the Plexiglas tube was 2 L min
−1

 and was provided by a real-time 

aerosol monitor’s (Model RAM-1, Mie Inc.) internal air pump. The RAM-1 was 

also used to monitor the mass concentration of particles in the sample stream by 

light scattering. The experiment was designed to provide laminar flow (Re≈340) 

within the Plexiglas tube in an effort to minimize detection of ammonium from 

particulate matter. This principle is based on the idea gases have diffusion 

coefficients orders of magnitude higher than particles. Thus, gases are more 

efficiently transported to the probe surface when compared to particles. This is the 

theoretical basis for all diffusion denuder samplers.
20
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2.2.3 Generation of Air Samples Containing Ammonia 

Two methods were used to generate vapors of NH3 in the Plexiglas tube. 

For concentrations ranging from 0.05 to 1 ppm, a wafer-type NH3 permeation 

device (VICI Metronics Inc.) was used to generate NH3. This device emits 

ammonia at a known rate and when the gas is emitted into an airstream of metered 

flow produces a vapor of known concentration. The second method used is 

diffusion of ammonia from an aqueous solution of ammonium hydroxide. Briefly, 

a beaker of dilute ammonium hydroxide was placed in a chamber that could be 

perfused at a desired flow rate. Vapors containing NH3 in excess of 1ppm could be 

generated by this method. Concentrations of gas-phase ammonia were verified 

inside the Plexiglas tube using Kitagawa tubes (105SD, Sensidyne) in agreement 

with manufacturer suggested procedures.
21

 These commercial ammonia gas 

detector tubes are formulated with high purity reagents that adsorb and react with 

the ammonia gas. The reaction causes a colorimetric stain that varies in length 

proportional to the concentration of the gas so the concentration of gas-phase 

ammonia can be read directly. Regardless of method used to generate ammonia, 

the removal of ambient NH3 is essential to prepare analytical blanks (zero air). In 

our experience, this process proved quite difficult. This phenomenon was also 

noted by Amornthammarong et al. for very similar experiments.
17

 We have 

determined our best practice is passing house air through a 2cm×45cm column 

which is filled with acidic silica gel (prepared by mixing 200 mL of 6N H2SO4 
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with 300 g of 20-mesh silica gel and drying overnight at 70 
◦
C) to remove the NH3 

in the air. The airstream was then directed to either the ammonia generator and/or 

Plexiglas tube. 

2.2.4 Fluorescent Derivatization and Analysis 

A detailed schematic illustrating both off and on-line analysis is shown in 

Figure 2.1. The reaction of o-phthaldialdehyde (OPA) with sulfite in the presence 

of NH4
+
/NH3 is known to produce fluorescent sulfonatoisoindole products.

22
 This 

reaction and fluorescence detection was used to determine the concentration of 

NH4 
+
 in the solution which perfused the sampling probe. For off-line analysis, the 

water passing through the sampling probe was collected in a 0.5 mL Eppendorf 

tube and then capped until subsequent analysis was completed. Typically ≈ 200 μL 

of solution was collected in the vial. Then, 150 μL of sample was mixed with 50 

μL OPA solution (20 mM), 50 μL sodium sulfite (6 mM), 50 μL borate buffer (50 

mM). The reaction mixture was then allowed to react for 45 minutes at room 

temperature (≈ 22 
o
C). Aqueous ammonium nitrate solutions of known 

concentration were used as standards. Standard solutions were allowed to react 

under identical conditions for calibration.             

For on-line analysis, the sampling probe within the Plexiglas tube was 

perfused at 20 μL/ min by a syringe pump and this fluid routed to a mixing tee. 

Simultaneously, a solution containing 6.7 mM o-phthaldialdehyde, 2 mM sodium 
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sulfite, and 16.7 mM borate buffer pH = 11 was pumped into the mixing tee at 20 

μL/min. The sample solution and derivatization reagents mixed within the PEEK 

mixing tee (VICI) and were allowed to react as they flowed through a 30 cm long, 

750 μm i.d., 1/16 o.d. Teflon tube placed inside a chromatography column heater 

(CH-30, Eppendorf). The residence time of the solution within the tube was approx. 

3 minutes and the temperature was 60 
o
C. Heating was employed to speed the 

derivatization reaction. The Teflon reaction tube was connected to a 150 μm i.d., 

360 μm o.d. fused silica capillary tube that served as the detection optical cell 

using a 531 μm i.d. and 630 μm o.d. capillary tube sleeve.  

A light emitting diode (LED) (Nichia NSHU590B, λpeak = 365 nm) was 

used for fluorescence excitation. A long-pass dichroic mirror (Omega Optical) was 

used to reflect LED light towards a 40x, 0.65 numerical aperture microscope 

objective. The objective focused the excitation light onto a fused silica capillary 

tube (i.d. 150 μm, o.d. 360 μm) on which an optical window for fluorescence 

detection had previously been prepared. The microscope objective was also used to 

collect light emitted through fluorescence. Fluorescence then passed through the 

dichroic mirror, through a spatial filter (iris), and through a 450 nm interference 

filter with a bandpass F.W.H.M. of 40 nm (FB450-40, Thor Labs). A beam splitter 

was then employed to direct a portion of the light through a 10x microscope 

eyepiece used by the operator for focusing on the capillary tube. The remaining 

light passed through the beam splitter and was incident upon a photomultiplier tube 
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(Hamamatsu, H77321P-01). The current generated by the PMT was converted to a 

voltage with gain of 106 V / A through use of an amplifier circuit (PMT-5, 

Advanced Research Instruments). The voltage was then digitized at 1000 Hz and 

averaged over 1 sec intervals using an I/O board (NI USB 6008) driven by 

Labview software (National Instruments, Austin, TX). 

2.2.5 Reaction Kinetics & Specificity Study 

In an effort to characterize the time required for reaction and specificity 

towards NH3/NH4
+
 we have monitored the fluorescence intensity of several 

reaction solutions over time. We have explored the generation of fluorescence 

when ammonium, methylamine, dimethylamine, diethylamine, trimethylamine, 

and triethylamine are added to a stirred solution of 3.3 mM OPA and 1mM sulfite 

in borate buffer at pH= 11. These substances were chosen since they have been 

found to be present in air near agricultural operations. In each case, the test 

compound concentration in the reaction mixture was 33 μM, except for ammonium 

for which concentrations of 1.7, 2.5, and 3.3 μM were used. All fluorescence 

measurements were made using a Shimadzu RF-5301PC spectrofluorophotometer. 

The excitation wavelength was set to 350 nm while the emission wavelength was 

held at 460 nm. Fluorescence intensity was monitored over time with data points 

being collected every 5 s. The temperature of the reaction mixtures was 44 
◦
C. 
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2.3 Results and Discussion 

2.3.1 Efficacy of the Membrane Sampling Probe 

In an effort to determine the efficacy of the membrane sampling probe we 

placed the RC membrane inside the Plexiglas tube and exposed the probe to vapors 

of known ammonia concentration. The perfusion solution was collected and 

derivatized by OPA/sulfite and the resultant liquid phase concentration of 

ammonium determined through calibration. Figure 2.2 illustrates a plot of observed 

aqueous ammonium concentration (μM) versus gas-phase ammonia concentration 

(ppm) for perfusion flow rates of 10 and 20 μL/min. As observed in the figure, the 

aqueous phase ammonium concentration can reach several hundred micromolar 

when the gas-phase ammonia concentration is in the low ppm range. The slope of 

the best-fit line for 10 and 20 μL/min perfusion rates were 121 and 91μM NH4
+
 (aq) 

/ ppm NH3 (g), respectively. The regenerated cellulose membrane seems to be 

effective at sampling ammonia from an air stream. We also note the concentrations 

of ammonium observed at the lower perfusion flow (10 μL/ min) were higher than 

those observed at higher perfusion flow (20 μL/min) for equivalent ammonia 

concentrations. The postulated reason for this is because lower flow rate affords a 

larger residence time for fluid in the probe to collect ammonia from the air. The 3σ 

detection limit of ammonia in the gas-phase was computed to be 0.05ppm when 

using a 20 μL/min flow rate. In fact, we exposed the probe to a 0.06 ppm ammonia 
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concentration and found the fluorescent signal is significant different from the 

background. The approximate aqueous phase concentration from 0.06 ppm 

ammonia was 10 μM. 

2.3.2 Effect of Relative Humidity (RH) on Probe Performance 

We have also studied the effect of relative humidity on water loss by the 

probe. The microdialysis fibers are semi-permeable membranes, and while gases 

may diffuse into the fluid stream, loss of solvent may also occur in the reverse 

direction. This process may alter gas dilution or alternatively potentially inhibit the 

capture of gas into the fluid stream. To investigate water loss we have exposed the 

probe to a variety of RH’s and simply measured volumetric flow rate through the 

probe gravimetrically. Results of this experiment are shown in Figure 2.3. When 

relative humidity changes from 97% to 11% the observed fluid flow rate through 

the probe drops from 9.6 to 7.3 μL/min—a change of approximately 24%. Clearly, 

evaporation of solvent is an important consideration for the probe considered. 

Amornthammarong et al. have described a slight reduction in signal at high relative 

humidity when using a more hydrophobic membrane for ammonia analysis,
17 

but 

nothing of similar magnitude. In an attempt to address this issue we have 

investigated inserting a diffusion dryer packed with silica dessicant prior to the 

Plexiglas tube/sampling probe and repeated the experiment. This was done as an 

effort to reduce the RH of the airstream to a low (and relatively constant) level. 
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Use of a low RH is suggested for analysis rather than a high value since 

deliquescence of aerosol particles in the sample would create an aqueous phase 

which could be a highly effective scavenger of gas-phase ammonia. In turn, this 

could bias results. Again, loss of water from the probe was characterized 

gravimetrically and results of this experiment are also plotted in Figure 2.3. When 

the relative humidity at the inlet to the diffusion dryer ranged from 33–95%, flow 

rate varied between 7.9-8.3 μL/min—a difference of only≈4.5% over this range. 

By lowering the RH, the diffusion dryer can constrain loss of water through the 

probe to amore constant value. Nonetheless, our results suggest the effects of 

relative humidity on quantitative results should be carefully considered when using 

regenerated cellulose probes for gas sampling. 

2.3.3. Potential Interferences: Amines and Particulate NH4
+
 

It is well known ammonia can reach levels of several parts per- million 

inside or near animal operations. However, Schade and Crutzen have confirmed 

the presence of methylamines and on occasion ethylamines at low concentrations 

(0.1-18.8 ppbv) in livestock buildings.
23

 Previous literature has indicated that OPA 

can form fluorescent isoindole products with a variety of primary amines and a 

number of nucleophiles (CN
−
, 2-mercaptoethanol, and sulfite).

24-27
 Therefore, 

examining the reaction of OPA/sulfite with these amines should be considered.  

We have investigated the degree to which OPA/sulfite reacts with ammonia 
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and other amines present in agricultural facility air to yield fluorescent products. In 

each case, a test compound was added to a stirred solution of 3.3 mM OPA and 

1mM sulfite in borate buffer at pH= 11 within a optical cuvette placed within a 

fluorimeter. The final test compound concentration was 33 μM. The fluorescence 

of the solution was then monitored in time to assess the degree to which 

fluorescent products form for each compound (reaction is fluorogenic) and to 

determine relative kinetics of the reaction. Figure 2.4 illustrates the results of this 

study. Each test compound was added at the t = 5 min. As observed in the figure, 

the fluorescence of all samples increased over the experiment. However, the 

fluorescence traces shown for methylamine, dimethylamine, diethylamine, 

trimethylamine, and triethylamine were not significantly different from a reagent 

blank in which these substances were never added. Conversely, when even lower 

concentrations of ammonium nitrate were added to OPA/sulfite, the fluorescence 

clearly increases from the blank. Under our conditions of analysis, these results 

suggest OPA/sulfite does not react with common amines in agricultural air samples 

to form fluorescent products. We attribute the increase in fluorescence background 

in the reagent blank to absorption of ammonia from the ambient air or else 

self-reaction of the OPA/sulfite mixture. A similar selectivity for ammonia over 

several amino acids in the OPA–sulfite reaction has been described previously in 

the literature by Genfa and Dasgupta.
22

 These results are significant since 

analytical selectivity for NH3/NH4 
+  

is built in to the fluorescence derivatization 
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reaction and no other amines common to agricultural air samples should interfere 

with analysis.  

A second source of interference would be (NH4)2SO4 and NH4NO3 particles 

present in the air (or any other ammonium containing particles). If particles deposit 

on the probe this would be expected to interfere with the measurement of 

gas-phase ammonia. While this effect cannot be eliminated entirely, the effects of 

particles may be minimized by sampling within the Plexiglas tube under laminar 

flow conditions. In this approach, most particles follow the air stream lines and are 

swept through the cell without being sampled. Gases diffuse much more rapidly 

than particles, and therefore are sampled more efficiently on a per-particle basis. 

In order to assess the effect of particles on measured signal, we have 

generated an aerosol of ammonium sulfate and introduced this into the sampling 

system. The perfusate was then collected from the probe and analyzed for 

ammonium content. Figure 2.5 illustrates the relationship between (NH4)2SO4 

particle mass concentration and aqueous [NH4
+
] induced by the particles presence. 

In this experiment, particle mass concentration was estimated using a laser 

scattering-based particle mass monitor manufactured by Mie Inc. (RAM-1). The 

relationship between particle mass concentration and [NH4
+
] was roughly linear. 

An (NH4)2SO4 particle mass concentration of ≈100 μg m
−3

 was observed to 

increase the ammonium concentration only approximately 1 μM. The total mass 

concentration of atmospheric particles (even in polluted areas) is often less than 
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100 μg m
−3

. Additionally, the concentration of ammonium would be only a fraction 

of the total particle mass. Therefore, we suggest the mass flux of ammonium to the 

probe surface caused by deposition of particles is small compared to that provided 

by gaseous ammonia within agricultural facilities where NH3 (g) concentration is 

high.  

2.3.4 Field Measurements of Ammonia at a Swine Barn 

In an effort to demonstrate an application for the RC probe sampler, we 

have conducted field measurements at a swine barn in New Deal, TX. Air in three 

different locations of the facility was sampled using the same apparatus shown in 

Figure 2.1A. The silica gel dessicant was not used. We sampled air from the barn 

entrance area, and two animal barns. Each barn had approximately 300 animals 

and was roughly 120 feet×28 feet in dimension. Barn 1 had excellent ventilation 

since external walls were fitted with screens that allowed air circulation. Barn 2 

lacked such screens and ventilation was produced only by a handful of exhaust 

fans. After sampling, perfusate solutions were capped and returned to the 

laboratory for fluorescence analysis. We employ the quantitative relationship 

outlined in Figure 2.2 to compute the gas-phase concentration of ammonia by 

using the 20 μL min
−1

 probe perfusion flow rate. Kitagawa tubes were also used to 

measure ammonia on-site simultaneously. Table 2.2 reports our quantitative data. 

As observed, reasonably good quantitative agreement (≈8% difference) between 
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the measurements was achieved. As might be expected, the ammonia concentration 

in the entrance area was lower than in either barn. Additionally, the importance of 

ventilation is demonstrated as the ammonia concentration in the unventilated barn 

was 3 ppm compared to only 0.9 ppm in the ventilated barn. Ventilation is crucial 

to reduce ammonia concentration in the facility. In order to avoid pigs and their 

handlers being exposed to high ammonia environment, barns should have adequate 

ventilation. 

2.3.5 On-Line Analysis Ammonia in the Laboratory 

As previously mentioned, one of the major advantages of the sampling 

approach described herein is the possibility of coupling it with microfluidic 

methods of analysis to achieve real-time chemical sensing. Towards this goal we 

have attempted to demonstrate on-line analysis of ammonia in a laboratory setting 

using the approach outlined in Figure 2.1B. The major difference is the 

derivatization reaction is accomplished by introducing a second flow containing 

derivatization reagents and the two flows converge in a mixing tee. The reaction 

mixture is directed into a column heater held at 60 
◦
C in an effort to increase 

reaction rate. After derivatization, fluorescence is measured. 

We have performed preliminary experiments aimed at determining reaction 

time necessary for the derivatization and a demonstration of fluorescence change 

during an experiment in which ammonia gas concentration inside the Plexiglas 
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tube is altered. Figure 2.6A illustrates the effect of reaction time on observed 

fluorescence intensity for the on-line system. This experiment was conducted 

without use of the membrane sampling probe. Instead, a 20 μM ammonium 

solution was added to a syringe and directly pumped into the mixing tee. A second 

pump channel pumped a solution containing 6.7 mM OPA and 2 mM sulfite in 

borate buffer (pH = 11) into the mixing tee. Since the volume of the tubing from 

the mixing tee was constant and could be calculated, reaction time could be varied 

by adjusting the fluid pumping rate on the syringe pump. It was observed that 

maximum fluorescence intensity was reached at approximately 3 min reaction time 

at 60 
◦
C. Additionally, increasing the reaction time seemed to decrease 

fluorescence intensity. This result is similar to the OPA–sulfite reaction kinetics 

previously discussed in the literature although the drop in fluorescence was not as 

dramatic in previous reports.
24

 Therefore, a reaction time of 3 min was used for 

subsequent on-line experiments at 60 
◦
C.  

We then performed an experiment in which we attempted to induce and 

monitor changes in gas-phase ammonia concentration at the sampling probe using 

the setup outlined in Figure 2.1B.  Figure2.6B illustrates observed fluorescent 

signal plotted in time for such an experiment. Initially, zero air passing through the 

acidic silica gel purged the Plexiglas tube housing the probe. After a few minutes, 

the airstream was redirected through the ammonia generation system yielding a 

vapor concentration of ≈2.5 ppm. As observed in the figure, a large increase in 
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fluorescence intensity accompanied the increase in ammonia concentration. When 

ammonia concentration changed from 0 to 2.5 ppm it took approximately 4 min to 

reach constant fluorescent signal. The Plexiglas tube was then again purged with 

zero air and fluorescent signal went down correspondingly. The sequence was then 

repeated a second time. Figure 2.6B demonstrates performing on-line analysis 

using the RC-based sampling probe. 

2.4 Conclusion 

An ammonia gas sampler was developed, and coupled to a fluorimetric 

method for determination of ammonia in air. The sampling probe was based on 

commercially available regenerated cellulose (RC) microdialysis membranes. To 

the best of our knowledge this represents the first report of use of such membranes 

for sampling of ammonia. The membrane approach is effective for ammonia 

sampling due to the high surface-area-to-volume ratio of the RC membrane, but 

suffers from differential loss of solvent through the probe as relative humidity 

varies. Detection limit of ammonia gas was ≈0.05 ppm for the off-line method. 

Additionally, the fluorogenic OPA–sulfite reaction was shown to exhibit great 

selectivity toward NH3/NH4
+ 

compared to other amines that may be present in 

agricultural air samples. Using the technique discussed, the ammonia concentration 

at a swine barn facility was measured. Quantitative results of the method are 

consistent with a reference method. The small volume of sample solution involved 
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and small size of the membrane are compatible with microfluidic methods of 

analysis. It is envisioned the approach to sampling we describe may be applicable 

to measurement of additional atmospheric gases. 
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Table 2.1 Summary of semi-permeable membrane sampling probes for ammonia 

analysis recently reported in the literature. 

 

Perfusion 

Flow Rate 

(L / min) 

Probe Material 

Reported Membrane 

Dimensions 

 

Surface Area / 

Volume Ratio 

(cm
2
 / mL) 

Limit of 

Detection 
Reference 

variable 

300 – 3000 

typical 

Polypropylene with 

0.2 m pores 

1 mm o.d. 600 m i.d. 

21 cm length 
100 135 pptv 17 

15 
Polypropylene 

with 0.22 m pores 

2 cm length, 100 m wide x 

15 m deep channels 
660 

Below 1 

ppm 
19 

100 – 150 
Teflon 

 

200 m depth 

3000 mm2 area 

Fluid volume of 0.6 mL 

 

50 0.04 ppbv 18 

10- 20 
Regenerated 

Cellulose 

200μm i.d., 216μm o.d.,  

15cm length, 5 L volume 
200 50 ppbv This work 
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Table 2.2 Ammonia concentration in air at the swine barn. 

 

Location 

[NH3] by Probe Method 

(ppm ± (1) 

 

[NH3] by Reference Method 

(ppm ± 1) 

 

N 

Barn Entrance 0.53 ± (0.02) 0.45 ± (0.03) 3 

Barn 1 

(good ventilation) 
0.87 ± (0.03) 

 

0.90 ± (0.03) 

 

3 

Barn 2 

(poor ventilation) 
2.98 ± (0.04) 3.10 ± (0.02) 3 

 

* - For these experiments the particle mass concentration in the air was ≈20 μg/m
3
 

as measured by aerosol monitor (RAM-1), N is the number of measurements. 
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Figure 2.1 (A) Schematic illustrating membrane sampler and the sequential, 

off-line approach to analysis. (B) Schematic of on-line analysis system. MFC 

=mass flow controller. 
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Figure 2.2 Plot of observed aqueous ammonium concentration vs. gas-phase 

ammonia concentration for 10 μL/ min (□) and 20 (●) μL / min probe perfusion 

flow rates.   
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Figure 2.3 Effect of relative humidity on observed fluid flow rate through 

sampling probe with and without the diffusion dryer at the probe inlet. For all 

cases we report average of N= 3 measurements, the error bars are ±1σ. Loss of 

solvent through the probe was observed at low relative humidity. 
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Figure 2.4 Reaction of methylamine, dimethylamine, diethylamine, 

trimethylamine, triethylamine, and NH4NO3 with OPA–sulfite at 44 
◦
C. In all cases 

the amines were added at t = 5 min. Final concentration for all amines was 33 μM 

and for ammonium was a=0 μM, b = 1.7 μM, c = 2.5 μM, d = 3.3 μM. Control 

experiments (test compound conc. = 0) are also plotted but difficult to observe 

since both data series coincide. A change in fluorescence compared to the blank is 

noted for only ammonium. 

 

 

 

 

 

 



Texas Tech University, Hao Tang, August 2012 

59 
 

 

Figure 2.5. Relationship between mass concentration of ammonium sulfate aerosol 

and aqueous NH4
+
 concentration in the perfusate. 
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Figure 2.6 (A) Plot of observed fluorescence intensity vs. reaction time for the 

on-line OPA–sulfite–ammonium reaction. Concentrations were 3.3mM OPA, 1mM 

sulfite and 20 μM ammonium in borate buffer pH= 11. Reaction temperature was 

60 
◦
C. (B) Plot of fluorescence intensity change in time during an experiment in 

which the sampling probe was exposed to zero air and a vapor containing 2.5 ppm 

ammonia. 
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Chapter III 

Characterization of a Novel Particle into Liquid Sampler for Analysis of Single 

Fluorescent Aerosol Particles through Capillary Electrophoresis 

Source: Analytica Chimica Acta 2011, 702, 120-126 

Abstract 

An approach to sample and analyze single aerosolized droplets (<10 nL) of 

solutions containing fluorescein isothiocyanate (FITC) labeled glycine (GLY) and 

glutamic acid (GLU) is demonstrated. The sampling approach is based on inertial 

impaction in which the sample particle is accelerated through a nozzle and directly 

into a small drop of buffered solution (20 mM borate, pH = 10) suspended at the 

end of a coaxial tube of stainless steel and a fused silica capillary. A spherical light 

scattering cell and laser (λ= 532 nm) is used to detect the arrival of particles at the 

buffered droplet. Upon dissolution and/or mixing, a portion of the sample is 

injected onto the fused silica capillary for subsequent chemical analysis by 

capillary electrophoresis (CE) and detection by laser-induced fluorescence (LIF). It 

was found that the inertial impaction approach sampled particles >1 μm diameter 

with an efficiency of 80% or greater. At 15 kV applied potential, the FITC 

conjugates of GLY and GLU could be resolved in less than 120 s allowing 

qualitative analysis of the contents of single dispersed particles. However, the 

extent to which the sample is diluted into the buffer droplet varied significantly on 

a per-particle basis that caused >80% R.S.D. in fluorescence peak heights. This 
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aspect of the method would necessitate the use of internal standards for 

quantitative analysis of materials present within the particles. It is envisaged that 

further improvements to the device described may ultimately lead to analysis of the 

contents of single particles dispersed in earth’s atmosphere. 

3.1 Introduction 

Fine particles (d = 1 nm to 100 μm) dispersed in earth’s atmosphere contain 

a complicated mixture of inorganic, elemental, biological, and carbonaceous 

materials. The size, shape, density and exact composition of each particle are 

unique. Performing comprehensive physical and chemical analysis on single 

particles can be challenging given the limited mass available for analysis (often 

<<1 μg). Despite the small dimensions of the sample, these particles can have 

dramatic impacts on human health, air quality, and climate.
1-10

 The conventional 

approach to chemical analysis of particulate matter involves sequential filter 

sampling and analysis—often by chromatographic techniques. While this approach 

is relatively straightforward, it is not without caveat. Sampling on filters can lead 

to several well-known artifacts,
11-14 

require extended sampling times (often 

measured in days), and filter sampling approaches cannot consider the chemistry of 

individual particles. Alternative approaches to achieve on-line sampling and 

analysis (such as steam sampling or PILS based methods) have been described, but 

sample is often integrated for several minutes prior to analysis.
15-19
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The analysis of single particles is especially of interest given this capability 

would allow study of reaction kinetics within single particles and potentially allow 

elucidation of the effects of different concentrations of matrix components or 

insoluble inclusions. One highly successful approach to single particle analysis is 

mass spectrometry (MS).
20-25

 The high sensitivity and information rich data MS 

provides makes it an excellent choice for chemical characterization of aerosol 

particles. However, MS instruments for aerosol analysis are often large, 

complicated, expensive, and require significant electrical power. These attributes 

limit the degree to which MS instruments could ever be used in high spatial 

resolution aerosol monitoring networks (such as those often implemented by state 

governments), or onboard lightweight research aircraft.
26-27

 

An alternative platform for analysis of single aerosol particles might be 

found in capillary electrophoresis (CE). The draw of this technique is CE is 

capable of providing high efficiency separations and is compatible with nanoliter 

solvent volumes. The latter is a particularly attractive feature in order to maintain 

sufficiently high analyte concentration for detection. To demonstrate, consider a 

single micrometer diameter particle that may contain only approx.5 × 10
−15

 mol of 

material. If dissolved into sub-nanoliter fluid volumes, analyte concentrations on 

the order of micromoles L
−1

 result—which in many cases may be analytically 

addressable. 

Another attractive feature of CE is the potential for performing extremely 
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rapid, efficient separations to assure high-throughput analysis (high particle 

counts). Unlike liquid chromatography, separation efficiency does not scale with 

column length in CE experiments, but rather with applied potential.
28

 Higher 

applied potentials also offer simultaneous improvement in analysis times. Given 

these advantages CE methods have been developed to provide functional analysis 

times on the order of seconds, and in certain exemplary instances in μs to ms time 

frames.
29-38

 CE has been employed previously for aerosol analysis,
39-41

 however to 

best of our knowledge not in a single particle format. 

While there are many attractive features of CE for single particle analysis, a 

significant technical problem remains. That is, how to efficiently direct single 

particles dispersed in a gas into sub-microliter fluid volumes within the separation 

system. In this report, we examine the performance of one option—an endcapillary, 

inertial impaction based sampling approach. In this method, particles are 

accelerated through a sampling nozzle. The particles rapidly traverse a region 

illuminated by a λ = 532 nm laser beam and scatter light into a spherical chamber 

monitored by a photomultiplier tube. The particles then impact into an aqueous 

droplet at the end of the separation capillary formed from the electrophoresis run 

buffer. A portion of the original particle mass can then be injected onto the 

electrophoresis capillary and separated within 120 s. The solution that comprises 

the droplet is continually replaced and washed to waste to create a discrete 

injection event. The light scattering pulse is used to electronically trigger the CE 
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data acquisition system and indicate the beginning of the separation. This facet of 

the apparatus is significant since particles arrive at the droplet at random times. In 

many respects, the droplet sampler described within this manuscript is similar to 

the apparatus employed by Liu and Dasgupta in 1995 to measure gasphase NH3 

and SO2.
42

 In subsequent years, microvolume droplet samplers have also been 

employed for liquid-liquid extraction,
43

 so this sampling strategy is 

well-established within analytical chemistry. 

This report outlines the experimental apparatus and initial results collected 

for laboratory generated particles of FITC-labeled amino acids. Clearly, this 

sample is not a close mimic of materials present in atmospheric aerosols. This 

report is meant to document initial progress towards the broader goal of adapting 

CE to the analysis of single aerosol particles. It is for experimental simplicity that 

we have employed this chemical system. 

3.2 Experimental 

3.2.1 Reagents 

Glycine, glutamic acid, Na2B4O7·10H2O and fluorescein isothiocyanate 

(FITC) were obtained from Fisher Scientific (USA). All chemicals were used 

without further purification. Borate buffer (20 mM) was made by dissolving 7.63 g 

of reagent grade Na2B4O7·10H2O in 900 mL of water, adjusting pH to 10.0 with 

NaOH and diluting to 1 L. The water used for preparing aqueous solutions was 
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from a Millipore mixed bed ion-exchange purifier. Five NIST traceable 

monodisperse particle size standards were purchased to test the response of the 

light scatter cell (Whitehouse Scientific, Waverton, Chester, UK). These size 

standards were from soda lime glass of diameters 9.18 μm, 22.81 μm, 35.65 μm, 

49.21 μm, 70.89 μm. The manufacturer reports 5–95% percentile limits for the 

particle size distributions as 7.78–10.44; 21.46–24.23; 34.2–37.9; 46.9–51.4; 

68.4–73.7 μm. 

3.2.2 Preparation of FITC-Amino Acid Conjugates 

For the purposes of calibrating the CE fluorescence detector, each amino 

acid (glycine, glutamic acid) was dissolved to 1 mM concentration in a 20 mM 

sodium borate buffer (pH = 10). Then, a FITC solution (2 mM) was prepared in 

acetone. The amino acid solution was mixed with the FITC solution at 1:1 volume 

ratio and incubated at 50 ◦C for 5 h. A similar protocol was followed for 

experiments involving aqueous droplets except the final concentration of 

FITC–GLU and FITC–GLY in aerosol droplets was 5 mM in cases where only 

GLU or GLY was present and 2.5 mM in aerosol droplets when GLU and GLY 

were internally mixed. 

3.2.3 Experiment Design 

Figure 3.1 illustrates the experimental apparatus. The setup wascomprised 

of two major parts: the light scatter cell for detection of particles and the separation 
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capillary coupled with fluorescent detector. The analysis sequence occurred in five 

steps: (1) a particle enters the inlet nozzle, (2) the particle passes through a λ= 532 

nm laser beam within an integrating sphere scattering cell, (3) the particle impacts 

into an aqueous droplet at the end of concentric tubes formed from a stainless steel 

sheath tube and the separation capillary, (4) a portion of material in the particle is 

injected into separation capillary and (5) CE separation occurs. 

3.2.3.1 Description of Apparatus 

Particles were accelerated through a 0.4 mm diameter sampling nozzle by 

creation of a slight vacuum using an air sampling pump. The instrument was 

designed to employ a 0.4 mm critical orifice to maintain a near constant volumetric 

air sampling flow rate. The predicted flow rate for the critical orifice was 0.91 L 

min
−1

 but the experimentally measured flow rate was 1.04 L min
−1 

(using the 

pressure drop method across an impactor of a TSI electrostatic classifier). In the 

mode of operation we have pursued, when a particle was detected via the light 

scatter signal (described later), the air flow to the pump was diverted through use 

of a solenoid valve under computer control. This effectively stopped the sampling 

air flow, and helped assure additional particles would not be sampled. After the CE 

run is complete, the solenoid valve can again be switched allowing particle 

sampling to resume. In practice it was found using the vacuum to sample particles 

also helps quickly eliminate any air bubbles that may inadvertently by introduced 
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into the separation capillary. 

Particles exiting the sampling orifice were probed by a 4 mm diameter laser 

beam (λ= 532 nm) within an integrating sphere light scattering cell. The center of 

the laser beam was placed 1–3 mm below the nozzle (the distance was adjustable). 

The integrating sphere cell was constructed from aluminum and was 4 cm in 

diameter. 

Inner surfaces were painted with a white reflective spray paint. Small holes 

of 6 mm diameter were placed at two poles of the sphere to allow the laser beam to 

pass. The aerosol sampling nozzle and center of tubes were at a distance of 17 mm 

from the holes at each pole of the sphere. A portion of light scattered by the 

particles was directed through another 6 mm diameter hole in the sphere’s surface, 

through an interference filter (532 nm) before being incident on a photomultiplier 

tube (931B, Hammamatsu) installed in a housing (70680, Newport) and biased at 

700 V (PS310, Stanford Research Systems). The PMT measured the scattered light 

intensity from individual particles as they traverse the laser beam. The residual 

laser beam is directed into a beam dump affixed to the opposite side of the sphere. 

Current produced by the PMT is converted to voltage by an amplifier (PMT-5, 

Advanced Research Instruments) and Labview software was used to record that 

voltage signal. Peak detection function was used in Labview for detecting particles. 

A threshold of 1 V was set to assure the signal was from a particle light scatter 

event and not background (false triggers). After being detected in the light scatter 
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cell, particles impacted into an aqueous droplet formed at the tip of a 450 μm i.d., 

1.58 mm o.d. stainless steel tube. CE run buffer (20 mM borate pH = 10) was 

continuously pumped into this droplet at a flow rate of 20–50 μL min
−1

. Flow was 

provided by a HPLC pump (Series I, ChromTech) from the solvent reservoir 

through an inlet particle filter. The buffer flow is routed through the annular space 

between concentric tubes comprised of the capillary and metal tube. The separation 

capillary (25 μm i.d, 365 μm o.d., 25 cm long) was threaded into the inner diameter 

of the stainless steel tube. The end of the CE capillary was placed very close to the 

end of the metal tube and the concentric tubes were placed into the integrating 

sphere light scatter cell directly below the inlet to the particle sampling nozzle. As 

droplets formed at the end of the tube, airflow from the sample nozzle and gravity 

would occasionally deform the drop and knock it from the tip of the stainless steel 

tube. This is an important feature of the experiment since it effectively ends the 

sample injection event for the CE analysis. This fluid waste was then pumped from 

the bottom of the spherical light scatter chamber to a waste beaker by using a small 

peristaltic pump (Fisher Scientific). In order to separate the concentric tubes, a 

mixing tee was used to create a three-way connection. One arm of the tee was 

routed to the stainless steel tube. The CE separation capillary protruded from the 

arm directly opposite the stainless tube. The arm of the tee that makes a 90◦ angle 

to the other arms was connected by a short length of tubing to the HPLC pump. 

The stainless steel tube also served as the ground electrode for CE. The distance 
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between the sampling nozzle and impaction droplet was adjustable by moving the 

position of the nozzle up or down. Often, a distance of ≈10 mm was used. 

A small portion of the material within a sampled particle will be injected 

into the capillary and pulled under the effects of the electrical field towards the 

cathode. The voltage used for separation was 15 kV (CZE 1000R, Spellman), and 

the unmodified fused silica capillary (Polymicro Technologies) capillary was 25 

μm i.d, 365 μm o.d., and 25 cm long. The actual separation length (to detector) was 

10 cm. Laser induced fluorescence (LIF) detection was employed. An optical 

window in the capillary was constructed by removing the polyimide coating via 

application of heat. The fluorescence detector employed a He-Cd laser (series 56 

45-MRS-801, Melles Griot) as the excitation light source. The operating 

wavelength was 442 nm, and specified power 25 mW, however this was not 

directly measured. The excitation beam was directed through a 12 cm focal length 

lens and focused onto the CE capillary. Fluorescence emission was collected at 90◦ 

through a 40×, 0.65 N.A. microscope objective. The emission light passed through 

a 520 nm bandpass filter with a F.W.H.M. of 10 nm (FB520-10, Thor Labs) and 

collected by a photomultiplier tube (Hamamatsu, H77321P-01). The current 

generated by the PMT was converted to a voltagewith gain of 106 V A−1 through 

use of an amplifier circuit (PMT-5, Advanced Research Instruments). The resulting 

voltage was then digitized at 1000 Hz and averaged over 1 s intervals using an I/O 

board (NI USB 6008) driven by Labview software (National Instruments, Austin, 
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TX), and stored to the computer hard drive. 

3.2.4 Generation of Test Aerosols 

The aqueous droplets were generated by using a pneumatic spray bottle 

using the aqueous solutions of FITC labeled amino acids. During this experiment 

solutions of FITC labeled glycine (5 mM), FITC labeled glutamic acid (5 mM), or 

a 1:1 mixture by volume of both (2.5 mM) were added to the spray bottle. These 

fluorescent particles were then sampled into the instrument inlet. Dispersions of 

the soda lime glass particle size standards were created within an Erlenmeyer flask. 

While a continuous flow of filtered air perfused the cell, a small quantity of size 

standards were injected into the flask by using a 150 μm i.d. fused silica capillary 

as a needle and a syringe. Another outlet of the flask was connected to the aerosol 

inlet with Teflon tubing. So the air flow carried the particle through the nozzle and 

the particles were detected by the light scatter cell. 

3.3 Results and Discussion 

3.3.1 Detection of Particles by Laser Light Scattering 

The light scatter cell was designed to detect the presence of particles 

entering the nozzle. Figure 3.2 shows continuous detection of particles from chalk 

dust generated using chalk and an eraser. The inset to this figure shows particles 

pass through the laser beam at a fast rate, based on the average peak width, the 
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transit time through laser beam was 12 ± 0.4 ms yielding an estimated velocity of 

0.33 m s−1. Since the distance from the light scatter laser beam to the impaction 

droplet was only approximately 1 cm, there is very little time delay between 

detection by light scatter and dissolution into the aqueous drop. Therefore, the light 

scatter signal is an effective means to trigger the start of the CE experiment. 

Figure 3.2 also illustrates that not all particles produce the same peak height 

at the detector. We would expect that larger particles would scatter more light and 

produce larger peaks due to their larger cross sectional area. As such, measurement 

of light scatter peak heights might be used to estimate particle size. To investigate 

this further we studied the light scattering signal using particle size standards of 

known diameter. Spherical, glass monodisperse particle size standards were 

obtained and dispersed in filtered air then the magnitude of light scatter response 

measured. It was found that the size standards produced a distribution of light 

scatter peak intensities. A histogram was built from available data and counts were 

recorded in each bin of the histogram for each size standard. An analysis of mean 

peak heights for ensemble averages does reveal some differences. For instance, the 

mean scatter signal for the 22.81 μm size was 3.32 V (N = 374), for 35.65 μm it 

was 3.48 V (N = 448), for 49.21 μm it was 4.34 V (N = 520), and for 70.89 μm it 

was 4.50 (N = 524). So on average, the light scatter signal did increase for larger 

diameter particles. However, it was not possible to estimate size on a single 

particle basis. This might be caused by several factors. Particle shape and position 
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within the laser beam may play a role. Alternatively, limitations in the scatter cell 

geometry may play an important role. Nonetheless, the light scatter cell proved to 

be an effective electronic trigger for CE data acquisition. 

Another important characteristic of the light scatter cell is estimating the 

minimum detectable particle size for a certain peak height threshold setting. It 

should be noted that typical ambient air contains several thousand particles per cm
3
 

above approximately10 nm diameter. This would be far too many to ever analyze 

on a per particle level, even if sufficient mass limits of detection could be achieved. 

In this work we focus solely on super-micron particles which provide light scatter 

signals well above background noise and substantial analyte mass for analysis. For 

analysis of minimum detectable particle size, we set the threshold for particle 

detection to a 1 V signal. By using the signal of 9.18 μm particle size standards and 

constructing a plot of theoretical single particle scattering cross section vs. particle 

diameter, we estimate the particles detected via light scattering and analyzed in this 

report are above 4–5 μm diameter. 

 

3.3.2 Particle Collection Efficiency of the Inertial Impactor 

Another important concern for the apparatus is the efficiency with which a 

particle passing through the laser beam is collected into the aqueous drop. In order 

to understand this, we compared this design with models of inertial impaction and 
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have conducted experiments to measure the particle collection efficiency as a 

function of diameter. Inertial impaction has been used for many years to filter 

and/or collect aerosol particles on substrates for analysis. The approach is based 

upon the premise that small particles can be accelerated by an air flow through a 

small orifice to form a jet. The inset to Figure 3.3 shows the typical inertial 

impactor principle; a flat plate (impaction plate) is placed beneath the jet forming 

an obstacle for the air stream. Gas molecules and small particles can effectively 

change direction and flow around the obstacle, while larger particles have too 

much momentum and consequently hit (or impact) the plate and are removed from 

the air stream. Typically, the impaction plate is a solid substrate coated with a thin 

layer of a substance such as impactor grease that aids in capturing particles. In our 

case, we use a small liquid droplet as the impaction substrate instead of a solid. 

Since inertial impactors do not collect particles of all diameters equally, each 

impactor must be characterized by collection efficiency curves that describe 

particle collection or transmission as a function of size or Stokes number. 

Impactors are often characterized by their 50% collection efficiency diameters 

(d50)—the aerodynamic diameter at which half of particles is collected. Hinds 

presents a series of equations
44

 that can be used to estimate impactor d50 diameter 

for cylindrical jets provided certain impactor design criteria are met:  
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078.0)( 5050  cCdmd     (2) 

In these equations Cc is the Cunningham slip correction factor, Q is the jet 

volumetric flow rate (m
3 

s
-1

, ρp is the particle density (kg m
-3

), Dj is the jet diameter 

(m), ŋ is the gas viscosity at (1.81 x 10
-5

 Pa s at 20
o
 C), and Stk50 is stokes number 

for 50% collection efficiency. For circular jets meeting the design criteria Stk50 = 

0.24. Applying equations 1 and 2 for unit density spheres (ρp = 1000 kg m
-3

) to the 

liquid drop impactor we describe predicts a d50 cut diameter of 0.26 μm. The 

recommended design criteria for impactors that accompany these equations are that 

the Reynolds number (Re) of the gas flow in the nozzle is 500-3000, and the ratio 

of the distance between the nozzle and impaction plate to the jet diameter (L / Dj) 

is 1-5. It should be noted that neither of these conditions are met by the device we 

describe. At the operational flow rate (1.04 L / min), Re ≈ 300 and the space 

needed for the laser beam for light scattering detection during normal operation 

requires that L / Dj  >> 5. 

In an effort to characterize the performance of the liquid drop impactor we 

have conducted experiments to measure the collection efficiency curve. For these 

experiments we have used a MetOne optical particle sizer to simultaneously 

measure particle concentrations in 6 size bins. By comparing particle 

concentrations in the raw sample with the sample that passed through the particle 

sampling device we have generated collection efficiency curves. These curves 

were generated for 0.4 L min
−1

 flow rate as this is what was achievable with the 
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MetOne counter because of the inner vacuum pump of the counter. Therefore, cut 

diameters would need to be adjusted for operation at 1 L min
−1

 flow rate for 

describing the apparatus under more general operating conditions. This can be 

achieved through use of Eq. (1) or (2) if desired. Data was also not corrected for 

deviations from unit density nor for optical vs. aerodynamic size. 

The results of the impactor characterization experiment are shown in Figure 

3.3. In this experiment, we have studied two variables that could affect device 

performance. First, the ratio of the distance of the jet to impaction surface to jet 

diameter (L/D) was altered. Secondly, the experiments have been performed for 

the case in which a liquid droplet was present as the impaction surface and 

alternatively, when only the fused silica capillary and stainless steel tube was 

present (dry case). This experiment was aimed at assessing the impact of a “soft” 

rather than “hard” impaction surface. 

From examination of Figure 3.3, the apparent cut diameters are about 0.3 

μm for all cases. The experimental results are in relatively good agreement with 

the theoretical predictions even though the suggested design criteria are not met 

and no corrections have been applied. The distance of the nozzle from tube (L) 

appears to have only a small effect on the particle collection efficiency, with 

smaller distances yielding slightly higher collection efficiency. Maximum 

collection efficiencies in excess of 80% were observed for all cases. It was not 

possible to observe the collection efficiency behavior of even larger particles since 
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we do not have a measurement device to accomplish this experiment. Also the 

“wet” impaction surface appears to often yield slightly higher collection efficiency 

than the “dry” case. This is particularly apparent for the case when L/D was 11.9. 

In general, the approach shows good particle collection efficiency for particles in 

the size range that can be detected by the light scattering cell (d > 4-5 μm). 

3.3.3 Particle Sampling Coupled with CE for Qualitative Analysis 

As proof of concept study illustrating single particle analysis, we have 

chosen to employ laser induced fluorescence (LIF) detection of FITC derivatized 

amino acids (GLY and GLU) after CE separation. A spray of aqueous droplets was 

generated and sampled into the nozzle of the instrument by application of slight 

vacuum. The light scatter signal was used to trigger CE data acquisition and divert 

the air pump flow so air would stop being drawn into the nozzle. This was done to 

help assure serial sampling of particles. While this approach is useful to reduce the 

complexity of the experiment and reduce the effects of flow induced by pressure 

drops across the CE capillary, it limits particle throughput to one particle per 

separation period. In this case, the separation required approximately 120 s. 

Results of the single particle analysis are shown in Figure 3.4. The bottom 

graph shows a recreation of light scatter signals for single droplets of the amino 

acid-FITC conjugates. This trace is not actual experimental data since the very 

high A/D frequency (10000 Hz) for light scatter detection necessitates data 
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reduction. For this analysis, each 0.25 s portion of data was tested for the presence 

of a light scatter peak meeting the user defined threshold for particle detection. If a 

peak was found, the peak height was measured in LabView and this value logged 

to a file on the computer’s hard drive. The lower trace in Figure 3.4 was generated 

from this peak height information. After detecting the presence of a droplet, 

sampling ceased and the CE separation was performed. The resulting 

electropherograms for the single droplets are shown in the top plots of Figure 3.4. 

As observed only one large peak was observed in the electropherograms when 

either only GLU–FITC or GLY–FITC was present in the droplets. These peaks 

exhibited different migration times from one another (approximately 83 vs. 104 s) 

and the migration times agreed well with samples of FITC–GLY and FITC–GLU 

introduced directly into the CE capillary at the inlet. When the dispersed droplets 

contained a mixture of the two FITC conjugates, two peaks were resolved 

illustrating the ability to sample single particles, and analyze components by CE. 

CE separations are generally known for very impressive theoretical plate counts 

(>10
5
 in many cases). In this experiment, plate counts were variable from particle 

to particle—ranging from a few thousand to >30000. Another interesting feature of 

Figure 3.4 is that the CE peaks are observed to tail with asymmetry parameters in 

the range of 1.4–4.0. Analyte adsorption to capillary walls can cause peak tailing in 

CE, but this is unlikely for this experiment since small molecules are analyzed. 

Also, the electropherogram from the CE separation of FITC–GLY and FITC–GLY 
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showed no tailing in the peaks while using traditional injections. Therefore, a much 

more reasonable explanation is the peak tailing is the result of the sample injection 

method. Consider the sample injection event closely, a particle impacts a droplet 

and then is slowly diluted by the CE buffer flow from the HPLC pump until the 

droplet containing analyte falls from the stainless steel tube into sample waste. 

During this entire time, analyte can be injected into the CE capillary. It is very easy 

to understand how peak tailing may result under these circumstances. Additionally, 

even though each aqueous droplet should contain the same concentration of FITC 

labeled amino acid for each particle (since they are generated from the same 

solution), the peak heights in the electropherograms for subsequent particles were 

observed to differ by a large factor. The range of peak heights encountered for both 

GLY–FITC and GLU–FITC from single droplets actually exceeded the full-scale 

measurement range for a particular electronic gain setting of the PMT current 

amplifier. Even when considering only peaks that were on-scale, relative standard 

deviations of peak heights were on the order of 80%. This large variability is likely 

a consequence of differences in dilution within the buffer solution drop and an 

inconsistent fraction of analyte mass being injected into the CE capillary for 

different particles. To support this argument we offer the observation that a plot of 

FITC–GLU peak height vs. FITC–GLY peak height for individual particles of a 

mixture (see inset to Figure 3.4) yields a linear relationship. In addition, for the 

analysis of mixtures, the peaks for GLY and GLU from any one particle are 
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observed to tail in a strikingly similar manner, suggesting a common causative 

effect. Differences in analyte dilution and wash-out rate at the aqueous droplet 

would be consistent with these observations. The linear relationship observed 

between peak heights in the inset of Figure 3.4 is an important experimental result 

since this suggests that addition of an internal standard to the aerosol particles is a 

possible approach to obtain quantitative measurements with the injection scheme 

we describe.  

While we have discussed the detection of single droplets we have not yet 

provided any information regarding the size of the particles. The particles have 

been produced through use of an inexpensive spray bottle purchased at a local 

hobby store. The bottle produces a mist of droplets of varying size below 1 mm in 

diameter. Unfortunately, we lack the ability to accurately measure particle 

diameters in the expected size range. Measuring such diameters can also be 

complicated for a semi-volatile liquid like water since droplet evaporation would 

be expected to occur under our analysis conditions (relative humidity < 30%). 

Nonetheless, a best estimate to constrain the droplet diameters for this experiment 

yields an understanding the droplets were most likely in the 50-250 μm range. 

3.3.4 Estimation of Injection Efficiency for Single Particles 

It is instructive to also consider what magnitude of dilution takes place 

when a particle impacts into the aqueous droplet and dissolves. As discussed in the 
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previous section, this process is not very reproducible. However, it is clear a 

substantial quantity of fluorescent material was washed to waste and not injected 

into the CE capillary (could easily visually detect FITC conjugates in fluid waste 

line). This in itself represents a significant limitation to this method since the 

apparatus does not use sample mass as efficiently as possible. In an effort to 

estimate the dilution factor of the sampled particles, we have compared 

electropherogram fluorescence peak intensity for standard solutions injected 

directly into CE capillary with those obtained from sampling droplets from a spray. 

A calibration curve could be prepared for the standard solutions, and this plot used 

to estimate typical concentrations of the FITC conjugates provided by the single 

droplets and injected into the CE capillary after dilution. The calibration curves for 

standard solutions yielded excellent linearity for both amino acids with R
2
 > 0.99 

for several points over the 0.5–500 μM concentration range. 

For GLY–FITC, when the concentration of the aqueous solution aerosol 

droplet was 2.5 mM, the apparent concentration injected for CE is roughly 215 μM. 

For GLU–FITC aerosol droplets of identical concentration, the injected 

concentration is similar to 175 μM. Therefore, the collection of aerosol droplets 

from the spray appears to result in a concentration dilution on the order of a factor 

of ≈10-15. While this dilution factor is compatible for use with relatively large 

diameter particles and easily detected fluorescent dyes, it may not be compatible 

with authentic aerosol particles which are significantly smaller in size and contain 
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analytes that are significantly more challenging to detect. 

3.4 Conclusion 

A new particle-into-liquid sampling approach has been achieved. It allows 

sampling single particles dispersed in a gas into small volumes of solution for 

subsequent chemical analysis. The interface simultaneously injects a fraction of 

material collected into a fused silica capillary tube for CE separation to analyze the 

chemical components of the sampled droplet. A light scattering cell provides an 

electronic trigger signal to indicate sample injection and the start of the CE 

experiment. For this work, amino acid–FITC conjugates were employed to 

demonstrate the principle of the device. It is envisioned the approach could be 

adapted to other analytes provided a suitable detection scheme is available. It has 

been found that the factor by which single particles are diluted at the aqueous 

interface is on the order of ≈10-15-fold, but is highly variable on a per-particle 

basis (essentially pseudorandom). This necessitates use of the internal standard 

method for any attempt at quantitation of analytes using the current approach. We 

believe these results demonstrate the initial report of the ability to sample single 

aerosol particles into a fluid stream for subsequent CE analysis. Future directions 

should consider minimizing particle dilution during sampling, making the particle 

sampling process more quantitative and reproducible, modifying the laser light 

scattering approach to yield accurate estimates of particle size, and implementing 
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detection schemes capable of measuring components present in authentic 

atmospheric aerosols. 
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Figure 3.1 (A) Schematic illustrating the light scatter cell and inertial impaction 

based particle sampling approach. Particles accelerate through the aerosol inlet 

nozzle and impact into an aqueous droplet at tip of stainless steel tube and 

separation capillary. A portion of material is injected into the separation capillary 

for analysis. (B) Artists rendering of apparatus. 
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Figure 3.2 Light scatter response from dust intentionally suspended in room air. 

Assigning a threshold peak height allows the system to detect the presence of a 

particle and trigger the CE experiment. This figure was generated using a high 

concentration of large particles; the count rate for more typical ambient air samples 

would be much lower. 
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Figure 3.3 Particle collection efficiency as a function of diameter for four L/D 

ratios. Inset illustrates the geometry of a traditional impactor and defines distances 

L and D. Grey squares represent the case when the tip of the metal tube and 

capillary was not purged with CE run buffer (dry case). The open circles represent 

experiments when liquid droplet was present. 
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Figure 3.4 Light scatter peak intensities for single particles and corresponding 

electropherograms. During the initial phase only GLY–FITC particles were 

introduced. During the second phase, particles containing GLU–FITC were 

introduced. During the final phase, sampled particles contained an internal mixture 

of both GLU–FITC and GLY–FITC. 
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Chapter IV 

The Aqueous Phase Nitration of Phenol and Benzoic Acid Studied through 

Flow-Gated Capillary Electrophoresis 

Abstract 

Capillary electrophoresis (CE) offers rapid and highly efficient separations 

in a small and inexpensive instrument package. It provides a unique method to 

address chemistry occurring in fogs and cloud water as a liquid phase analysis tool. 

In this work, we investigate the aqueous phase nitration of benzoic acid and phenol. 

Both reactions are found to rapidly produce visible light absorbing compounds 

under our conditions of study. The formation of nitrated benzoic acid and phenol is 

supported through ESI-MS measurements, and speciation of the nitrated isomers is 

achieved via the on-line CE method. The nitrated isomers produced in both 

reactions were successfully separated in < 4 min by addition of 15 mM 

β-cyclodextrin to the electrophoresis buffer.  Sequential separations (online 

analysis) allowed the reaction kinetics to be quantitatively described.  For benzoic 

acid, yields were low (2 - 3%) however, results suggest both 3- and 2-nitrobenzoic 

acid form in a 1 - 1.4 concentration ratio. In addition, 3-hydroxybenzoic acid also 

forms in significant quantity under our reaction conditions. For the nitration of 

phenol, the reaction occurred more rapidly with observed yields between ≈10 - 30% 

for individual isomers.  The yield of 2-nitrophenol was higher than 4-nitrophenol 

by a ratio of ≈ 1.7-2, but 3-nitrophenol was not detected. For both reactions, 
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nitrated and hydroxylated aromatics were the major products and formation of 

higher molecular weight oligomers was not observed. It is envisioned the high 

separation efficiency, time resolution, selectivity, and peak capacity offered by 

on-line CE can provide the community a powerful analytical tool to study aqueous 

phase aerosol chemistry. 

4.1 Introduction 

Understanding the mechanism and kinetics of the chemical reactions that 

produce and alter secondary organic aerosol (SOA) in earth’s atmosphere is 

required to better constrain the 50-380 Tg a
-1

 global SOA budget.
1
 The gas-phase 

mechanisms and kinetics of oxidation of volatile organic compounds (VOCs) are 

currently well-characterized;
2-4

 however, less is known about the aqueous phase 

chemical processing of organics in cloud and fog water. Fortunately, this topic has 

recently garnered significant research attention.
5-16  

The interest in aqueous phase 

processing of organics has been heightened by the realization that such reactions 

may produce low volatility compounds that absorb light at wavelengths above the 

actinic cut at λ =290 nm and therefore influence aerosol direct radiative forcing 

and photochemistry (e.g. brown carbon).
17-23

 Of particular interest to this study is 

the photoxidation / nitration of aromatic compounds in high NOx environments. In 

1999, Jacobson suggested a host of nitrated aromatic compounds present in 

aerosols were responsible (in part) for the observed reduction in UV irradiances 
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within the boundary layer in Los Angeles. 
24

 In subsequent years, several 

investigators have demonstrated this class of reaction forms yellow-brown colored 

compounds in the aerosol phase from gas-phase precursors.
25-26

 Very recently, 

Zhang et al. have reported that several nitrated phenols and benzoic acids exhibit 

very good correlation with observations of light absorption by water soluble 

organics in the LA basin aerosol (with R
2
 > 0.6 for 2-hydroxy-4-nitrophenol & 

2-hydroxy-4-nitrobenzoic acid).
27-28

 In addition, high resolution MS measurements 

have confirmed the presence of molecules consistent with the formulas of benzoic 

acid, nitrobenzoic acids, and hydroxynitrobenzoic acids in Fresno, CA fog water.
29

 

Consequently, studying the kinetics, mechanism, and branching ratios of reactions 

that form or consume these materials are of current interest to the atmospheric 

chemist. 

In this manuscript, we report the results of our study of such reactions in 

aqueous solution, while showcasing the suitability of on-line capillary 

electrophoresis (CE) as a high-performance analytical tool for liquid phase 

chemical analysis of reaction systems. CE is a liquid phase, analytical scale 

separation based on analyte charge-to-hydrated size ratio. CE offers rapid and 

highly efficient separations in a small and inexpensive instrument package; 

however, analytes must carry an effective charge to be separated. For analytes that 

are not natively charged, either micellar electrokinetic chromatography (MEKC)
30 

or formation of inclusion complexes with the analyte through use of charged host 
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molecules can be employed to affix an effective charge and achieve separation.
31

 

These approaches can be tailored to improve the separation of structural isomers, 

or even allow rapid separation of enantiomers. CE has already been used as an 

off-line analysis tool for atmospheric aerosol studies, and has recently been utilized 

in our laboratory to characterize the chemical composition of single dispersed 

droplets.
32-35

 Coupling sequential separations in a serial fashion (e.g. on-line 

analysis) allows the possibility of developing CE based chemical monitoring for 

environmental applications.   

To study the aqueous phase nitration of benzoic acid and phenol, a 

flow-gated on-line monitoring system has been developed. Flow gating was 

introduced as an injection approach for CE in 1993, and provides a means for 

automated sample injection for on-line CE.
36

 In the approach describe here, the 

chemical reaction under study is initiated in a beaker and the reaction mixture is 

continually infused into the flow-gate using a peristaltic pump. A high-velocity 

gating flow of CE buffer usually rinses the reaction mix to waste. However, when 

the gating flow is temporarily diverted, a small plug of reaction mixture can be 

injected onto the CE column, and separation achieved. While the flow gating 

approach can be employed with a variety of detection schemes, this report 

describes use of UV absorption as this is compatible with the analytes under study. 

The flow-gated CE system was used to qualitatively and quantatively determine 

some products of the reactions and establish branching ratios for structural isomers. 
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In addition, UV-visible absorbance measurements were conducted to confirm and 

characterize the light-absorbing properties of the reaction products. Mass 

spectrometry (MS) with electrospray ionization (ESI) was also employed to 

confirm the molecular formula of major reaction products. 

4.2 Experimental Methods. 

4.2.1 Reagents 

Phenol (Mallinckrodt, AR), 2-nitrophenol ( Acros, 99%), 4-nitrophenol 

(Acros, 98%),benzoic acid (Acros, 99+%,), 2-nitrobenzoic acid (Acros, 90%), 

3-nitrobenzoic (Acros, 98%), 4-nitrobenzoic acid (Acros, 99%), sodium nitrite 

(Mallinckrodt, AR), sodium borate (Fisher Scientific), sodium acetate 

(Mallinckrodt, AR), H2O2 (Local CVS store, 3%) were obtained from commercial 

sources and used without further purification. Distilled water was used for 

preparing solutions. The CE separation buffer is made by dissolving 9.534 g of 

reagent grade Na2B4O7.10H2O and 17.025g β-cyclodextrin in 950 mL of water, 

adjusting pH to 10.0 with NaOH and diluting to 1 L. The resulting electrophoresis 

buffer is 25 mM borate and 15mM β-cyclodextrin.  The cyclodextrin was added 

to improve separation resolution. Chemical waste was collected in a fume hood 

and disposed through TTU Environmental Health and Safety.   
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4.2.2 Capillary Electrophoresis 

Figure 4.1 demonstrates the experimental apparatus. Flow gating was 

achieved by providing a rapid fluid flow of electrophoresis buffer (0.5-1.0 mL / 

min) into one port of a cross by use of an HPLC pump (ChromTech Series I). A 

particle filter was used at the inlet of the tubing to filter the CE buffer and prevent 

tubing clogs. The flow gate is essentially identical to commercially available 

chromatography fittings (VICI Part# MX1CPK), except it was fashioned from a 

translucent material for ease of alignment / use. The sample stream was introduced 

orthogonally to the gating flow at a flow rate of 20-50 μL / min and provided by a 

peristaltic pump through 1/16 diameter silicone tubing (McMaster Carr). While the 

buffer / gating flow is applied, the sample solution will be swept away to waste and 

will not be introduced into the separation capillary. To perform an injection, an 

electronic solenoid valve (Cole Parmer) was used to divert the buffer / gating flow 

to a second waste reservoir. When this valve was actuated, no buffer flows into the 

gate but sample accumulates in the space near the separation capillary. Sample is 

then injected into the separation capillary under electroosmotic flow. The gating 

flow is quickly resumed by actuating the valve a second time, and the sample 

injection process is complete. The electronic valve was controlled by an I/O board 

(NI USB 6008) and driven by a LabView program (National Instruments, Austin, 

TX). The injection time was controlled from 5-10 seconds by the user. The CE 

separation and injection voltage was fixed at 17 kV (CZE 1000R, Spellman) and 
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the unmodified fused silica capillary (Polymicro Technologies) was 50 μm i.d, 

365μm o.d, 42 cm long. The actual separation length (to detector) was 25 cm. 

On-column UV absorbance detection was employed (Spectra-Physics Spectra 100). 

An optical window in the capillary was built by simply removing the polyimide 

coating via a flame, and removing char with acetone or methanol. A detection 

wavelength of λ=230 nm was used for the benzoic acid experiments and λ=275 nm 

for the experiments with phenol. The analog output of the absorbance detector was 

connected to the same I/O board as mentioned previously and the absorbance 

signal was stored to the computer at a sampling rate of 100 Hz. A single LabView 

VI was used to control both the sample injection sequence and to collect 

experimental data. Because the product 2-nitrophenol appeared to have small 

absorbance in its protonated (acidic) form, but high absorbance in basic form, 

monitoring concentration of nitration products were conducted separately. Firstly, 

the CE separation was used to monitor concentration change of 4-nitrophenol by 

directly injecting the reaction mixture sample. To monitor concentration change of 

2-nitrophenol, the reaction mixture was buffered to pH=10 using a 25mM borate 

buffer prior to introduction into the flow gate.  This was achieved through use of 

an additional mixing tee and fluid pump.   

4.2.3 UV-VIS Spectroscopy 

An Agilent 8453 diode array spectrophotometer was used for the 
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measurements.  Both the deuterium lamp and tungsten lamp were utilized. A 1 cm 

quartz cuvette was used for the absorbance measurement, blanking with pH = 4.5 

(acetate or HCl) solution depending on the reaction. The spectra of reaction 

mixtures were obtained at regular time intervals after the reaction started. 

Absorbance at 400 nm was used as a metric of visible light absorbance.   

4.2.4 Solid-Phase Extraction (SPE) and Mass Spectrometry (MS) 

Reaction mixtures were subject to a solid-phase extraction prior to MS 

analysis. The procedure made use of reversed phase (C-8) sorbent cartridges 

(PrepSep 11-131-20, Fisher Scientific). The packing was first rinsed with 5 mL 

acetone followed by a 5 mL rinse of water. Then 5 mL of the reaction mixture was 

applied to the cartridge, 5 mL water was then used to wash ions or unbound 

substances.  Sample was eluted with 5 mL acetone into a microcentrifuge tube. 

The solution was then heated to dryness at 70 °C. The MS analysis of the mixture 

was conducted by electrospray ionization mass spectrometry (ESI-MS) through 

cooperation with the University of Illinois MS facility. Data was recorded on a 

Waters ZMD Quadrupole Instrument with unit mass resolution. Samples were 

dissolved in acetone and mixed with the ESI support solution which was 50% 

MeOH / 50% H2O. Samples were measured in both positive and negative ion mode; 

however, the positive ion scan yielded no meaningful peaks under our analysis 

conditions. For the negative polarity scans, cone voltage of 35 V was employed 
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and 10 μL sample was injected. It should be noted that intensity of the peaks 

observed in the mass spectra should not be used as a quantitative indicator of 

reactants and products.     

4.2.5 Safety Concerns 

Handle and store chemicals properly and carefully. The reagents used in 

this experiment can cause eye irritation and may be harmful if absorbed through 

the skin.  The reagents are harmful if swallowed, may cause irritation of the 

digestive tract, and cause respiratory sensitization if inhaled. When handling 

chemicals, wear personal protective equipment (lab coat and eye protection) and 

ensure adequate ventilation.  Also avoid contact with skin, eyes and clothing. 

Sodium nitrite is a strong oxidizer.  Avoid ingestion and inhalation. Consult 

Material Safety Data Sheets (MSDS) prior to use. For storage, keep containers 

tightly closed in a dry, cool and well-ventilated place.  For the capillary 

electrophoresis (CE) experiment, capillaries and razor blades are involved (to cut 

capillary). Personnel should be careful of these sharps hazards and store blades in 

closed containers. CE involves use of a high voltage power supply (up to 30 kV). 

Proper shielding is required to avoid shock. Also, the chemical waste generated in 

this experiment poses a significant hazard. Certain nitrated aromatics are known to 

be explosive. The chemical waste generated should be stored wet and in small 

quantities. Waste should be properly disposed of rapidly after generation through 
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your organizations accepted mechanism.  

4.3 Results & Discussion 

4.3.1 Analyzing a Known Mixture by the Flow-Gated CE System 

Initial testing of the flow-gated CE system was carried out by performing 

separations of benzoic acid, 2-nitrobenzoic acid, 3-nitrobenzoic acid and 

4-nitrobenzoic acid. These compounds were chosen as they are expected products 

of the nitration of benzoic acid. The test compounds have very similar charges and 

sizes and were difficult to resolve in conventional CZE. However, when 15 mM 

β-cyclodextrin was employed as a separation modifier, resolution of the 

compounds could be achieved in under 240 sec. Figure 4.2A illustrates a series of 

electropherograms captured for a step change in analyte concentration at the 

sample inlet tubing from 0  2.5  10 2.5  0 mM analyte concentration. The 

inset to Figure 4.2A illustrates resolution of the four analytes in a single 

electropherogram taken from the trace. The mixture can be separated in under 4 

minutes; the elution order was 4-nitrobenzoic acid, 3-nitrobenzoic acid, benzoic 

acid and 2-nitrobenzoic acid.  

Each substance in the mixture is at equal concentration in this experiment, 

but the peaks differ in size due to differences in molar absorptivity at the detection 

wavelength and possible injection biases. Figure 4.2B illustrates a plot of peak 

height vs. time for this experiment. As expected, the observed peak heights scale 
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with concentration. In addition, the peak heights change to steady-state values for a 

concentration within one data point on the graph suggesting the time resolution of 

the monitoring system is within 240 sec, the time required for a single CE 

separation. The results support the conclusion monitoring the concentration of 

benzoic and nitrobenzoic acid isomers over a period of time is possible with the 

flow-gated CE apparatus.  

4.3.2 Analysis of the Benzoic Acid Nitration Reaction: Benzoic Acid + NaNO2 + 

H2O2  

With initial testing complete, the reaction system could be explored. The 

reaction of benzoic acid was conducted in a pH = 4.5 buffer solution (100 mM 

sodium acetate adjusted by HCl) at room temperature. We chose to buffer the 

reaction system to mimic the pH of atmospheric waters, and to provide pH control 

during the reaction. To initiate the reaction, the required quantity of NaNO2 and 

H2O2 were quickly added to a beaker containing the benzoic acid solution. Over the 

course of the reaction, the solution progressed from colorless to a yellow-brown 

color.    

Meanwhile, the contents of the reaction mixture were continuously 

analyzed with flow-gated CE. Figure 4.3A illustrates a representative 

electropherogram of the reaction mixture after 1 h of reaction time for an 

experiment in which 5 mM benzoic acid was combined with 100 mM NaNO2 and 
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100 mm H2O2. As illustrated, peaks for the expected reaction products were 

observed along with several additional peaks.  The peaks in the 

electropherograms were assigned by spiking with standard solutions. The 

composition of the reaction mixture was explored further by conducting ESI-MS 

analysis. Figure 4.3B illustrates a low resolution (≈1 Da) scan of the reaction 

products in negative ion mode ([M - H
- 
] ion). A molecular ion peak is evident for 

benzoic acid at m/z = 121 and several lower mass features of the ESI spectrum are 

consistent with ESI spectra previously reported for benzoic acid.
37 

The peak at m/z 

= 166 is consistent with the expected nitrated benzoic acid isomers. Interestingly, 

peaks at m/z = 138 and m/z = 182 may suggest the presence of hydroxylated 

benzoic acid and the nitrated analogue, respectively. The CE separation of the 

reaction mixture (Figure 4.3A) did yield a large peak at approx. 180 sec that 

co-elutes with 3-hydroxybenzoic acid. This data supports the hypothesis this 

product forms in considerable quantities during the reaction. We have not 

identified a CE peak corresponding to a hydroxylated nitrobenzoic acid however. 

In addition, the ESI-MS data suggests no higher molecular weight (oligomeric) 

substances form in appreciable quantities during this reaction.       

Figure 4.4 illustrates plots of the concentrations of reactants and products in 

time for the reaction of benzoic acid with varying concentrations of NaNO2 and 

H2O2. Three different concentrations of NaNO2 and H2O2 (50 mM, 100 mM, and 

200 mM) were used. For this experiment, 5 mM initial concentration of benzoic 
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acid was used for the two upper plots, and 1 mM was used for the bottom two plots 

(due to the strong absorbance of 3-hydroxybenzoic acid and high concentration of 

benzoic acid needed for quantitation of minor rxn. products). All reactions were 

performed in 100 mM acetate buffer solution at room temperature. The 

concentration of each compound was determined by making an external calibration 

curve to correlate concentration with peak heights.   

As observed in figure 4 and table 1, yields of products (as measured by 

concentrations) increased rapidly over the first 60 min of reaction, and increased 

with higher concentrations of NaNO2 and H2O2. In general, the maximum yield of 

any individual substance detected was on the order of 2-3% of the initial 

concentration of the starting material (benzoic acid). Interestingly, the branching 

ratios for nitration at the 2- relative to the 3- position on the aromatic ring may 

change slightly with reactant concentration, but the ratio was relatively constant in 

time. For the 50 mM H2O2 and NaNO2 trials, the branching ratio (as assessed by 

molarities of products) was approx 1:1. However, at 100 or 200 mM H2O2 and 

NaNO2 the ratio was approx. 1.3 – 1.4 with the meta - nitro product in slight 

excess. The CE peak for 4-nitrobenzoic acid was always very small with an 

irregular shape. We conclude this is not formed in large quantities in the reaction 

and consequently have not made attempts to quantitate this substance. Carboxylic 

acids are known to be meta- directors, due to their electron-withdrawing nature. 

The nitration products also have very small yields because the 
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electron-withdrawing effect was not favorable for the nitration reaction. This is 

reflected in the very low yield of 2-3%. In fact, when H2O2 was not present in the 

reaction mixture, there was no obvious visual evidence (color change) of a reaction 

occurring. When H2O2 and nitrite are mixed, peroxynitrite can form in solution, 

and this is a very strong nitration reagent for aromatic compounds. 
38

 The products 

and yields outlined in table 4.1 can account for only approximately 25% of the 

benzoic acid that reacted. This suggests that there were other reaction products that 

could not be detected through UV absorbance. Likely candidates include 

non-aromatic, ring opening products that are known to form during oxidations of 

phenols and associated compounds. 

4.3.3 The Phenol Nitration Reaction: Phenol + NaNO2 

Compared with benzoic acid, the nitration reaction of phenol is favored due 

to the donating effect from the hydroxyl group of the ring. Even low 

concentrations (< 10 mM) of NaNO2 were sufficient to promote a rapid and 

visually detectable reaction in our experiments. Yellow products were observed to 

form quickly in solution after initiation of the reaction. Nitrophenols are known to 

appear yellow in aqueous solution.  Phenol is mildly acidic with a pKa ≈ 10 and 

nitrophenols are even more acidic with pKa = 7 – 7.2. Conducting the CE analysis 

in a buffered solution at pH = 10 deprotonates these compounds yielding a charged 

moiety that can be used to separate the molecules in CE. Consequently, CE can be 
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used to investigate this reaction in the aqueous phase.   

The phenol + NaNO2 reactions were conducted in a pH = 4.5 solution 

(adjusted by HCl not acetate) with 5 mM initial concentration of phenol as reactant. 

As before, different concentrations of NaNO2 were used in experiments. The 

results of the experiments are shown in figures 4.5, 4.6 and table 4.2. 

Electropherograms (such as those in Figure 4.5) suggested only 2-nitrophenol and 

4-nitrophenol was generated, there was no 3-nitrophenol formation observed. The 

concentration of phenol could not be tracked in this experiment as the peak was 

frequently off-scale of the detector (due to much higher conc.) or unresolved. In 

substitution reactions, phenol is usually substituted at the o, p positions since –OH 

is an ortho-para director, and these results are consistent with that view. Figure 4.6 

shows the concentration of both 2- and 4-nitrophenol rapidly increased over the 

initial 30 min of the reaction. Figure 4.6 also suggests the yield of 2-nitrophenol 

and 4-nitrophenol increases (at any point in time) with the initial NaNO2 

concentration, although not linearly. Notice, the concentration yield of both 

products roughly doubles for a 10-fold concentration increase in nitrite.  Also, the 

observed yield of 2-nitrophenol was higher than 4-nitrophenol by a ratio of ≈ 1.7-2 

(see table 4.2) for any given reaction condition.  

Although the CE peaks co-eluted with authentic standards, attempts have 

also been made to confirm formation of nitrophenols in the reaction mixture 

through ESI-MS measurements. These results are reproduced in figure 4.5B. The 
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peak at m/z = 93 likely corresponds with the [M - H]
- 
ion of unreacted phenol. This 

peak is small in the ESI mass spectrum, but this should not be used to infer phenol 

was nearly completely consumed during reaction. The peak at m/z = 108 cannot be 

definitively assigned, but may correspond to the [M - H]
-
 ion for substance similar 

to benzoquinone. The large peak at m/z = 138 is consistent with the [M - H]
-
 ion 

for the nitrophenol isomers observed in the CE experiment. Interestingly, the peak 

at m/z = 154 suggests hyroxylated nitrophenols also form. These products have 

been described previously.
39

 Similar to the case for benzoic acid; no higher 

molecular weight oligomeric compounds were detected. 

4.3.4 UV-VIS Measurements 

As previously mentioned, the compounds studied here absorb visible light.  

Consequently, they are of interest to atmospheric photochemistry and climate 

forcing since they may absorb when distributed within atmospheric waters. Figure 

4.7 demonstrates the UV-visible absorption spectra and plots of measured 

absorbance at λ= 400 nm over time for three different chemical reaction systems. 

As illustrated from the spectra and photos, all reactions rapidly yield yellow-brown 

colored products with a corresponding increase in absorbance at 400 nm. For the 

reaction of phenol, the solution has very strong absorbance in the UV region (off 

scale), so this figure only shows the absorption in the visible region.  lso notice 

the visible optical depths of the phenol reaction mixtures are often > 5 times higher 
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than the benzoic acid reaction mixture. This is consistent with the more rapid 

nitration reaction and higher yields observed in the CE experiment. It is clear all 

reactions studied can produce light absorbing substances within a few hours of 

reaction, and may be of consequence to atmospheric photochemistry.     

4.4 Conclusions 

A flow-gated capillary separation system was developed and coupled to a 

UV-visible absorbance detector for rapid and sequential separations of a reaction 

mixture. As a high performance, liquid phase analysis tool, the approach provides a 

unique method to study chemical reactions occurring in fogs or clouds in the 

atmosphere. Nitration reactions of benzoic acid and phenol were studied by this 

approach. It was found both reactions rapidly produce yellow-brown colored 

products.  Dominant products of the nitration reactions observed were 2- and 

3-nitrobenzoic acid, 3-hydroxybenzoic acid and in the case of phenol, 2- and 

4-nitrophenol. Peaks observed in ESI mass spectra are consistent with formation of 

these products. The nitration of phenol proceeded more rapidly and in much higher 

yield when compared directly with benzoic acid. It is believed this results from the 

activating effect of the –OH group. It is argued, on-line CE provides a powerful 

analytical tool to study aqueous aerosol chemistry and can be employed in studies 

to better constrain estimates of SOA production. 
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Table 4.1 Percent yields of products and the conversion of benzoic acid after 180 

min reaction time. Yields based on observed concentrations relative to initial 

concentration of starting material. 

 
 

NaNO2 and 

H2O2  

Concentration  

(mM) 

 

Yield of 

3-nitrobenzoic 

acid
±
  

(%) 

 

Yield of 

2-nitrobenzoic 

acid
±
  

(%) 

 

Yield of 

3-hydroxybenzoic 

acid  

(%)* 

 

Conversion 

of 

Benzoic 

acid  

(%)* 

 

50 1.9 1.8 2.1 58 

100 3.0 2.3 2.5 63 

200 3.2 2.5 2.7 66 

 

± - initial concentration of benzoic acid was 5 mM. 

* - initial concentration of benzoic acid was 1 mM 
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Figure 4.1 Schematic illustrating the flow-gated capillary electrophoresis approach 

employed. 
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Figure 4.2 (A) Sequential, flow-gated CE separations of a simulated reaction 

mixture.   Inset - Peak I - 4-nitrobenzoic acid, Peak II - 3-nitrobenzoic acid, Peak 

III - benzoic acid, and Peak IV – 2-nitrobenzoic acid. Analyte molarities as 

indicated in the figure.  (B) Plot of observed peak heights vs. local time for the 

data in figure 4.2A. As observed, peak heights scale with concentration, and the 

time resolution following a step-change in concentration is within 1 separation 

(240 sec). CE separation buffer was 10 mM sodium borate +15 mM 

β-Cyclodextrin (pH = 10) 
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Figure 4.3 (A) Electropherogram of reaction mixture of 5 mM benzoic acid with 

100 mM NaNO2 and 100 mM H2O2 at t = 60 min. Separation buffer: 25 mM 

sodium borate + 15 mM β-Cyclodextrin (pH = 10), detection wavelength: 230 nm. 

(B) Negative ion, low resolution ESI-MS scan of benzoic acid reaction products.  

Molecular ion peaks at m/z = 166 and m/z = 137.9 suggest the presence of nitrated 

and hydroxylated benzoic acid.   

 



Texas Tech University, Hao Tang, August 2012 

114 
 

 

Figure 4.4 The concentration change of reactants and products observed when 

benzoic acid was treated with specified initial concentration of NaNO2 and H2O2. 

For 3-nitrobenzoic acid and 2-nitrobenzoic acid traces, 5 mM initial concentration 

of benzoic acid was used. For the 3-hydroxybenzoic acid and benzoic acid traces, 1 

mM benzoic acid was used initially. This experimental difference was required to 

maintain adequate electronic sampling of peaks on-scale. 
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Figure 4.5 (A) Representitive electropherograms for the 2- and 4-nitrophenol 

kinetics experiments. (B) ESI-MS data for the Phenol + NaNO2 reaction products. 

The peak at m/z = 138 is consistent with nitrated phenol isomers and the peak at 

m/z = 154 may represent hydroxylated nitrophenols.   
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Figure 4.6 Concentration changes of the nitration products of phenol vs time. (A) 

2-nitrophenol; (B) 4-nitrophenol. 
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Figure 4.7 UV-visible absorption spectra and photographs of the products of three 

nitration reactions as a function of time. Reaction conditions: 1 mM Benzoic 

acid+100 mM NaNO2+100 mM H2O2; 5 mM phenol+100 mM NaNO2+100mM 

H2O2; 5mM phenol+100 mM NaNO2. The reactions were conducted in pH=4.5 

solution. Plots labeled a, b, c, d, e were spectra taken at 5 min, 1h, 2h, 4h, 8h from 

the start of the reaction, repectively. The insets are plots of measured absorbance at 

λ = 400 nm vs. time during the reaction.   

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Hao Tang, August 2012 

118 
 

4.5 References 

(1) Spracklen, D. V.; Jimenez, J. L.; Carslaw, K. S.; Worsnop, D. R., Evans, M. J.; 

Mann, G. W.; Zhang, Q.; Canagaratna, M. R.; Allan, J.; Coe, H.; McFiggans, G.; 

Rap, A.; Forster, P. Atmos. Chem. Phys. 2011, 11, 12109-12136. 

(2) Atkinson, R. Atmos. Environ. 2000, 34, 2063-2101. 

(3) Finlayson-Pitts, B. J.; Pitts, J. N. Chemistry of the upper and lower atmosphere: 

theory experiments and applications, Academic Press: San Diego, 2000. 

(4) http://kinetics.nist.gov/kinetics/index.jsp 

(5) Vione, D.; Maurino, V.; Minero, C.; Pelizzetti, E.; Harrison, M. A. J.; Olariuc, 

R. I.; Arsene, C. Chem. Soc. Rev. 2005, 35, 441–453. 

(6) Matthew, B. M.; Anastasio, C. Atmos. Chem. Phys. 2006, 6, 2423-2437. 

(7) Chen, Z. M.; Wang, H. L.; Zhu, L. H.; Wang, C. X.; Jie, C. Y.; Hua, W. Atmos. 

Chem. Phys. 2008, 8, 2255-2265. 

(8) Vacha, R.; Cwklik, R. L.; Rezac, J.; Hobza, P.; Jungwirth, P.; Valsaraj, K.; Bahr, 

S.; Kempter, V. J. Phys. Chem. A. 2008, 112, 4942-4950. 

(9 ) Raja, S.; Raghunathan, R.; Kommalapati, R. R.; Shen, X. H.; Collett Jr, J. L.; 

Valsaraj, K. T. Atmos. Environ. 2009, 43, 4214-4222. 

(10) Shapiro, E. L.; Szprengiel, J.; Sareen, N.; Jen, C. N.; Giordano, M. R.; 

McNeill, V. F. Atmos. Chem. Phys. 2009, 9, 2289-2300. 

(11) Birdwell, J. E.; Valsaraj, K. T. Atmos. Environ. 2010, 44, 3246-3253. 

(12) Ervens, B.; Volkamer, R. Atmos. Chem. Phys. Discuss. 2010, 10, 

12371-12431. 

(13) Ervens, B.; Turpin, B. J.; Weber, R. J. Atmos. Chem. Phys. 2011, 11, 

11069-11102. 

(14) Sun, Y. L.; Zhang, Q.; Anastasio, C.; Sun, J. Atmos. Chem. Physics. 2010, 10, 

4809-4822. 



Texas Tech University, Hao Tang, August 2012 

119 
 

(15) Huang, D.; Zhang, X.; Chen, Z. M.; Zhao, Y.; Shen, X. L. Atmos. Chem. Phys. 

2011, 11, 7399-7415. 

(16) Liu, Y.; Tritscher, T.; Praplan, A. P.; DeCarlo, P. F.; Temime-Roussel, B.; 

Quivet, E.; Marchand, N.; Dommen, J.; Baltensperger, U.; Monod, A. Atmos. 

Chem. Phys. Discuss. 2011, 11, 21489-21532. 

(17) Graham, B.; Mayol-Bracero, O. M.; Guyon, P.; Roberts, G.; Decesari, S.; 

Facchini, M. C.; Artaxo, P.; Maenhaut,W.; Koll, P.; Andreae, M. O. J. Geophys. 

Res. 2002, 107, 8047. 

(18) Gelencser, A.; Hoffer, A.; Kiss, G.; Tombacz, E.; Kurdi, R.; Bencze, L. J. 

Atmos. Chem. 2003, 45, 25-33. 

(19) Hoffer, A.; Kiss, G.; Blazso, M.; Gelencser, A. Geophys. Res. Lett. 2004, 31, 

L06115. 

(20) De Haan, D. O.; Corrigan, A. L.; Smith, K. W.; Stroik, D. R.; Turley, J.T.; 

Lee, F. E.; Tolbert, M. A.; Jimenez, J. L.; Cordova, K. E.; Ferrell, G. R. Environ. 

Sci. Technol. 2009, 43, 2818-2824. 

(21) Bones, D. L.; Henricksen, D. K.; Mang, S. A.; Gonsior, M.; Bateman, A. P.; 

Nguyen, T. B.; Cooper W. J.; Nizkorodov, S. A. J. Geophys. Res. 2011, 115, 

D05203. 

(22) Chang, J. L.; Thompson, J. E. Atmos. Environ. 2010, 44, 541-551. 

(23) Nguyen, T. B.; Lee, P. B.; Updyke, K. M.; Bones, D. L.; Laskin, J.; Laskin, A.;  

Nizkorodov, S. A. J. Geophys. Res. 2012, 117, D01207. 

(24) Jacobson, M. Z. J. Geophys. Res. 1999, 104, 3527-3542. 

(25) Nakayama, T.; Matsumi, Y.; Sato, K.; Imamura, T.; Yamazaki, A.; Uchiyama, 

A. J. Geophys. Res, 2010, 115, D24204. 

(26) Zhong, M.; Jang. M. Atmos. Environ. 2011, 45, 4263-4271 

(27) Weber, R. J.; Zhang, X. L.;Liu, J. M.; Surratt, J.; Lin, Y. H. PM 2.5 soluble 

brown –carbon measured in rural and contrasting urban and environments. 

Presented at Amercian Geophysical Union meeting at San Francisco, CA, 12/2011. 

http://www.aerosols.eas.gatech.edu/talks/ Weber AGU Fall 2011 Brown C.pdf 

(Accessed 1/17/2012). 



Texas Tech University, Hao Tang, August 2012 

120 
 

(28) Zhang, X.; Lin, Y. H.; Surratt, J. D.; Zotter, P.; Prevot, A. S. H.; Weber, R. J., 

Geophys. Res. Lett. 2011, 38, L21810,  

(29) Mazzoleni, L. R.; Ehrmann, B. M.; Shen, X.; Marshall, A. G.; Collett Jr, J. L. 

Environ. Sci. Technol. 2010, 44, 3690-3697. 

(30) El Deeb, S.; Iriban, M. A.; Gust, R. Electrophoresis 2011, 32, 166-183. 

(31) Li, S. L.; Vigh, G. Electrophoresis. 2004, 25, 1201-1210. 

(32) Fukushi, K.; Takeda, S.; Chayama, K.; Wakida, S. J. J. Chromatogr. A. 1999, 

834, 349-362. 

(33) Timerbaev, A. R.; Dabek-Zlotorzynska, E.; Van den Hoop, M. A. G. T. 

Analyst 1999, 124, 811-826. 

(34) Dabek-Zlotorzynska, E.; Celo, V.; Yassine, M. M., Electrophoresis 2008, 29, 

310-323. 

(35) Tang, H.; Hiemstra, S.; Thompson, J. E. Anal. Chim. Acta. 2011, 702, 

120–126. 

(36) Lemmo, A.V.; Jorgenson, J. W. Anal. Chem. 1993, 65, 1576-1581. 

(37) http://www.massbank.jp/ (Accessed 1/19/2011). 

(38) Lobachev, V. L.; Rudakov, E. S. Russ. Chem. Rev. 2006, 75, 375-396. 

(39) Barzaghi, P.; Herrmann, H. Phys. Chem. Chem. Phys. 2002, 4, 3669-3675. 

 

 

 

 

 

 



Texas Tech University, Hao Tang, August 2012 

121 
 

Chapter V 

Characterization of Light-Absorbing Products from Aqueous Phase Reaction 

of Phenolic Compounds in the Presence of Nitrate and Nitrite 

Abstract 

The reaction of phenolic compounds (syringol, guaiacol, catechol) were 

studied in the presence of nitrate and nitrite with and without UV illumination.  

The reactions yield light absorbing products and ESI-MS experiments indicate 

some of these compounds may be the nitrated analogues of the starting organic 

materials. However, the mechanisms occurring in the reaction systems are complex, 

and IR data suggests products are composed of a complicated mixture. Treatment 

of the reaction products with ozone suggest they are unstable and will eventually 

chemically decompose in the atmosphere.   

5.1 Introduction 

Recent studies of secondary organic aerosols (SOA) estimate that the 

global budget of SOA is approx. 50 - 380 Tg a
-1

.
1 

 A fraction of this aerosol is 

believed to be generated in aqueous phase reactions that occur in cloud water or 

fogs. These reactions may be another important route to the formation of SOA 

besides gas phase mechanisms. Consequently, this chemistry has drawn increased 

interest in recent years.
2-8

A very small fraction of the SOA consists of nitrated 

aromatic compounds. Some nitrated aromatics are mutagens and suspected 

carcinogens, and therefore these materials can impact human health.
9-12

  In 
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addition, nitrated aromatics often appear yellow / brown color in solution, 

indicating these materials have the potential to affect transport of solar radiation in 

the atmosphere.  Nitrated aromatic compounds present in atmospheric aerosols 

are believed to be partly responsible for an observed reduction of solar UV 

radiation in the Los Angeles area.
13

  Consistent with this, more recent results have 

found the concentration of several nitrated phenols and benzoic acids (2- 

hydroxy-4-nitrophenol and 2-hydroxy-4-benzoic acid) show good correlation with 

observations of light absorption by water soluble organics in the LA basin 

aerosol.
14  

Peaks corresponding to benzoic acid, nitrobenzoic acids, and 

hydroxynitrobenzoic acids have also been observed in Fresno, CA fog water by 

high resolution mass spectrometry measurements
15

 providing some evidence the 

aqueous phase nitration of aromatic compounds may occur in earth’s atmosphere. 

     Nitrate (NO3
-
) is sometimes present in atmospheric waters at an 

average concentration >10
-4 

M.
16

 When combined with other reactants and/or 

sunlight, nitrate can participate in a complex sequence of aromatic photooxdiation 

reactions and produce nitroaromatic compounds.  For example, nitrate is believed 

to be an importance source of hydroxyl radical in the atmosphere through UV 

photolysis:
17 

OHNOHhNO  

23                                   (1) 

Nitrite (NO2
-
) is present in atmospheric water at an average concentration 

level between 10
-7

-10
-6 

M.
16   

In some areas, such as the fog water from 
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California’s Central Valley, the nitrite concentration can reach 10
-4

 M.
18

 Nitrite is 

often believed to play a minor role in chemistry due to its relative low 

concentration.  Nitrite can induce reactions in dark environments or through 

photo-oxidation reactions under UV radiation to produce nitroaromatic 

compounds.
17,19-20  

It is also a minor source for hydroxyl radical in the 

atmosphere:
17

 

OHNOHhNO  
2          (2) 

In this work, the reaction of several aromatic compounds were studied 

under varying reaction conditions.  For ease of chemical analysis, the 

concentration of nitrate, nitrite, and aromatic compounds used in this laboratory 

study were at substantially higher concentration than observed in the atmosphere.  

We experiment here with syringol, guaiacol, and catechol, which are volatile 

organic products of biomass burning.
21-22 

 These compounds are potential precursors for the formation of nitrated 

organic aerosol in the atmosphere.  

5.2 Experimental Methods 

5.2.1 Reagents and Preparation of Reaction Solutions 

    Sryingol (Acros Organics, 99+ %), catechol (Acros Organics, 99+ %), 

guaiacol  (Acros Organics, 99+ %), 4-nitrophenol (Acros Organics, 98%), 

ammonium nitrate (Mallinckrodt, AR), sodium nitrite (Mallinckrodt, AR), H2O2 
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(CVS, 3% wt) were purchased from vendors and used without further purification. 

The reactions studied occured in beakers using dilute sulfuric acid solution as 

solvent (pH = 4.5). A total volume of 50 mL was used. Most reactions used 10 mM 

concentration for the organic test compound, 10 mM for NO2

-
, 100 mM for NO3

-
. 

Some reactions occurred under UV illumination with a mercury pen lamp 

(90-0004-01 UVP). The lamp emitted the mercury spectrum (lines at 254, 297, 313, 

365 and 404 nm). The lamp was placed directly on top of the reaction beaker with 

no surfaces between the lamp and the solution. This is significant since our 

previous experiments housed the lamp within a Pyrex condenser in that attenuated 

the light – particularly below a wavelength of 300 nm.  

5.2.2 UV-VIS Spectroscopy 

The UV-VIS absorption measurements were taken by an Agilent 853 diode 

array spectrometer. A 1cm quartz cuvette was used for measuring absorbance and 

the dilute sulfuric acid solution was used as the spectroscopic blank. For studying 

the reactions, the entire spectrum between 400-800 nm was obtained at regular 

time intervals after a reaction started. Absorbance at 400 nm was recorded and 

used as metric of visible light absorption. For studying the chemical stability of the 

reaction products, we reacted the isolated products with ozone. The three test 

aromatic compounds were dissolved in presence of nitrite under UV radiation, and 

the solution was dried after a 4 hour reaction time. Then the products were 
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re-dissolved in pH = 4.5 sulfuric acid solution and air containing ozone was 

bubbled into the mixture.  The spectrum in both UV and visible region was 

recorded at several time intervals to assess whether any reaction occurred during 

addition of ozone.   

5.2.3 Solid Phase Extraction (SPE) and Mass Spectrometry (MS) Measurement 

Solid phase extraction was applied to reaction mixtures for mass 

spectrometry measurements.  Reversed phase (C-8) sorbent cartridges (PrepSep 

11-131-20, Fisher Scientific) were used for the process. The cartridge packing was 

first rinsed with 5 mL methanol and followed by a 5 mL rinse of deionized water. 

Then 5 mL of the reaction mixture was applied to the cartridge and 5 mL water 

was then used to wash ions or unbound substances. After the wash process, the 

organic components were eluted with 5 mL methanol into a microcentrifuge tube. 

The solution was then heated to dryness at 65 °C. A blank sample was prepared by 

using methanol instead of reaction mixture from extraction process. The MS 

measurement of the sample was conducted by electrospray ionization mass 

spectrometry (ESI-MS) through cooperation with the University of Illinois MS 

facility. Samples were dissolved in acetone and mixed with the ESI support 

solution which was 50% MeOH / 50% H2O. Data was recorded on a Waters ZMD 

Quadrupole Instrument with unit mass resolution. Samples were measured in both 

positive and negative ion mode; however, the positive ion scan yielded no 
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meaningful peaks for our samples. For the negative ion mode measurement, cone 

voltage of 35 V was employed. It should be noted that intensity of the peaks 

observed in the mass spectra is suitable for qualitative analysis and should not be 

used as a quantitative indicator of reactant and product concentrations. 

5.2.4 Infrared (IR) Spectroscopy Measurements 

A purged Nicolet Magna IR 550 spectrometer equipped with a KBr beam 

splitter and DTGS detector was applied for measuring the infrared spectra. The 

instrumental was operated in autogain mode with 2 cm
-1

 resolution and the 

acquired data was between 4000-400 cm
-1

. Three test aromatic compounds with 

nitrite under UV radiation were performed and run for IR measurement separately. 

After 4h of reaction, the mixtures were extracted using the SPE method described 

previously and collected into acetone to isolate reaction products. The acetone with 

reaction mixture was then deposited on an attenuated total reflectance (ATR) 

crystal. When the acetone evaporated, a thin film of the material remained on the 

crystal to perform the IR measurement. Data was not corrected for differences in 

penetration depth. Ozone was generated from zero air applying a photolytic ozone 

generator and then added to a small chamber. The ATR crystal was placed in the 

chamber for treatment with ozone. The gas-phase ozone concentration was 

continually monitored using a 2B Technologies ozone sensor. 
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5.3 Results and Discussion 

5.3.1 Light Absorption by Reaction Products 

Three organic test compounds syringol, catechol and guaiacol (10 mM) 

were reacted in 10 mM nitrite with ambient light, or 100 mM nitrate with UV 

illumination from the mercury lamp. After starting the reaction by adding the 

nitrite or nitrate + UV, most solutions turned a yellow-brown color several minutes 

after mixing. The color became darker with time. Reaction mixtures were 

characterized by UV-VIS spectroscopy. Figure 5.1 confirms the visual 

observations as it demonstrates the visible absorption increases in time. In addition, 

the reactants and products have much stronger absorbance in UV range than visible 

range and present off scale signals when the full spectrum is considered. Only 

visible absorption (400-800 nm) is considered here. Enhanced absorption at blue 

wavelengths is observed. This is consistent with the yellow-brown color of the 

mixture. The insets are plots of absorbance at 400 nm over time from the start of 

the reaction for several compounds and different reaction conditions. The results 

suggest absorbance increases over the first four hours of the reaction for all 

experimental trials. It is clear that visible light absorbing products form during the 

reactions.  

It appears that nitrite (NO2
-
) can induce reactions at ambient light 

conditions as shown in plot A, B and C. The reactions between nitrate (NO3
-
) and 



Texas Tech University, Hao Tang, August 2012 

128 
 

the aromatic test compounds at ambient lighting were also studied, but there was 

no color change observed for the reaction mixtures. We interpret this result as no 

visually detectable chemical reaction occurring for nitrate with test compounds 

under ambient lighting.  However, reaction mixtures containing nitrate and the 

organic compounds that are exposed to UV radiation do exhibit rapid color 

changes, consistent with reactions occurring. Plots 1D, 1E, 1F illustrate this point. 

This could indicate production of NO2 or OH via nitrate photolysis (Rxn. 1), or 

alternatively, exposure to UV radiation is an important step for reactions to occur. 

When comparing visible absorption intensity of reaction mixtures, the nitrate + UV 

mixtures have 5 – 20 times higher absorbance than corresponding ambient light + 

nitrite trials. Careful examination of the VIS absorption spectra of figure 1 also 

indicates the reaction products formed in the nitrite vs. nitrate trials may not be 

identical since the shapes of the spectra vary considerably. We can often observe a 

peak in the 450 – 480 nm range in the spectra for the nitrite trials, but the nitrate + 

UV trials often feature more of an exponentially decreasing absorption with 

increasing wavelength. The syringol + nitrate + UV trace seems to maintain an 

absorption peak near 480 nm superimposed on the gently sloping background. The 

clear differences in spectra indicate that reaction products / chemical composition 

of both reaction systems (nitrite vs. nitrate) are not identical. This could be the 

result of different chemical components being present or different concentrations 

of multiple light absorbing compounds. This appears to possibly be linked to use of 
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nitrite vs. nitrate since a direct comparison of the nitrite reaction mixture with and 

without UV radiation (spectra shown in figure 5.2) yields little difference in the 

spectral shape. However, figure 5.2 shows that when UV radiation is present, 

optical absorption is 5-10 times larger and increases much more rapidly when 

compared to the ambient lighting case, so UV illumination is also important.  

Catechol was used as the test compound for the experiment shown in figure 5.2. 

The reaction of these compounds with OH radical was studied previously (no 

nitrite or nitrate present), and colored products also formed.
7
 A comparison of the 

spectra from this experiment and the previously published report yields some 

similarities. For instance, the reaction of syringol with OH radical in absence of 

nitrate / nitrite yielded reaction products with a peak in the 450-480 nm range. This 

peak also appears in these experiments for syringol. The previously reported 

spectrum is most similar to the case we report for nitrate here. The visible spectrum 

previously reported for guaiacol exhibits a rapidly decaying trace with increasing 

wavelength.  This is very similar to what was observed for the reaction carried out 

in the presence of nitrate for these results. The net result of these experiments are: 

1) presence of UV light increases both the optical absorption of reaction mixtures 

and observed rate of color change; and 2) the chemical composition of the reaction 

mixtures appear to be different when nitrite vs. nitrate is present. Absorption peaks 

seem to be considerably sharper in the presence of nitrite. Additional chemical 

characterization of the reaction mixtures are needed to gain additional insight into 
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the chemistry occurring.   

5.3.2 Chemical Insights through Mass Spectrometry (MS) & Infrared 

Absorption (IR) Measurements 

The UV-VIS spectra presented in the previous section establish light 

absorbing compounds form during the protocol, however, the identity of the 

reaction products are not known. In order to further characterize the reactions, 

mass spectrometry and infrared absorption was applied to gain insights to the 

composition of reaction mixtures. ESI-MS measurements were taken on the 

reaction mixtures after solid phase extraction in both positive and negative ion 

mode, however, only negative ion mode showed meaningful peaks. The ESI is a 

soft ionization approach and often employs deprotonated molecular ions for the 

negative ion mode. In our experiments, we are assuming singly charged ions were 

formed and the peaks correspond to deprotonated (M - 1)
-  

ions. Mass spectra were 

taken for blanks, and no significant interference peaks were found. Figure 5.3 

demonstrates low mass resolution (≈1 Da) ESI-MS scans of the reaction products 

for the three different aromatic test compounds and reaction conditions. Table 5.1 

lists the m/z values for the largest peaks observed in the spectra. All the reactions 

used pH = 4.5 sulfuric acid as solvent and the reaction time was 4h.   

Plot A and B shows the MS results of syringol reaction mixtures. The 

molecular weight of syringol is 154.1. The peaks at m/z =198 in plot A and B 
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would be consistent with an [M-H]
-
 ion for nitrated syringol. In plot C and D for 

guaiacol (M.W. = 124 g/mol), there is no observation of a peak at m/z =123. This 

may suggest no unreacted guaiacol remains. A peak at m/z =168 may suggest the 

presence of nitroguaiacol in the reaction mixture. Plot D, E and F are results of 

catechol (M.W. = 110 g/mol) reactions under different conditions. Peaks at m/z 

=109 may indicate the presence of catechol in the reaction mixture, but we note 

this peak was frequently observed in a variety of reaction mixtures. The peak at 

m/z =154 would be consistent with nitrated catechol and the peak at m/z = 138 

could correspond to a nitrated catechol minus one oxygen atom. One limitation to 

this analysis is that definitive molecular formula cannot be determined with low 

resolution mass analysis. While peaks we observe are consistent with the suggested 

products, the peaks could arise from a significant number of other combinations of 

C,H,O, and N atoms.  Nonetheless, the minor peaks in the mass spectra and small 

peaks listed in table 5.1 support the idea the chemistry occurring when nitrate and 

nitrite are present may not be exactly identical. 

This limitation is particularly important given the results of figure 5.4. This 

figure represents IR spectra collected for the reaction mixtures for catechol and 

guaiacol after evaporation of the sample onto an ATR plate. In addition, reference 

spectra for nitrocatechol and nitroguaiacol (obtained from NIST WebBook) are 

plotted for comparison. At first glance, it is obvious an exact match between the 

spectra for reaction mixtures and reference compounds was not observed. This 
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suggests the reaction mixture is likely a mixture rather than a pure substance. Nitro 

group peaks near 1300 and 1530 cm
-1

 are noted in the reference spectra, but peaks 

at the corresponding wavenumbers do not always appear in the spectra for reaction 

mixtures. This result sheds doubt on whether these nitrated products form in high 

yield. Previous work in our group demonstrated phenolic compounds react with 

H2O2 under UV light to form a complicated mixture of products, some of which 

are higher molecular weight oligomers.
7
 So it is not surprising that we observe a 

mixture in these experiments. The mass spectra presented in figure 5.3 suggest 

high molecular weight products do not form in appreciable amounts for catechol, 

but we can observe small peaks in the 300 – 400 amu m/z windows for syringol 

and guaiacol reaction mixtures.  This may suggest these compounds are 

particularly susceptible to these reactions that can double or triple the molecular 

weight. MS measurements for a reaction mixture of authentic 4-nitrophenol with 

H2O2 under UV light yielded a mass spectrum that demonstrates a peak for m/z 

=138 (4-nitrophenol) and a second peak at m/z = 154 that may result from 

hydroxylated reaction products; there is no observation of high molecular weight 

products.   

The net result of this analysis is that it appears the reactions produce a 

mixture of products. Addition of –OH groups with associated shifts in mass spectra 

of 16 a.m.u. seem to occur relatively frequently. Nitration of aromatic rings may 

also occur since peaks shifted by 45 a.m.u. were commonly observed, but the IR 
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results were not definitive. However, this could result from other compounds in the 

mixture obscuring the nitro group peaks in the IR spectra. The largest product 

peaks in the MS data are consistent with the nitro group addition. The apparent 

contradiction between the IR and MS data may be resolved by considering addition 

of the nitro group makes the phenolic substance more acidic (easier to lose H
+
), 

and easier to deprotonate and form the [M - H]
-
 ion. Perhaps this is why we see a 

relatively large peak in the negative ESI-MS data for the nitrated compound, but 

few other product peaks.   

5.3.3 Ozone Treatment for the Reaction Products 

An additional interest is to determine how reactive the reaction products are 

to atmospheric chemical processing. In other words, if these compounds form in 

the atmosphere, are they chemically stable? Ozone is a powerful and ubiquitous 

oxidant in the atmosphere and may react with different kinds of organic 

compounds. To study the reactivity of the products we ran reactions for the three 

test aromatic compounds with nitrite under UV radiation. We studied the reaction 

of O3 with the isolates both in a thin-film (solid phase, IR measurements) and in 

aqueous phase (UV-VIS measurements). 

For the IR measurements, the acetone solution was deposited onto an ATR 

crystal and the reaction products remained after acetone evaporated. IR 

spectroscopy was used to monitor the progress of any reactions during treatment 
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by gas-phase ozone. Figure 5.5 is the IR absorbance of reaction products with 

ozone treatment for different time intervals and different ozone concentrations. The 

low ozone concentration is the range of 50-100 ppbv and high concentration was 

roughly 200 - 250 ppbv. Careful considerations of the IR spectra illustrate small 

changes during the first two hours of ozone treatment at low concentrations, the 

spectra of low concentration ozone treatments are overlapped with the one without 

ozone treatment.  However, large changes in the spectra are noted within 30 min. 

reaction time at high ozone concentrations. This indicates the material produced in 

the aromatic compound + nitrite + UV reactions is not stable and will likely 

degrade in the atmosphere.  

For the aqueous phase measurements, the ozone gas was diffused into the 

reaction products solution at a moderate flow rate, small bubbles could be observed. 

The estimated low concentration was of 50-100 ppbv and high concentration was 

about 200-250 ppm in the gas-phase. Figure 5.6 is the UV-VIS absorption 

spectrum of the reaction mixtures with ozone treatment for different time intervals 

and different ozone concentrations. When treated with low concentration of ozone, 

the spectra generally did not change much and an obvious color change did not 

occur. It is shown that the spectra with ozone treatment and with low concentration 

ozone treatment were overlapped with each other. However, when the ozone 

concentration increased the spectra rapidly changed indicating a chemical reaction 

occurred. Interestingly, the spectral data suggests the color faded for the catechol 
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and guaiacol reaction solutions, but the syringol solution optical depth increased 

during ozone treatment. The color fading might be expected since degradation of 

aromatics, such as cresols have been observed through ozone treatment.
21 

Destruction of the aromatic ring would shift light absorption to deeper UV 

wavelengths and a reduction of perceived color would occur.  The fact syringol 

exhibits the opposite trend is noteworthy and this system warrants additional 

investigation.  

5.4 Conclusions 

The test phenolic compounds in this study were found to form 

yellow-brown colored products when reacting in the presence of nitrate or nitrite 

and UV radiation in the aqueous phase. If present in cloud water, these compounds 

may enhance the absorption of solar radiation in the atmosphere. The ESI-MS 

experiments suggest nitrated products may form during the reactions, although this 

is not definitive at low mass resolution. UV-VIS spectra suggest the composition 

of the reaction mixtures may differ when nitrite is present compared to nitrate. 

Collected UV-VIS spectra for reaction mixtures in the presence of nitrate appear 

similar to results previously published in the absence of nitrate. Both IR and 

UV-VIS experiments suggest the reaction products appear to be reactive towards 

ozone, suggesting they may eventually chemically degrade in the atmosphere if not 

removed by other processes first.   
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Table 5.1 Mass-to-charge ratios (m/z) of the most significant peaks for the reaction 

products. Data presented in figure 5.3. 

 

Figure 

4 A 

Figure 

4B 

Figure 

4 C 

Figure 

4 D 

Figure 

4 E 

Figure 

4 F 

Figure 

4 G 

       

154.2 154.2 137.2 168.2 109.2 109.2 109.3 

169.2 169.2 168.2 245.3 154.2 154.2 138.2 

184.2 184.2 235.3 276.3  217.3 154.2 

198.2 198.3 245.3    217.3 

265.4  321.5    247.3 

279.4  343.4    262.3 

293.5  367.4     

321.5  408.4     

  490.5     

  499.6     

       

 

* Sample information: 4A - 10 mM syringol + 10 mM NaNO2; 4B - 10mM 

syringol + 100mM NH4NO3+UV; 4C- 10 mM guaiacol+10 mM NaNO2; 4D - 10 

mM guaiacol +100 mM NH4NO3+UV; 4E- catechol+ 10 mM NaNO2; 4F - 10 mM 

catechol+ 100 mM NH4NO3+UV; 4-G 10 mM catechol+ 10 mM NaNO2+UV. 
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Figure 5.1 Visible absorption spectrum of yellow-brown products from different 

reaction mixtures in time. All the reactions used pH = 4.5 dilute, aqueous sulfuric 

acid as solvent. The insets are plots of the measured absorbance at 400nm over 

time during the reactions. (A) 10 mM sryingol+10 mM NaNO2 ; (B) catechol+10 

mM NaNO2; (C) 10 mM guaiacol+10 mM NaNO2 ; (D) 10 mM sryingol +100 mM 

NH4NO3+UV; (E) 10 mM catechol+ 100 mM NH4NO3+UV; (F) 10 mM 

guaiacol+100 mM NH4NO3+UV. 
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Figure 5.2 Visible absorption spectra for catechol reaction mixtures. (A) 10 mM 

catechol + 10 mM NaNO2; (B) 10 mM catechol + 10 mM NaNO2 +UV. 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Hao Tang, August 2012 

139 
 

 

 

Figure 5.3 Negative ion mode mass spectra for reaction products. Conditions: (A) 

10 mM syringol + 10 mM NaNO2; (B) 10mM syringol + 100mM NH4NO3+UV; 

(C) 10 mM guaiacol+10 mM NaNO2; (D) 10 mM guaiacol +100 mM 

NH4NO3+UV; (E) catechol+ 10 mM NaNO2; (F) 10 mM catechol+ 100 mM 

NH4NO3+UV; (G) 10 mM catechol+ 10 mM NaNO2+UV. 
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Figure 5.4 IR spectra of reaction mixtures compared to authentic standards for (A) 

nitrocatechol and (B) nitroguaiacol. Data for the standards is from the NIST 

WebBook. 
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Figure 5.5 IR absorbance of reaction products when treated with ozone for 

different time intervals. The low concentration is the range of 50-100 ppbv and 

high concentration is about 0.20-0.25 ppm. 
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Figure 5.6 UV-VIS spectra of reaction products when treated with ozone for 

different time intervals. The low concentration is the range of 50-100 ppbv and high 

concentration is about 200-250 ppbv. 
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Chapter VI 

Closing Remarks and Prospective 

In this dissertation, I have demonstrated the development of microvolume 

techniques for sampling and analyzing atmospheric trace gases and aerosols as 

well as studying aqueous phase atmospheric chemistry. In chapter 2, a passive gas 

sampler probe based on a regenerated cellulose (RC) microdialysis fiber was 

developed for sampling NH3 from the atmosphere. The sampling step was coupled 

with fluorescence spectroscopy for detection. A silica capillary was used in this 

method for flow injection analysis. A silica capillary was chosen since it is 

compatible with capillary electrophoresis separation. However, in this case, other 

amines expected to be present in the sample have very little interference since the 

fluorescent method is very selective for ammonia. Nevertheless, this approach may 

be applicable to measurement of additional atmospheric gases coupled with CE 

separation in the future. Examples of gases that may be investigated by this 

approach include inorganic gases such as SO2, NO, NO2. A major advantage of 

this approach is the preconcentration of analytes in small volume of solution; 

however the most significant limitation appears to be the detection method for 

specific analytes. 

The second main focus of my research involved developing an aerosol 

sampling and analysis method. An approach for sampling and analyzing single 

aerosolized droplets of solution for capillary electrophoresis−laser induced 
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fluorescence (CE-LIF) was developed. Sample particles were accelerated through a 

nozzle into a small drop of buffered solution, and upon dissolution a portion of the 

sample was injected into a CE capillary. The approach was used to analyze 

droplets, smaller than 10 nL in volume. Amino acids glycine and glutamic acid 

labeled with fluorescein isothiocyanate (FITC) were separated and detected. This 

chemical system was chosen for the ease of detection. However, this 

proof-of-concept work demonstrated the ability to sample single particle into a 

fluid stream and achieve on-line CE analysis. It is envisioned this method has 

significant potential for fast field measurement of atmospheric aerosols. However 

many challenges will need to be overcome such as efficiency and reproducibility 

of sampling, also it requires improving design of light-scattering detectors for 

small size particles detection. The sensitivity is also an important issue about 

detection method coupled to CE.  

 Another emphasis of my dissertation is studying aqueous phase 

atmospheric chemistry. I focused on the nitration reactions of water soluble 

aromatic compounds with hydroxyl, carbonyl and carboxyl functional groups since 

these compounds are known to be present in earth’s atmosphere and their reaction 

can form colored products.  These reactions may be an important pathway for 

forming secondary organic aerosol (SOA) and the light absorbing properties can 

influence absorption of solar radiation by atmospheric cloud water. A flow-gated 

capillary electrophoresis (CE) system coupled with UV absorbance detector was 
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applied to analyze products of the nitration reactions of benzoic acid and phenol. 

The sequential separations achieved (online analysis) allowed the reaction kinetics 

to be quantitatively described.  ESI-MS measurements were also used to 

characterize reaction products. I observed production of 3- and 2-nitrobenzoic acid 

form in a 1 - 1.4 concentration ratio from the nitration reaction of benzoic acid, 

2-nitrophenol and 4-nitrophenol by a ratio of ≈ 1.7 – 2 for the phenol nitration 

reaction. Future work could involve measurement of these compounds in authentic 

cloud water, and determination of whether isomer ratios are consistent with my 

results. 2-nitrophenol was higher than 4-nitrophenol by a ratio of ≈ 1.7-2. In 

addition, the online CE system could be used to investigate the reaction of 

aromatic compounds nitration in aqueous systems. The CE technique is most 

useful for analytes that carry charges in solution but is currently limited by 

sensitive detection of broad categories of analytes. An exciting possibility for 

future development is CE coupled with sensitive detection methods. 

I also performed UV-VIS and coordinated ESI-MS measurements to 

characterize a series of nitration reactions for a variety of aromatics under different 

reaction conditions. Aromatics compounds studied included syringol, catechol, 

guaiacol etc… and major products observed are consistent with formation of small 

nitrated and hydroxylated aromatics. Studying these reactions is important since 

they can influence aerosol direct radiative forcing and photochemistry via 

formation of brown carbon in the atmosphere. To further this field of research, it is 
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necessary that detailed kinetic and mechanistic information of these reaction 

systems be measured to gain further insights into this type of chemistry. It is likely 

research on these materials will continue to be of interest to the atmospheric 

chemistry community.  

 


