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Abstract

The chemical transformation of trace gases, including reactions that result in aerosol

particle formation, as well as the composition of the atmosphere deeply in�uence air

quality and Earth's global climate. Use of a simulation chamber to study smog

formation is a common method to investigate chemical transformations of trace

gases. We focus our e�orts on benzene, toluene, ethyl-benzene and m-, o-, and

p-xylene gases (i.e., BTEX gases), which are often associated with air emissions

from petroleum production industries. Studies have shown that these gases have

multiple impacts on the environment and public health along with their e�ect on

photochemical smog and ozone formation in the troposphere. We demonstrate our

progress in developing an application of mid-IR continuous wave External Cavity

Quantum Cascade Laser (EC-QCL) absorption spectroscopy for measurements of

multiple trace gas species in combination with a smog simulation chamber. The

results are compared to in situ measurements of the trace gas species with UV

absorption spectroscopy.
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Chapter 1

Introduction

1.1 Background

There is blanket of air surrounding Earth called atmosphere. The atmosphere is

made of di�erent layers. The layer in which we live and breathe is called troposphere.

The troposphere, which contains approximately 80% of the mass of the atmosphere

[1], extends up to 17 km [2] from the surface of Earth.

The atmosphere contains several gas phase and particle phase compounds. Ni-

trogen (78.08%), oxygen (20.95%) and argon (0.93%) are the major gases in the

atmosphere [3]. There are other gases in the atmosphere which are mostly referred

to as trace gases such as carbon dioxide, methane and ozone. The particle phase

compounds found in the atmosphere include water vapor, dust, sea spray, volcanic

ash and many other aerosol particles coming from natural and man-made sources.

The main components of the unpolluted, dry atmosphere are shown in Table 1.1 [3].

Volatile organic compounds (VOCs) in the atmosphere are mainly emitted from

forests and biomass burning. VOCs such as isoprene, α- and β-pinene and methanol

are released by forests which are the largest sources for VOC emission [4]�[6]. VOCs

emitted from biomass burning include oxygenated species (organic acids and car-

bonyls), nitriles (NH3CN)and aromatics (benzene and toluene) [4], [7], [8].
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Gas Mixing Ratio Volume % 
Nitrogen (N2)  78.08 
Oxygen (O2) 20.95 
Argon (Ar) 0.93 
Carbon dioxide (CO2) 0.037 
Neon (Ne) 0.0018 
Helium (He) 0.00052 
Methane (CH4) 0.00017 
Krypton (Kr) 0.00011 
Hydrogen (H2) 0.00005 
Dinitrogen oxide (N2O) 0.00003 
Xenon (Xe) 0.00009 
 

TABLE 1.1
The main components of the unpolluted, dry atmosphere [3].

1.2 Motivation for Studying BTEX Compounds

Benzene, toluene, ethylbenzene, ortho-, and para-xylene (BTEX), which are mostly

produced by petroleum industries [9], are mono-cyclic, aromatic hydrocarbons with

molecular structures shown in Fig. 1.1 [10].

Fig. 1.1. Molecular structures of BTEX compounds [10].

According to the U.S. Environmental Protection Agency (U.S. EPA), BTEX

compounds are toxic and carcinogenic and in�uence human health and Earth's en-

vironment [9]. As an example, the Occupational Safety and Health Administration

(OSHA) has assigned exposure time limits to 1 ppm benzene, 200 ppm toluene and

100 ppm xylene of around 8 hours for industrial workers [11].

Health e�ects caused by BTEX compounds fall into two main categories: direct

e�ects and indirect e�ects. Direct health e�ects of BTEX compounds are associated

with being directly exposed to these compounds. For example, touching a liquid

2



containing BTEX compounds may cause skin irritation. These gases can also exist

in the air you are breathing and cause respiratory problems [12].

These organic compounds also produce other air pollutants like aerosol particles

by going through chemical reactions with hydroxyl radicals that are formed in the

presence of UV radiation [13], [14] and in this way, they can indirectly a�ect human

health. Aerosols are suspensions of liquid or solid particles in a gas and are of great

importance for Earth's energy balance, climate change and human health [15].

The initiating reactions of aerosol formation simulated in a photoreaction cham-

ber are shown in Eqs. 1.1 & 1.2. Aerosol particles are made by further reactions and

condensation of the products [16].

H2O2 + hν(< 370nm)→ 2OH• (1.1)

OH• +BTEX → Products (1.2)

The hydroxyl radicals, OH•, in atmosphere are produced from the reaction of

excited atomic oxygen with water. They are also formed during UV-light dissociation

of H2O2 [17], [18].

Aerosol particles can have negative e�ects on human health. The total health

e�ects of these particles involve two main categories: direct health e�ects of aerosols

and health e�ects as a result of climate change caused by aerosols [19].

When considering direct e�ects of aerosol particles on human health, their con-

centration, size, structure and chemical composition are important factors [15].

These particles may be toxic due to the presence of speci�c chemical or physical

properties [20]. Aerosols may enhance cardiovascular problems, infectious and aller-

gic diseases [15].

Particle size determines whether the aerosol particle would be deposited in the

respiratory tract or not. Normally, particles with a diameter of more than 2.5 µm

(coarse particles) will not get deep into the lungs [21]. On the other hand, particles

with less than 2.5 µm diameter (�ne particles) can go far deeper into the respiratory

system and be deposited on the air exchange parts of the human lungs [22]. Ultra-

�ne aerosol particles with less than 100 nm diameter, are of more concern as they

3



can damage the human central nervous system [19].

The climate and atmospheric e�ects of aerosol particles result from their ability

to scatter and absorb solar radiation (cooling e�ect) and their role as condensation

nucleus in the formation of clouds and rain [15]. Fig. 1.2 shows how aerosol particles

cycle in the atmosphere [15].

Fig. 1.2. Atmospheric cycling of aerosols in the atmosphere [15].

Aerosol particles have a total cooling e�ect on the global climate [19], and thus

reduce the warming e�ect caused by greenhouse gases [19]. Besides, aerosols can

a�ect cloud properties by increasing the droplet concentration and decreasing the

droplet size [23], which may increase the re�ection of solar radiation back into the

space [19].

Aerosols can also cause poor air quality ("smog") which is a major concern in

large cities. So real-time air quality monitoring would be another environmental

approach of aerosol related studies [24].

The health e�ects of climate change are illustrated in Table 1.2 [19], [25].

1.3 Current Gas Sensing Technologies

Current technologies used for gas phase detection of BTEX compounds are included

but not limited to the categories described in this section.

Some of the gas monitoring techniques take advantage of gas chromatography

(GC) as their separation or selectivity step, in combination with a detector which

can be a photo-ionization detector (PID), �ame-ionization detector (FID) or mass

spectrometer (MS) [11].
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TABLE 1.2
Health e�ects of climate change. Adapted from references [19], [25].
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Gas chromatography with a photo-ionization detector (GC-PID) can be used

for simultaneous detection of BTEX compounds in an air sample, but has selectiv-

ity problems due to alkane interferences which can result in overestimation of gas

concentrations [26], [27].

Gas chromatography with a �ame ionization detector (GC-FID) has the advan-

tage of a large linear dynamic range for volatile organic compounds (VOC) analysis.

The disadvantage of this method is that it is not able to provide compound con�rma-

tion. To overcome this disadvantage it is possible to use two columns with di�erent

polarities for simultaneous separation [28]�[32].

Gas chromatography in combination with mass spectrometry (GC-MS) on the

other hand has the potential to be portable, making this technique useful for low ppb

BTEX measurements [33], [34]. This method has some drawbacks as it can not pro-

vide real-time data and is not cost e�cient [11]. Regional air quality monitoring pro-

grams also use the GC-MS technique. They may take advantage of spatially-resolved

data provided by this method, but it is not possible to do real-time measurements

as GC-MS uses air samples collected over several days [13], [35], [36].

Other experimental methods for measurement of ppb levels of BTEX gases have

been developed, all with their own advantage and disadvantages. Among these meth-

ods there is a miniaturized gas chromatography system combined with a solid state

metal oxide semiconductor (MOX) detector used to measure BTX concentrations as

low as a few ppb [37]. Another technique in this category is GC-ion mobility spec-

troscopy (IMS) which is able to measure 20 ppb benzene in a BTX gas mixture [38].

However, both techniques su�er from long response times as they are dependent on

gas chromatography [11].

On the other hand, membrane introduction mass spectrometry (MIMS) is a

method for benzene and toluene detection which does not rely on gas chromatog-

raphy. The problems which this method can not overcome, include the overlap-

ping between the benzene and toluene peaks as well as not being able to quantify

xylenes [39].

In addition to the methods mentioned above, a highly sensitive mass spectrometer

was used for monitoring BTEX gases in the atmosphere with direct sampling into the

mass spectrometer [36]. Although this method provides real-time measurements, it
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is unsuitable for local or regional air quality monitoring because of instrumentation

issues. The instruments used in these specialized studies are more di�cult to operate

due to their size, limited portability, and vibration control and electrical power

requirements [13], [36].

Di�erential optical absorption spectroscopy (DOAS) is an advantageous method

for trace gas detection in the atmosphere [40]�[42]. A typical DOAS instrument

consists of a continuous light source and an optical setup [3]. In this method, the

absorption spectra are transformed to di�erential optical absorption spectra by �t-

ting a polynomial curve through them. This polynomial is then subtracted from

the original absorption spectrum to obtain the di�erential optical absorption spec-

trum [40].

Ultraviolet DOAS (UV DOAS) is well-suited for BTEX measurements due to the

distinct absorption properties of these gases in the UV range (220-290 nm). The

only drawback of the UV DOAS technique is its limitation to path lengths of less

than 1 km because of atmospheric attenuation of UV light [40], [42].

Mid-infrared spectroscopy is a technique which is mostly based on absorption

measurements. This spectroscopy deals with the mid-infrared region of the elec-

tromagnetic spectrum (approximately 400-4000 cm−1), and can be used to identify

chemicals [43], [44]. As BTEX molecules selectively absorb infrared light depend-

ing on their structures (vibrations between their atom bonds), the molecule speci�c

absorption peaks in an IR spectrum represent a �ngerprint of these gases.

Fourier Transform InfraRed (FTIR) spectroscopy is a preferred method of in-

frared spectroscopy. This method is advantageous as it allows to simultaneously

measure a wide range of infrared frequencies. Thus most measurements in this

method are made on the order of a few seconds. As the result, it gives better signal

to noise ratio (S/N) as it enables averaging several scans and reducing random noise

in the same time compared to a dispersive instrument (which separates the individual

frequencies emitted from the infrared source using a prism or grating) [45].

Some optical spectroscopy methods use a combination of di�erential optical ab-

sorption spectroscopy (DOAS) with Fourier transform infrared (FTIR) spectroscopy,

to measure fairly low (ppb level) concentrations of BTX with accuracy of 30% [46].

DOAS provides continuous and sensitive detection of BTEX compounds, but low
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visibility conditions may a�ect its sensitivity [11]. The selectivity of this technique

may su�er from the spectral interferences of BTEX compounds with oxygen, ozone,

and several hydrocarbons of similar spectra [36].

Table 1.3 gives a comparison chart of current gas sensing technologies and their

advantages and disadvantages.

1.4 Gas Sensor Based on an External Cavity Quantum

Cascade Laser (EC-QCL)

In this study, I will be using an External Cavity Quantum Cascade Laser (EC-QCL)

as the light source for my measurements and I think it is useful to give a brief

introduction to Quantum Cascade Lasers here.

In order to better understand quantum cascade lasers (QCLs), it is good to

compare them with a typical diode laser. In a typical semiconductor diode laser, a

photon is emitted when an electron from a higher energy level (conduction band)

recombines with a hole from a lower energy level (valence band). The wavelength of

this emitted light depends on the band gap between these two energy levels, which

is material speci�c.

On the other hand, in a quantum cascade laser a periodic series of thin layers

of di�erent materials are used in the optical active region of this semiconductor

laser. In this super-lattice only discrete energy levels are allowed. By changing the

thickness of these layers, one can tune the energy level spacing and thus the emission

wavelength of the laser [47].

In this type of semiconductor lasers, as the electron does not recombine with

a hole, once it goes through an intersubband transition and emits a photon in one

period of the superlattice, it can move on to the next period of the structure and

emit another photon. In this way, a single electron can emit multiple photons which

leads to a quantum e�ciency of greater than unity and higher output powers than

a conventional diode laser [47].

Quantum cascade lasers (QCLs) have opened up a new era in spectroscopic mea-

surements and remote sensing of atmospheric gases. They have been used in several

gas sensing applications [48]�[50]. To name a few examples, QCLs have been used in
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TABLE 1.3
Comparison chart of current gas sensing technologies [3], [11], [13], [26]�[36], [36]�[46].

transmission spectroscopy for atmospheric monitoring [51], as well as in smoke and

vehicle emission analysis [52]�[54].

Grating-tuned external cavity quantum cascade lasers were found to meet many
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requirements for gas sensing applications, such as narrow laser line width and broadly

tunable emission [55], [56]. They typically have tunabilities of 100 cm−1 but a

750 cm−1 tunability range has been reported [49], [56]�[59].

A schematic diagram of the optical con�guration of an EC-QCL [60] is shown in

Fig. 1.3.

Fig. 1.3. A schematic diagram of the EC-QCL; TEC: thermoelectric cooler, CL: collimating lens,
GR: di�raction grating, M : mirror, W : window, PP : the pivot point of the rotational movement,
and LB: laser beam [60].

This EC-QCL con�guration consists of three main parts: a QCL chip with its

thermoelectric cooler (TEC), a collimating lens (CL) with 24 mm diameter, and a

di�raction grating (GR). The collimating lens is mounted on a motorized translation

stage able to move in three dimensions. The grating is placed on a moving platform

which enables independent control of the external cavity length (LEC) and the grat-

ing angle. A mirror (M) mounted on the same platform as the grating, re�ects the

EC-QCL beam to the output window. The laser beam exits the housing through

a CaF2 window (W ) with thickness of 4 mm, and tilted by 5◦ with respect to the

normal of the laser beam axis. In Fig. 1.3, PP represents the pivot point of the

rotational movement, LB is the laser beam and θ is the incident angle of the laser

beam measured between the beam axis and the grating normal [60].

Continuous wave (CW) operation of QCLs at room temperature was achieved in

2002, using a laser with an output power of up to 17mW at 292K [61]. Development
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of gas sensors based on continuous wave external cavity quantum cascade lasers (CW

EC-QCLs) is of great interest due to the broad absorption features of these gases

within a speci�c spectral range [48]. Because of the wide tuning range, EC-QCLs

can be used in multiple trace gas detection gas sensors [48].

1.5 Light Scattering by Aerosol Particles

I assume that there are one or more particles placed in an electromagnetic beam

of light. If the particles are removed, the power received by the detector is I ′0,

while in the presence of particles this power is I ′, where I ′0 > I ′. The reduction

in power is the result of the extinction e�ect of the particles on the incident beam.

"Extinction is the combined e�ect of absorption in the particle and scattering in all

directions by the particle" [62]. If the medium by which the particles are surrounded

is non-absorbing, the di�erence between I ′0 and I
′ is just because of absorption and

scattering of the particles. Extinction is dependent on several parameters, such as

chemical properties, size, shape, orientation and number of the particles as well as

the surrounding medium, polarization status and the frequency of the incident beam.

Fig. 1.4 shows the incident light extinction by a collection of particles [62].

Fig. 1.4. Extinction by a collection of particles [62].

Light scattering from a particle is signi�cantly dependent on the particle refrac-

tive index and its diameter. To describe the angular scattering pattern of an aerosol
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particle, some de�nitions are needed. The scattering plane is the plane formed by

the incident and scattered beam. The angle between the directions of the incident

beam and the scattered beam is called the scattering angle which is in the scattering

plane. Scattered light with a small scattering angle is called forward-scattering light

while light scattered back to the source is said to be back-scattered light [63].

The two general theories of light scattering by aerosol particles are Mie and

Rayleigh scattering. It was in 1908 that Gustav Mie developed a theory which gives

the intensity of light scattered by a spherical particle at any scattering angle. The

values of refractive index (m) and size parameter of the particle are known. Size

parameter of a particle is de�ned as 2πr/λ, where r is the radius of the particle and

λ is the wavelength of the incident light. Mie theory is mostly used when the size

parameter reaches unity or more accurately when this parameter reaches a value

greater than 1/10 [64]. Mie equations get extremely complicated when the size of

the particles are larger than the wavelength of incident light [63].

Rayleigh scattering theory is used when aerosol particles are quite small compared

to the wavelength λ of incident light. In this case the entire particle is exposed to

a uniform electromagnetic �eld of the incident light. Therefore the particle acts like

an oscillating dipole which re-radiates energy in all directions. The total intensity of

the light scattered at a distance R, from the particle with a diameter of d, is given

by Eq. 1.3 [63].

Is(θ) = (
(I0 ∗ (π4) ∗ (d6) ∗ (m

2−1
m2+1

)2 ∗ (1 + (cos(θ))2))

(8 ∗ (R2) ∗ (λ4)
) (1.3)

This equation shows that the intensity of scattered light is strongly dependent

on the particle diameter and the wavelength of incident light.

The component of scattered light perpendicular to the scattering plane is given

by Eq. 1.4 [63].

I1(θ) = (
(I0 ∗ (π4) ∗ (d6) ∗ (m

2−1
m2+1

)2)

(8 ∗ (R2) ∗ (λ4)
) (1.4)

And the component of scattered light parallel to the scattering plane is given by

Eq. 1.5 [63].
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I2(θ) = (
(I0 ∗ (π4) ∗ (d6) ∗ (m

2−1
m2+1

)2 ∗ ((cos(θ))2))
(8 ∗ (R2) ∗ (λ4)

) (1.5)

Consequently, if the diameter of the absorbing particles is much smaller than the

wavelength of the incident light, there is no signi�cant change in the light intensity

caused by scattering as light beam goes through these particles [63].

In this study, I am using a mid-IR laser system with wavelength range from

9.41-9.88 µm and a UV lamp with wavelength range of 215-400 nm. As benzene,

toluene, ethyl-benzene and o-, and p-xylene gases (i.e., BTEX gases) react with

hydrogen peroxide inside the simulation chamber, aerosol particles will be formed.

These particles mostly have diameter of 50-400 nm. As the diameter of these aerosol

particles are much smaller than the mid-IR wavelength, but comparable with the UV

wavelength, they should not have any signi�cant scattering e�ects on the mid-IR

laser beam, but they may have noticeable scattering e�ects on the UV beam.

1.6 Thesis Overview

In this work, I demonstrate progress in developing an application of a tunable mid-IR

continuous wave external cavity quantum cascade laser (EC-QCL) absorption spec-

troscopy for simultaneous concentration measurements of multiple trace gas species.

Benzene, toluene, ethylbenzene and o- and p-xylene (i.e. BTEX) gas concentra-

tions were measured simultaneously during a series of aerosol formation processes

simulated in a photoreaction chamber ("smog chamber"). The results are compared

with concurrent in situ measurements of the trace gas concentrations with a UV

absorption spectrometer as a con�rmation.

The experimental setup and methods used in this study are described in Chapter

2. Results obtained in the experiments are discussed in Chapter 3. Chapter 4 is the

conclusion part which gives a summery of what has been done and an idea of future

work.

At the time I joined this project, the photoreaction chamber, UV and mid-IR �rst

system were all setup and calibration measurements along with other experiments

with benzene, toluene and p-xylene were also done. My contributions to this project

include repeating these calibration measurements using the existing mid-IR system,
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and performing calibration measurements for two additional compounds, namely

o-xylene and ethylbenzene. Finally I decided to put all �ve compounds (benzene,

toluene, ethylbenzene, o- and p-xylene) together in the photoreaction chamber to

see if I am able to distinguish between these gases despite overlaps between their

peaks. Having done two multiple measurements with all �ve compounds, I decided

to extend the path length of the mid-IR system from 70 m to 100 m, to increase

the sensitivity of the system and decrease the uncertainty and detection limit. I

did the calibration measurements for this new mid-IR system and also one multiple

compound test with all �ve compounds. Afterwards, I improved the mid-IR system

by adding another detector and also increase the path length, slightly from 100 m

to 110 m. With this new setup, I am able to measure real-time reference spectra for

the concentration measurements to address the changes in the laser output during

the experiment and even scan to scan. The path length extension also increased the

sensitivity of the mid-IR system. After going through the calibration measurements

for this new mid-IR system, I did three more multiple compounds measurements

with all �ve compounds.

Beside all these experiments, I have also contributed in few measurements using

a particle sizer to determine the size of the particles being made inside the photore-

action chamber during the reaction of BTEX with hydroxyl radicals.
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Chapter 2

Methods

As described in chapter 1, the objective of this project is to detect benzene, toluene,

ethylbenzene, o-, and p-xylene, known as BTEX gases, and determine their con-

centrations during real-time monitoring of their chemical reaction with hydroxyl

radicals, which are produced when H2O2 is exposed to UV radiation.

2.1 Experimental Setup

The experimental setup used in this study consists of three main parts: photoreaction

chamber, UV system and mid-IR system. The photochemical reactions take place

inside the chamber and two di�erent detection systems (UV & mid-IR) are used to

monitor the BTEX concentrations at the same time.

Fig. 2.1 shows a schematic diagram of this setup. A detailed description of the

major components of the experimental setup can be found below.

2.1.1 Photoreaction Chamber

The photoreaction chamber is a cube constructed of 0.127 mm thick per�uoroalkoxy

(PFA) �lm with a volume of 1.8 m3 (Ingeniven Fluoropolymer Solutions) supported

by an aluminum enclosure.

The chamber can be irradiated with UV light by an array of 24 �uorescent 32 W

black lights with peak emission at 350 nm. The spectrum of these black lights is

shown in Fig. 2.2.
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Fig. 2.1. Schematic diagram of the experimental setup.

2 0 0 2 5 0 3 0 0 3 5 0 4 0 0

6 0 0

6 5 0

7 0 0

7 5 0

8 0 0

8 5 0

Ph
oto

n C
ou

nts
 (a

.u.
)

W a v e l e n g t h  ( n m )

B l a c k  L i g h t s  S p e c t r u m

Fig. 2.2. UV black light spectrum.

Inlet and outlet tubing of the photoreaction chamber are made of PFA, conduc-

tive PFA, or stainless steel where appropriate (conductive silicone tubing was found

to interfere with toluene sampling, and was therefore not used [13]). As seen in the

block diagram shown in Fig. 2.1, there is an inlet to admit dry air or reagent gas

into the photoreaction chamber while the outlet is connected to the condensation

particle counter (CPC (TSI, 3771)) and the mid-IR system input. The exhaust �ow
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coming from both CPC and mid-IR system outputs are directed to a pump.

A condensation particle counter is installed at the outlet of the photoreaction

chamber, inside the aluminum enclosure to operate at the same temperature as the

photoreaction chamber. It monitors the total particle number density inside the

photoreaction chamber continuously and can detect particles with diameters greater

than 10 nm [13].

A schematic diagram of this condensation particle counter is shown in Fig. 2.3

[65].

Fig. 2.3. Schematic diagram of condensation particle counter [65].

A brief description on how the CPC detects particles is given below. The sam-

ple �ow from the photoreaction chamber is drawn continuously through a heated

saturator in which alcohol is vaporized and di�uses into the sample stream. Then,

by passing through a cooled condenser, the alcohol vapor becomes supersaturated

and ready to condense on the aerosol particles in the sample stream which serve

as condensation nuclei. Once condensation begins, particles with diameter larger

17



than a threshold grow quickly into larger droplets which can then be counted easily

by passing through an optical detector as shown in Fig. 2.3. The detector counts

individual pulses produced as each droplet passes through the sensing zone.

The other measuring instruments used in this setup include pressure monitor,

mass �ow meter (MFM), mass �ow controller (MFC), and temperature and relative

humidity monitors which were installed on or under the aluminum enclosure.

A mass �ow controller is installed on the inlet port to the photoreaction chamber

and is connected electronically (voltage) to the mass �ow meter, which is attached

to the outlet port to monitor the �ow from the chamber. The measured �ow at the

outlet port was used to determine the set-point for the mass �ow controller at the

inlet. This system was set up as a negative feedback loop to adjust the �ow through

the mass �ow controller in order to avoid in�ating or de�ating the chamber.

Temperatures were measured on the outer surface of the photoreaction chamber

and at the outside of the aluminum enclosure. Typically temperatures during the

experiments were around 25-30 ◦C and 21 ◦C, respectively.

2.1.2 UV System

The UV system used in this study is made of two main parts, a light source and the

spectrometer. The light source for UV di�erential optical absorption spectroscopy is

a broad band deuterium lamp (Ocean Optics, D-2000-S) with output from 215-400

nm. Fig. 2.4 shows the output spectrum of the UV lamp used in this study.

The measurement system is a grating-based UV spectrometer (Ocean Optics,

HR-2000+) with a spectral resolution of 0.118 nm. The UV spectrometer was factory

calibrated. Additional quality checks were performed periodically by measuring the

wavelengths of several discrete emission lines from the �uorescent black lights to

ensure consistency in the wavelength calibration of the UV spectrometer over time.

Wavelength drifts in the UV spectrometer were not observed in this study [13].

Fig. 2.5 illustrates how the light passes through this UV spectrometer. The

function of each numbered component in the diagram shown in Fig. 2.5 is as fol-

lows. SMA connector: light from the input �ber enters the optical bench through

this connector. Slit: a dark rectangular aperture placed right after the connector.

The amount of light entering the optical bench and the spectral resolution can be
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Fig. 2.4. UV lamp output spectrum.

Fig. 2.5. Schematic diagram of the UV spectrometer; 1. SMA Connector, 2. Slit, 3. Filter,
4. Collimating Mirror, 5. Grating, 6. Focusing Mirror, 7. L2 Detector Collection Lens, 8. CCD
Detector [66].

controlled by the aperture size. Filter: both bandpass and long-pass �lters are

available to restrict radiation to certain wavelength regions. Collimating Mirror:

collimates the light entering the optical bench and re�ects it towards the grating of

the spectrometer. Grating: di�racts light from the collimating mirror and directs

the di�racted light onto the focusing mirror. The grating determines the wavelength

coverage and resolution of the spectrometer. Focusing Mirror: focuses the light onto

the CCD detector or detector collection lens. Detector Collection Lens: an optional

component attached to the CCD detector which focuses light from a tall slit onto
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the shorter CCD detector elements. CCD Detector: converts the optical signal into

a digital signal.

An optical �ber and a collimating lens were used to direct the UV light from

the deuterium lamp through the photoreaction chamber. Likewise, a collecting lens

and optical �ber were used to direct the UV light into the UV spectrometer. No

windows were required since the PFA �lm is transparent to UV. The deuterium

lamp and the UV spectrometer were positioned outside the aluminum enclosure of

the photoreaction chamber and maintained at a temperature of approximately 21 ◦C.

All UV absorption spectra were referenced to �ltered, dry air at the start of each

experiment.

2.1.3 Mid-IR System

The mid-IR laser system used in these measurements is made of four main parts:

an external cavity quantum cascade laser (EC-QCL) system, a multipass cell, an

alignment setup and the detection system. Two di�erent con�gurations were used

in this work: a single detector setup and a double detector setup, as shown in Fig.

2.6.

2.1.3.1 Single Detector Setup

The mid-IR single detector setup is shown in Fig. 2.6. In this diagram, BS represents

a beam splitter and MCT represents a liquid nitrogen cooled mercury cadmium

telluride IR detector. The function of each component in Fig. 2.6 is described

below.

A room temperature continuous wave external cavity quantum cascade laser

(Daylight Solutions, TLS-CW-MHF), tunable between 9.41 and 9.88 µm with mode

hop free tunability from 9.68-9.88 µm (1012-1032 cm−1) was the light source for the

measurements described in this thesis.

The output of the EC-QCL over the entire tuning range before and after smooth-

ing is shown in Figs. 2.7 & 2.8.

The tunable range of this EC-QCL lies in one of several regions with minimal

interference from common atmospheric species, such as CO2 and water. The wave-

length of the EC-QCL is calibrated periodically by the wavelength of several discrete
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Fig. 2.6. Schematic diagram of mid-IR setup.

Fig. 2.7. Output of the EC-QCL over the entire tuning range before smoothing.

absorption lines in a pure CO2 gas sample to ensure measurement consistency over

time. The maximum laser output power is 40 mW and the laser beam divergence is

<5 mrad. The maximum tuning rate of the laser is 5 cm−1/s [13]. The laser head

temperature is controlled using a thermoelectric cooler (TEC) and was typically set

to 16.8 ◦C. The laser case temperature was also maintained at around 16.8 ◦C using

chilled water recirculation.

As it is impossible to see the IR beam pattern on multipass cell mirrors, a HeNe

laser was used to make the beam pattern visible. A beam splitter was used between
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Fig. 2.8. Output of the EC-QCL over the entire tuning range after smoothing.

the EC-QCL output and the multipass cell as shown Fig. 2.6. This beam splitter

which passes the IR beam completely while splitting the HeNe beam with 50/50

ratio, was used in order to align the multipass cell. The HeNe laser beam was

adjusted to be coaxial with the EC-QCL beam. The system alignment is described

in detail later.

The laser beam exiting the beam splitter was directed into an astigmatic Herriott

multipass cell [67] mounted in a vacuum tight aluminum chamber with a volume of

approximately 14.2 L and a 50.8 mm diameter ZnSe window installed on its front

�ange. There is one inlet for sample gas on the rear �ange and one outlet for exhaust

�ow on the front �ange of multipass cell.

The multipass cell consists of astigmatic mirrors (Aerodyne Research, Inc.) with

diameter of approximately 76 mm and a 5.3 mm input coupling hole in the center

of the front mirror. The mirrors which are shown in Fig. 2.9, have a broad band

dielectric coating and a re�ectivity of approximately 99.2 %. Two con�gurations

were used for the multipass cell, one with 70 m path length and the other with 100

m path length. The mirrors inside the multipass cell are separated by about 55 cm

and 182 passes give a total path length of approximately 100 m. The gage on the

multipass cell input displays its inside pressure, which was desired to be at 1 atm.

In order to align the optical components, an IR camera was used to help visual-

izing the mid-IR beam. First of all, the height of the EC-QCL beam was adjusted so

that it is centered on the multipass cell input hole. After that, the multipass cell was
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Fig. 2.9. Mid-IR multipass cell.

removed to give more space and a beam splitter was installed next to the EC-QCL

output. This beam splitter passes the mid-IR beam completely while splitting the

HeNe beam with a 50/50 ratio.

By adjusting the alignment angle of the beam splitter, the HeNe and the mid-IR

beams were made to overlap at three di�erent points: near the EC-QCL output

right after the beam splitter, at the multipass cell entrance and at the position of

multipass cell rear mirror. When the two beams are coaxial, the HeNe beam can

help tracking the mid-IR beam through the multipass cell and out to the detector.

Afterwards, the multipass cell was put back in its place and by changing its

angle and adjusting its back mirror, the desired spot pattern of the mid-IR beam on

the mirrors and path length could be achieved. A sample laser spot pattern on the

multipass cell rear mirror with approximately 180 passes is shown in Fig. 2.10.

Fig. 2.10. A sample laser spot pattern on the rear mirror of the multipass cell.

A mirror with re�ectivity of 99% was used to direct the beam exiting the multi-

pass cell to a focusing lens with 25.4 mm diameter and focal length of 38 mm [68].

This lens was then used to focus the beam onto the active area of a liquid nitrogen

cooled mercury cadmium telluride (MCT) photovoltaic IR detector (Kolmar Tech-

nologies, KMPV11). The detector output was then digitized and transfered to a

personal computer to be analyzed.
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2.1.3.2 Double Detector Setup

In the double detector setup shown in Fig. 2.6, a second detector and another beam

splitter were used to improve the performance of the mid-IR system by providing

a real time reference signal. In this diagram, BS1 & BS2 are ZnSe beam splitters

and MCT1 & MCT2 represent the liquid nitrogen cooled IR reference and sample

detectors, respectively.

In the single detector setup, a reference spectrum was stored at the beginning

of each measurement and it was used as the reference throughout the measurement

period. However, the laser output power can change from time to time and even

from scan to scan, such that it does not provide the exact same spectrum as at the

beginning of the measurement. Referring to only one initial reference spectrum adds

substantial noise to the data. In order to reduce the noise and also decrease the

detection limit, a second detector was used to provide real-time reference spectra.

To achieve this, a second beam splitter (BS1) with 50/50 ratio was used to split the

mid-IR beam right after it exits the EC-QCL output into two mid-IR beams with

half intensity and direct one of them into the second mid-IR detector (MCT1).

The maximum laser power right after exiting the laser cavity is 40 mW . After

the �rst beam splitter (BS1), which has 50% re�ectivity and 50% transmission, the

laser power is 20 mW . As the second beam splitter (BS2) only splits the HeNe

beam and passes the mid-IR beam completely, the laser power before entering the

multipass cell is around 20 mW . The mirrors inside the multipass cell have 99.2%

re�etivity, which means the laser power is reduced by 0.8% each time it re�ects back

from these mirrors. The max laser power after exiting the multipass is around 35%,

23% and 20% of the power of the initial laser beam (20 mW ), due to the losses inside

the 70 m, 100 m and 110 m path length multipass cell con�gurations, respectively.

The two MCT IR detectors are not completely identical. Thus, in order to be able

to use the spectra from the reference detector as real-time reference spectra, C(λ)

was stored at the beginning of each experiment. C(λ) is the ratio of the amplitude

of the reference spectrum to the amplitude of the sample spectrum at the beginning

of the experiment. Later on, C(λ) was used to convert the reference spectra to the

real-time reference spectra for the sample data. See Eq. 2.4 for further details.
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2.2 Spectroscopic Methods

2.2.1 Spectroscopy

In order to better understand how light can be used in identi�cation and quan-

ti�cation of trace molecular species, it is important to know the fundamentals of

absorption. The Beer-Lambert law [69] describes the relation between light absorp-

tion by a material and the material properties. The absorbance (A) is shown in Eq.

2.1 [70]. In this Eq. I = Isignal − Idark and I0 = Iref. − Idarkref.. Isignal is the

intensity of the light beam after it passes through the sample gas and Iref. is the

intensity of the light beam after it passes through the reference gas (e.g. �ltered, dry

air). In the mid-IR double detector setup, Iref. is measured by the reference detec-

tor during the measurement. Idark is the detector response without any light beam

directed to it. In the mid-IR double detector setup, Idarkref. is the reference detector

response with no light beam directed to it. The dark spectra were subtracted from

the corresponding reference and sample spectra to obtain more reliable absorbance

measurements.

A = − log10

(
I

I0

)
= εcl (2.1)

l represents the path length which light travels through the material, ε is the

molar absorptivity (extinction coe�cient) of the material and c is the molar concen-

tration of the absorbing species.

The transmission, T , is de�ned as

T =
I

I0
= e−αl = e−σlN (2.2)

For gas concentration measurements, the natural logarithm is often used to obtain

the absorbance:

A′ = − ln(
I

I0
) = σlN (2.3)

σ is absorption cross section of the absorbing material and N is the number

density (number per unit volume) of the absorbing particles.

If a su�cient path length is provided, it is possible to detect the concentration of
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BTEX gases at trace levels (ppb or ppm). Beer's law shows a linear relation between

absorbance and concentration (A′ = σlN) at a constant path length [11].

In both mid-IR and UV systems, the raw spectra were transfered to a personal

computer to be analyzed there. In this analysis process, the UV raw data were

transformed to absorption spectra using Eq. 2.3. In Eq. 2.3, A represents absorption,

I is the intensity of the UV light after passing through the photoreaction chamber

containing BTEX gases and I0 is the measured intensity without any absorber.

The mid-IR raw data on the other hand, were transformed to the absorbance

spectra using Eq. 2.1. In Eq. 2.1, A is the mid-IR laser light absorbance through

the BTEX gases inside the multipass cell, I is the intensity of the laser light after it

passes through the gas sample and I0 is the intensity of the light after it passes only

through �ltered, dry air inside the multipass cell.

In the two detector mid-IR setup, reference spectra come directly from the ref-

erence detector and the absorbance is calculated using Eq. 2.4.

C(λ) =
I0(λ, 0)

I(λ, 0)
(2.4)

I ′(λ, t) =
I0(λ, t)

C(λ)

A = − log

(
I(λ, t)

I ′(λ, t)

)

Here, C(λ) is the ratio of the amplitude of the reference spectrum to the ampli-

tude of the sample spectrum, which is stored at the beginning of each measurement

with only reference gas (N2 in calibration tests and �ltered, dry air in other tests) in

the multipass cell. We use C(λ) to correct for the di�erent responses of reference de-

tector and sample detector during the experiments. I0(λ, 0) and I(λ, 0) are reference

and sample spectra stored at the beginning of each measurement with only reference

gas in the multipass cell, respectively. I0(λ, t) is the reference detector spectrum at

a given time t, and I ′(λ, t) is the converted reference spectrum at time t which is

used as reference.
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2.2.2 Di�erential Optical Absorption Spectroscopy (DOAS)

Figs. 2.11 & 2.12 show reference spectra in the mid-IR 110 m and UV systems.

The absorption/absorbance spectra from the UV/mid-IR systems were obtained us-

ing reference and sample spectra at each time and were then transformed to the

di�erential optical absorption spectra as described below.

Fig. 2.11. A reference spectrum for the mid-IR 110 m system with only air in the mid-IR multipass
cell.
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Fig. 2.12. A reference spectrum for the UV system with only air in the photoreaction chamber.

Each absorption/absorbance spectrum (an example is given in Fig. 2.13) was
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�t to a ninth or seventh order polynomial over the region of interest (240-286 nm

for UV, and 1011-1050 cm−1 for mid-IR) (Fig. 2.14). The polynomial was then

subtracted from the original absorption/absorbance spectrum, in order to remove

the temporal drifts in the light source output power (Fig. 2.15).

The resulting di�erential optical absorption spectra were �t to literature data of

absorption cross sections [71], [72] using a least squares �tting method (Fig. 2.16).

This process was repeated seven times and the results of each iteration were used

as the starting point for the next iteration in order to determine the observed con-

centrations of each reagent gas. The reason for choosing seven iterations is that the

concentration results reach a stable point after these many times.

Literature absorption cross section data at 293◦K with a resolution of 0.001 nm

[72] were used for the UV data analyses. Literature absorption cross section data at

298◦K with a resolution of 0.06 cm−1 [71] were used for the mid-IR data analyses.

The literature data were interpolated to the same wavelength scale used in this study

and then smoothed with a cubic spline �t during the �tting routine. We have not

considered temperature e�ects in this study as spectral �uctuations caused by small

variations in temperature are within the uncertainty limits for literature [71], [72]

and measured spectral data.
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Fig. 2.13. Observed absorbance spectrum of a sample (p-xylene).
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Fig. 2.14. Observed absorbance spectrum of a sample with its polynomial �t.
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Fig. 2.15. Experimental di�erential absorbance spectrum of a sample.

2.2.3 Data Correction

In order to account for problems associated with extractive measurements with the

mid-IR system such as systematic errors, interferences, losses, and uncertainties

related to the sampling process, the observed gas concentrations from the literature
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Fig. 2.16. Experimental and literature di�erential absorbance spectrum of a sample.

�tting results were converted to actual gas concentrations using a calibration method.

If the results needed to be corrected for dilution e�ects, Eq. 2.5 was used. Please

refer to Section 2.3 for more detail on dilution e�ects.

C
′
(t) =

C(t)

exp
(
−Q(t)·t

V

) (2.5)

Here, C
′
(t) is the dilution corrected concentration of a component inside the

photoreaction chamber at time t, C(t) is the actual measured concentration of that

speci�c component inside the photoreaction chamber at time t, Q(t) is the volumetric

�ow rate of air entering and exiting the photoreaction chamber at time t, and V is

the volume of the chamber (1844 ± 100 L).

2.3 Experiments

All experiments, except for the calibration measurements, were carried out with

�ltered, dry air diluting the contents of the photoreaction chamber while sampling

from the chamber in order to keep its volume constant. Flow rates during the

experiments were usually approximately 1.5-3.5 standard litre per minute (SLPM)
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and when �ushing approximately 10 SLPM .

BTEX gases [benzene (Caledon, 99 %), toluene (Fisher Scienti�c, 99.9 %), ethyl-

benzene (Fisher Scienti�c, 99.8 %, o-xylene (Sigma Aldrich, 97 %) and p-xylene

(Fisher Scienti�c, 99.9 %)] were introduced into the photoreaction chamber in two

di�erent ways. For injection of benzene and toluene, I used a glass bubbler, shown in

Fig. 2.17, which is installed underneath the photoreaction chamber outside the alu-

minum enclosure. A �ow of �ltered, dry air over a liquid reservoir of these reagents

was used to inject the gases into the photoreaction chamber. The reservoirs were

maintained at a temperature of approximately 21◦C. For ethylbenzene, o-, and p-

xylene I used a microlitre syringe and injected the liquid directly into the chamber.

After that, the chamber was sealed over night before the measurement to let the

liquid evaporate inside the chamber. This provides su�cient time for the BTEX

gases to di�use and mix before the experiment starts.

Fig. 2.17. Glass bubbler.
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Another glass bubbler was used to continuously supply the photoreaction cham-

ber with H2O2 (Fisher Scienti�c, 30% (W/W) in water) during the experiment, via

a �ow of �ltered, dry air over the H2O2 liquid reservoir. I let the gases inside the

chamber mix with H2O2 for 30 min before turning on the black lights in order to

start the aerosol formation. The time at which the black lights were turned on de-

�nes time t = 0 min. Following each experiment, the photoreaction chamber was

�ushed with approximately 10 SLPM of �ltered, dry air and H2O2 gas while irra-

diated with the UV lights for at least 24 h, and then �ushed without UV exposure

using only �ltered, dry air for at least 24 h.

A complete list of experiments carried out in this study and their objectives

can be found below. These experiments include: calibration, preliminary, single

compound, double compound and �ve compound measurements.

2.3.1 Calibration Measurements

Calibration measurements were done in order to be able to convert the gas concen-

tration determined from the UV and mid-IR experimental data to the actual gas

concentrations. For this, a calibration gas generator (Kin-Tek 491-MB) was used.

This calibration gas generator provides a constant emission rate of a sample gas

(benzene, toluene, or o-xylene) from a permeation tube at a speci�c temperature

(50◦C, 80◦C, and 100◦C for benzene, toluene, and o-xylene, respectively). The con-

centration of the sample gas can then be adjusted based on the �ow rate of diluent

gas (N2) between 0.1− 5 Std L ·min−1.

For the UV system calibration, a separate single pass sample cell (path length of

0.5 m, and volume of approximately 0.25 L) was used. The photoreaction chamber

was not used to calibrate the UV system because it would take up to 300 h in some

cases to �ll the photoreaction chamber at the slow �ow rates from the calibration

gas generator.

All the mid-IR single detector and double detector setup calibration experiments

were done using a multipass cell with three con�gurations for path length (70, 100

and 110 m) and N2 background. Te�on tubing was used to carry the sample gas

from the Kin-Tek calibration gas generator to the multipass cell. The measurements

were carried out at room temperature and 1 atm pressure.

32



In the single detector setup with 70 m path length, the multipass cell was sealed

once it was �lled with N2 background gas in order to measure and store the reference

spectrum. The calibration gas generator was connected to the multipass cell, set to

the desired temperature and to the desired �ow rate. The �ow rate for the desired

gas concentration can be calculated using Eqs. 2.6, 2.7 and 2.8 for benzene, toluene

and o-xylene, respectively.

FB =
0.287 ∗ 1.879

Benzene Concentration (ppm)
(2.6)

FT =
0.243 ∗ 2.263

Toluene Concentration (ppm)
(2.7)

FO =
0.211 ∗ 2.548

o-Xylene Concentration (ppm)
(2.8)

The gas �ow from the calibration gas generator through the multipass cell and

out to the fume hood was kept constant to maintain a constant pressure inside the

multipass cell. In this set of measurements, I have used benzene and o-xylene at

concentrations of 0.5, 1, 2, and 3 ppm.

In the single detector setup with 100m path length, the calibration gas generator

was used to provide the N2 �ow. This made it possible to adjust the N2 �ow going

into the multipass cell. Once the multipass cell was �lled with N2 at a pressure of

1 atm, I adjusted the �ow rate on the calibration gas generator to be the same as

the �ow rate for the sample gas which was supposed to be measured. If multiple

concentrations were to be measured, the fastest �ow corresponding to minimum

concentration was chosen as reference �ow rate. Choosing the reference �ow rate to

be the same as the �ow rate used for the gas concentration measurements, reduced

the noise in the system and provided more accurate results. Again, benzene, toluene,

and o-xylene were used for these calibration measurements.

In the double detector setup with 110 m path length, however, a di�erent setup

with two detectors, one for the sample spectra and other for the reference spectra,

was used. At the beginning, I stored the dark spectrum (the detector response with

laser shutter closed) and the reference simultaneously and at the same �ow rate
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as was used to achieve the desired gas concentration in the corresponding sample

measurement. Also in this case, benzene, toluene, and o-xylene were used with

concentrations in the range of 0-5 ppm with 0.5 ppm steps. The resulting calibration

curves will be discussed in detail in Chapter 3.

2.3.2 Preliminary Measurements

The experimental setup containing both UV and mid-IR (70 m path length) systems

has been used previously for real time detection of benzene, toluene, and p-xylene

[13], [48]. In this step I wanted to explore the possibilities to detect ethylbenzene

and o-xylene using the same setup. I conducted a set of preliminary experiments,

which are discussed in detail in this section.

Starting with single compound measurements (ethylbenzene, o-xylene), I moved

forward to two compounds measurements and then to �ve compounds measurements

(benzene, toluene, ethylbenzene, o-xylene, p-xylene) to study their spectral interfer-

ences and see if it is even possible to detect all �ve compounds together.

2.3.2.1 Single Compound Measurements

In these sets of measurements, ethylbenzene or o-xylene were measured using both

UV and mid-IR systems in real time as they react with the OH radicals produced

from hydrogen peroxide (H2O2). As shown in Figs. 2.18 & 2.19, both ethylbenzene

and o-xylene have weak peaks in the UV and mid-IR regions of our interest. Being

able to detect these weak signatures would validate this study. Each experiment

with only ethylbenzene or o-xylene was repeated once to con�rm the results. The

resulting spectra will be discussed in more details in Chapter 3.

2.3.2.2 Double Compound Measurements

In the double compounds experiments, ethylbenzene and o-xylene were mixed in the

photoreaction chamber and their concentrations were monitored using the UV and

mid-IR systems. The concentrations of these compounds decay exponentially during

their reaction with the OH radicals. As can be seen in the ethylbenzene and o-xylene

spectra in Figs. 2.18 & 2.19, there is no signi�cant overlap of the absorption features

of these two gases in both UV and mid-IR regions. This makes identi�cation and
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quanti�cation of these two compounds less di�cult. Again here, each experiment

was repeated to make sure that the results are reproducible. The results will be

discussed in more detail in Chapter 3.

2.3.3 Five Compound Measurements

After the preliminary measurements, I carried out more complex experiments. All

�ve BTEX species were mixed together in the photoreaction chamber to study their

concentrations as they undergo photochemical reactions with hydroxyl radicals in

the presence of H2O2 and UV light. Figs. 2.18 & 2.19 show benzene, toluene,

ethylbenzene, o-, and p-xylene spectra in both mid-IR and UV ranges.

By taking a more detailed look, one could point out signi�cant interference be-

tween ethylbenzene and toluene peaks as well as between p-xylene and o-xylene

peaks, in particular in the mid-IR region. This was the main concern while moni-

toring these gases at low concentrations.
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Fig. 2.18. Benzene, toluene, ethylbenzene, o-, and p-xylene spectra in the mid-IR region [71].

Three di�erent con�gurations of the mid-IR system with 70, 100 and 110 m path
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Fig. 2.19. Absorption cross sections of benzene, toluene, ethylbenzene, o-, and p-xylene in the UV
region [72].

lengths were used in the �ve compound measurements as I improved the mid-IR

system. The measurements were carried out twice using the 70 m path length setup,

once with the 100 m path length setup, and three times in the last modi�ed setup

with 110 m path length. Results of each experiment will be discussed in detail in

Chapter 3.
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Chapter 3

Results & Discussion

In this chapter I will discuss the results of the experiments done during this study.

These experiments consist of calibration measurements, preliminary measurements

and �nal �ve compound measurements.

3.1 Calibration Measurement Results

As discussed in Chapter 2, both mid-IR and UV systems were calibrated for gas

concentration measurements using a calibration gas generator. These calibration

experiments were done under various conditions, including di�erent sequences of

calibration gases, and measurements while diluting and �lling calibration gases to

have a better understanding of the system and to provide more accurate results.

The resulting calibration curve for the UV system is shown in Fig. 3.1 [13]. In

this graph, the concentrations determined from the UV data are plotted versus the

actual concentrations. The UV data are shown as solid circles with the solid line as

the best linear �t through them.

For the mid-IR measurements on the other hand, I have used three di�erent mul-

tipass cell con�gurations with 70, 100 and 110 m path lengths and also two di�erent

setups, i.e. single detector and double detector setups. Consequently, the calibration

measurements were done several times and the resulting calibration curves are given

below.

The calibration results for the 70 m path length mid-IR setup are shown in Fig.

3.2. This graph shows the concentrations determined from the mid-IR data versus
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Fig. 3.1. UV calibration curve. The solid circles are the data extracted from the experimental
results; the solid line is the best linear �t [13].

the actual concentrations. The open circles represent the mid-IR data with the solid

line as their best linear �t. To obtain this graph, the mid-IR system was calibrated

using three di�erent gas concentrations: 1, 2 and 3 ppm.

Fig. 3.3 represents the calibration results for mid-IR system with 100 m path

length. In this graph, the mid-IR data are shown as open circles and the solid line

represents the best linear �t. Fig. 3.3 demonstrates that the performance of the

mid-IR system improved in going from 70 m to 100 m path length. The slope of

the linear �t through this data set is closer to 1 than the slope of the linear �t

through the previous data set. Also, the y-axis intercept is closer to zero. This is a

good improvement toward the goal to detect gas concentrations as close as possible

to the actual concentrations as provided by the Kin-Tek calibration gas generator.

The system was calibrated using gas concentrations in the range from 0.5 ppm to 4

ppm. Both 70 m and 100 m path length setups were used in single mid-IR detector

con�guration (single detector setup).

The calibration curve for the mid-IR system in two detectors and 110 m path

length con�guration is shown in Fig. 3.4.

The mid-IR data are represented by solid circles. Each point in this graph rep-
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Fig. 3.2. Mid-IR calibration curve obtained from measurements with the 70 m path length/single
detector setup. The open circles are the data extracted from the experimental results; the solid line
is the best linear �t to the data.
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Fig. 3.3. Mid-IR calibration curve obtained using the 100 m path length/single detector setup.
The open circles represent the data extracted from the experimental spectra; the solid line is the
best �t.

resents an average over 10 data points. The solid line is the best linear �t through

them. As shown in Fig. 3.4, gas concentrations were measured in a wider range, i.e.
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Fig. 3.4. Mid-IR calibration curve in the 110 m path length/double detector setup. Solid circles
are data, solid line is the best �t.

from 0 ppm to 5.6 ppm. The interesting point is, that it was possible to detect lower

concentrations, as low as 0.2 ppm (the detection limit for p-xylene in the 70 m path

length setup) with an acceptable amount of noise. Reducing the noise level in the

system was the main goal of this system modi�cation from single detector to double

detector setup.

Table 3.1 [13] shows speci�cations of the mid-IR system before any modi�cations

were done, together with those of the UV system.

The detection limit is "the lowest concentration level that can be determined to

VURI-diM

Compound
Detection Limit

(ppb)
Limit of Quantitation

(ppb)
Uncertainty

(ppb)
Detection Limit

(ppb)
Limit of Quantitation

(ppb)
Uncertainty

(ppb)

Benzene 60 200 200 20 70 60
Toluene 70 200 200 40 100 50
p-Xylene 200 600 200 10 30 40

2.107)m(htgneLhtaP
Full Wavelength

Range
9.41–9.88 μm (1012 –1063 cm−1 ) 215–400 nm

Resolution 0.002 cm−1 0.118 nm
000501degarevAsnacS

Scan Rate (min−1 00512)

TABLE 3.1
Speci�cations of, and performance comparison between, UV and mid-IR systems (70 m path

length) [13].
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be statically di�erent from a blank" with 99% con�dence [73]. The detection limits

for each gas measured with the mid-IR and UV systems are calculated using Eq.

3.1 [74].

Detection Limit of gas i =
3 ∗ si
m

(3.1)

Here si is the standard deviation of the observed background concentration of

gas i in a blank sample, and m is the slope of the calibration curve.

The limit of quantitation is "the level above which quantitive results may be

obtained with a speci�c degree of con�dence" [73]. Similarly, we calculated the

limits of quantitation using Eq. 3.2 [74].

Limit of Quantitation of gas i =
10 ∗ si
m

(3.2)

The uncertainty of a measurement is "the doubt about the results of the mea-

surement", so it tells us something about the "quality of the measurement" [75].

In other words, uncertainty is "a quanti�cation of the doubt about the measure-

ment results" [75]. We have used three times the standard deviation of the observed

background concentrations as the estimated uncertainty [76].

The reason for using these concepts here is to assess the performances of the

UV and mid-IR systems quantitively and also to be able to compare them. It can

be noticed from Table 3.1 [13], that detection limit, limit of quantitation and also

uncertainty for benzene, toluene and especially p-xylene are much lower for the

UV system compared to the mid-IR system with 70 m path length. It should be

mentioned that the number of spectra to be averaged is around 500 times more

in the UV system which helps to reduce the uncertainty of the measurements and

consequently the detection limits and limits of quantitation. Besides, p-xylene has

a single weak peak in this mid-IR region whereas its strong features in the UV help

to detect this gas better using the UV system.

As mentioned before, in order to improve the mid-IR system I increased the

absorption path length (from 70 m to 110 m) and also implemented the two detector

setup. The Table 3.2 shows the speci�cations of the mid-IR system with 110 m path

length after the recent improvements.
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Mid-IR System Benzene Toluene Ethylbenzene o-Xylene p-Xylene 
Detection Limit (ppb) 59 72 62 66 62 

Limit of Quantitation (ppb) 199 243 207 219 207 
Uncertainty (ppb) 60 60 60 60 60 

 

TABLE 3.2
Speci�cations of the mid-IR system with 110 m path length after the recent improvements.

When comparing the detection limit and limit of quantitation of p-xylene in

mid-IR 70 m and 110 m systems, a substantial improvement can be noticed. For p-

xylene which has a single weak peak in the mid-IR region of our interest, improving

the system sensitivity and reducing the uncertainty through path length extension

and implementing another detector in the mid-IR system, can help decreasing the

detection limit and also the limit of quantitation of this gas in the mid-IR system,

more signi�cantly compared to benzene and toluene.

3.2 Results from the Preliminary Experiments

As discussed before, I have done a series of preliminary experiments with o-xylene

and ethylbenzene to check the possibility of detecting these two gases with the UV

and mid-IR systems. In this part I will discuss the resulting graphs.

3.2.1 Single Compound Measurements

Fig. 3.5 represents the measurement results of the �rst single compound experiment

in which the reaction of o-xylene with hydroxyl radicals was monitored inside the

photoreaction chamber.

In this graph, the o-xylene concentrations are plotted as a percentage of its initial

concentration versus the reaction time in minutes. The initial concentration of o-

xylene was determined to be about 0.6 ppm using the mid-IR system. UV data

are shown as �lled black symbols, while mid-IR data are represented by �lled gray

symbols. Data shown in this plot were calibrated. As expected, the concentration of

o-xylene decreases as the reaction proceeds. The error bars shown in these graphs,

are the percentage ratio of the uncertainty to the concentration of the gas at that

speci�c time.

42



0 1 0 0 2 0 0
0

5 0

1 0 0

 I R  D a t a
 U V  D a t a

Co
nc

en
tra

tio
n (

%)

R e a c t i o n  T i m e  ( m i n )

o - X y l e n e

I R  E r r o r

U V  E r r o r

Fig. 3.5. o-xylene gas concentration as a function of time in the �rst o-xylene measurement.
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Fig. 3.6. o-xylene gas concentration as a function of time in the second o-xylene measurement.

Fig. 3.6 represents a second experiment with identical conditions except for the

initial concentration of o-xylene which was detected to be about 1.03 ppm using

the mid-IR system. As seen in this graph, there is much less noise in the UV data

compared to the mid-IR data. One reason is that each data point from the UV
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data is the result of averaging 10000 UV spectra, while only 10 mid-IR spectra were

averaged in these measurements. Consequently, detection limit and uncertainty for

o-xylene measurements are lower in the UV system compared to the mid-IR system.

In addition, each gas has a di�erent spectrum in the UV and mid-IR regions,

which sometimes makes the detection easier in one region rather than the other. I

am comparing the mid-IR results with the UV results to have data con�rmation. It

should be mentioned that measurement errors increase as gas concentrations decrease

over time. The gas concentrations may even go below the detection limit at some

point.

Fig. 3.7 shows the results of the third single compound measurements in which

the reaction of only ethylbenzene with hydroxyl radicals was monitored inside the

photoreaction chamber.
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Fig. 3.7. Ethylbenzene gas concentration as a function of time in the �rst ethylbenzene measure-
ment.

This graph shows the decrease in the ethylbenzene concentrations over reaction

time as a percentage of its initial concentration. The initial concentration of ethyl-

benzene in this test was determined to be about 2.2 ppm using the mid-IR system.

UV data are shown as �lled black symbols, while mid-IR data are represented by

�lled gray symbols. The data shown in this plot were also calibrated. An exponen-
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Fig. 3.8. Ethylbenzene gas concentration as a function of time in the second ethylbenzene mea-
surement.

tial decay in the ethylbenzene concentrations can be seen in this data. The UV and

mid-IR results are in reasonable agreement considering the noise in the mid-IR data.

This is a step forward in reaching the goal of being able to detect additional, and

perhaps multiple, gases using the system.

Fig. 3.8 represents a second measurement with ethylbenzene. The test conditions

were the same as the previous time except for the initial concentration of ethylben-

zene which was determined to be about 3.6 ppm using the mid-IR system. Although

the initial concentration is higher in this experiment compared to the previous one,

it displays more noise in the mid-IR data. On the other hand, the UV data are

showing an exponential decay in gas concentrations, as expected, and the noise level

is low. Again here, the relative measurement errors increase as gas concentrations

decrease over time specially for the mid-IR data.

3.2.2 Double Compound Measurements

In this set of experiments, I measured concentrations of both ethylbenzene and o-

xylene in the photoreaction chamber. The objective of these measurements was to

see if it is possible to detect these two gases together using UV and mid-IR systems.
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Fig. 3.9 shows the results of the �rst double compound experiment. In this

graph, o-xylene and ethylbenzene concentrations are plotted as a percentage of their

initial concentration versus the reaction time. The initial concentration of o-xylene

in this test was determined to be about 1.01 ppm using the mid-IR system, while

the initial concentration of ethylbenzene was determined to be about 1.05 ppm. UV

data are shown as �lled black symbols and mid-IR data are represented by �lled gray

symbols. I calibrated the data shown in this plot. As expected, the concentration

of ethylbenzene decreases as it undergoes the reaction. The noise level in the mid-

IR ethylbenzene data is higher than in the UV ethylbenzene data. As the reaction

time increases, the gas concentrations decrease and make the detection even harder

speci�cally in the mid-IR system which has higher detection limits.

Fig. 3.10 shows results from a second test with exactly same conditions as before,

except for the initial concentrations of ethylbenzene and o-xylene which were 1.7 ppm

and 1.6 ppm, respectively as determined using the mid-IR system. As shown in this

�gure, there is less noise in the o-xylene data compared to Fig. 3.9. The reasons for

ethylbenzene to look noisy are its weak absorptions in the UV and mid-IR range.

3.3 Results from Five Compound Measurements

Finally I studied a mixture of all �ve compounds (benzene, toluene, ethylbenzene,

o-xylene and p-xylene) in the photoreaction chamber to see if I am still able to

detect them individually. Separate experiments were previously done, monitoring

the reaction of these gases with putting only one, two (i.e. ethylbenzene + o-xylene,

or benzene + p-xylene [13]), or three (i.e. benzene + toluene + p-xylene [13]) of

them in the photoreaction chamber.

Results of the �rst experiment with all �ve compounds are shown in Fig. 3.11.

This graph shows the spectroscopic measurements of BTEX gas concentrations using

both mid-IR and UV systems as function of the reaction time. UV data are shown

as black �lled circles, while mid-IR data are represented by the �lled gray symbols.

The initial concentrations of benzene, toluene, ethylbenzene, o-, and p-xylene

measured by using the mid-IR system were 2.4, 2.8, 5.4, 2.9, 4.6 ppm, respectively.

Fig. 3.11 shows the measured gas concentrations as a percentage of the initial con-
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Fig. 3.9. Ethylbenzene and o-xylene gas concentrations as a function of time.

centration of each gas after calibration.

There is good agreement between determined benzene concentrations from the

mid-IR and the UV data, when looking at percentages. For toluene and ethylbenzene

the mid-IR and UV data show moderate agreement. We note that toluene and

ethylbenzene peaks overlap at around 1032 cm−1 in the mid-IR region. At some

regions in Fig. 3.11 we can see that the concentrations are measured higher for

toluene and lower for ethylbenzene and vice versa in other regions. For o-xylene and

p-xylene concentration measurements, there are some mismatches between the UV

and mid-IR results due to interferences between their peaks in the mid-IR region

at approximately 1024 cm−1. Additionally, ethylbenzene and p-xylene also exhibit
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Fig. 3.10. Ethylbenzene and o-xylene gas concentrations as a function of time.

rather weak absorption features in the mid-IR range of this particular EC-QCL,

which results in signi�cant uncertainty in measuring their concentrations with the

EC-QCL used in this study.

Results for the second �ve compound measurements are shown in Fig. 3.12. The

BTEX gas concentrations determined using both mid-IR and UV systems over the

reaction time are shown in this graph. UV data are shown as hollow circles, while

mid-IR data are represented by black symbols. Sample error bars at 130 minutes of

the reaction are also shown in this graph. These error bars are smaller for the UV

data compared to the mid-IR data. Among the mid-IR data, ethylbenzene has the

largest error bar at 130 min.
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Fig. 3.11. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; �rst �ve compound measurement using the 70 m path length mid-IR system. UV data are
shown as black �lled circles, while mid-IR data are represented by the �lled gray symbols.

The initial concentrations of benzene, toluene, ethylbenzene, o-, and p-xylene, as

measured by the mid-IR system were 2.6, 3.03, 3.2, 4.9, and 5.1 ppm, respectively. In

Fig. 3.12, the measured gas concentrations are shown as a percentage of the initial

concentration of each gas after calibration.

Again, there is good agreement between benzene concentrations from mid-IR

and UV data. For toluene, the mid-IR and UV data show some discrepancies.

The ethylbenzene data have more noise in the mid-IR data than the UV data. o-

xylene and p-xylene percentage concentrations from the mid-IR data, are in better

agreement with the UV results compared to the previous measurements. There is
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Fig. 3.12. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; second �ve compound measurement using the 70 m path length mid-IR system. UV data are
shown as hollow circles, while mid-IR data are represented by black symbols.

still more noise in the mid-IR data than the UV for these compounds, which leaves

room for improvement.

The �ve compound measurement results discussed above were done with the

70 m path length mid-IR system con�guration. The �ve compound measurement

results obtained with the 100 m path length mid-IR system con�guration are shown

in Fig. 3.13. This graph shows the BTEX gas concentrations determined from both

mid-IR and UV measurements as function of reaction time. UV data are shown as

gray �lled circles, while mid-IR data are represented by black �lled symbols.

The initial concentrations of benzene, toluene, ethylbenzene, p-xylene, and o-
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Fig. 3.13. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; third �ve compound measurement using the 100 m path length mid-IR system. UV data are
shown as black �lled circles, while mid-IR data are represented by gray �lled circles.

xylene in this test measured with the mid-IR system were 1.3, 2.1, -7.9, 1.5, and

4.2 ppm, respectively. Fig. 3.13 shows the determined gas concentrations as a

percentage of the initial concentration of each gas after calibration.

There is a good agreement in percentage concentrations between benzene and

toluene concentrations measurements in mid-IR and UV systems. There appears

to be a problem with the ethylbenzene data from this experiment, as its initial

concentration was measured to be around -8 ppm using the mid-IR system. That

could be the reason why the ethylbenzene concentrations determined from the mid-IR

data do not match with UV data. In case of the o-xylene and p-xylene concentration
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Fig. 3.14. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; fourth �ve compound measurement using the 100 m path length mid-IR system. UV data
are shown as gray �lled circles, while mid-IR data are represented by black �lled symbols.

measurements, there are some mismatches between the UV and mid-IR results. This

is a result of interferences between their peaks in mid-IR region at approximately

1024 cm−1.

The negative concentrations obtained for ethylbenzene in this measurement wants

some discussion: First of all, ethylbenzene has only a rather weak absorption feature

at about 1031 cm−1 in the region of interest (see Fig. 2.18). In addition there is sig-

ni�cant overlaps between ethylbenzene and toluene peaks. This makes it challenging

to detect this gas and measure its concentrations in this region. This is compounded

by the occurrence of fringes in the laser signal, which are caused by the etalon e�ects
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due to the presence of a number of optical re�ective surfaces (beam splitter, lens,

window, for example). I attempted to reduce these fringes through smoothing the

laser output spectrum by applying a low pass �lter with cut o� frequency of 20 Hz

but this way we are actually losing some data. However, this also resulted in loss of

information about the ethylbenzene concentration.

Another factor was the variation of laser output power during the measurement

and even from scan to scan. These �uctuations can not be properly accounted for

in these initial experiments, where only a single reference spectrum was recorded.

The above mentioned issue can then have signi�cant correspondence when calcu-

lating the di�erential optical absorption spectrum, such as negative concentrations.

It should be mentioned that, despite some of the mismatches between mid-IR

and UV data, there appears to be less noise in the mid-IR data compared to the pre-

vious experiments. This is a step forward in improving our mid-IR system. Further

improvements were made by increasing the path length to 110 m and by including

a second detector for simultaneous measurements of reference spectra.

The next �ve compound measurement was done using the double detector, 110

m path length mid-IR system con�guration; both UV and mid-IR results are shown

in Fig. 3.14. The initial concentrations of benzene, toluene, ethylbenzene, o-, and

p-xylene measured with the mid-IR system were 3.7, 3.1, 1.7, 3.7 and 2.4 ppm,

respectively. In Fig. 3.14, the measured gas concentrations are shown as a percentage

of the initial concentration of each gas after calibration.

Fig. 3.14 shows that the o-xylene concentrations from mid-IR and UV measure-

ments are in a good agreement. For p-xylene, the mid-IR data seem to be noisy

compared to the UV data. The reason is the overlap between p-xylene and o-xylene

features in the mid-IR region. Also in this graph, one can see that the concentrations

are higher for toluene and lower for ethylbenzene in some regions and vice versa in

others. The reason is the overlap of toluene and ethylbenzene peaks at around 1032

cm−1 in the mid-IR region. It appears that the double detector setup in the mid-IR

system has led to signi�cantly improved data, as we do not see any negative numbers

for the ethylbenzene in these measurement results.

Fig. 3.15 shows the results of the next �ve compound experiment which was

done using the double detector, 110m path length mid-IR system. This graph shows
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the BTEX gas concentration measurements from both mid-IR and UV systems as

a percentage of the initial concentration of each gas as function of the reaction

time. UV and mid-IR data are shown as gray and black �lled symbols, respectively.

The determined gas concentrations shown in Fig. 3.15 are calibrated. The initial

concentrations of benzene, toluene, ethylbenzene, o-, and p-xylene as measured by

the mid-IR system were 1.8, 2.2, 1.6, 3.1 and 2.5 ppm, respectively.

There is a good agreement between benzene percentage concentrations from the

mid-IR and UV measurements. The p-xylene percentage concentrations from the

mid-IR system also match with the UV data; there is only minor noise in the mid-IR

data which make them �uctuate around UV data. For o-xylene, the mid-IR data have

less noise compared to the previous measurement which had the same conditions as

this test except for the initial concentrations. As mentioned before, the toluene and

ethylbenzene peaks overlap in the mid-IR range. In some regions in the graph the

concentrations are measured higher for toluene and lower for ethylbenzene and vice

versa in others. Toluene concentrations from the mid-IR system are following the

UV measurements but do not exactly match them. The ethylbenzene concentrations

from the UV measurements show the greater discrepancy to the IR data.

The last �ve compound measurement results are shown in Fig. 3.16. These

measurements were also done using the double detector, 110 m path length mid-

IR system. The graph shows the gas concentrations measured with both UV and

mid-IR systems, as a function of time. Concentrations shown in Fig. 3.16 are

plotted as a percentage of the initial concentration of each gas over the reaction time

after calibration. UV data are shown as gray �lled symbols, while mid-IR data are

represented by hollow black circles. The initial concentrations of benzene, toluene,

ethylbenzene, o-, and p-xylene measured with the mid-IR system were 3.01, 3.9,

6.06, 8.7 and 3.2 ppm, respectively.

There is a good agreement between benzene percentage concentrations measured

using the mid-IR and UV systems. o-xylene percentage concentrations from the

mid-IR system match very well with the UV data during the �rst 100 minutes of

reaction. After that, there are some mismatches between mid-IR and UV measure-

ments. For p-xylene, the mid-IR data appear to have more noise compared to the

data from previous measurements shown in Fig. 3.15, which was done under the
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Fig. 3.15. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; �fth trial using the double detector 110 m path length mid-IR system. UV and mid-IR data
are shown as gray and black �lled symbols, respectively.

same conditions as this experiment except for the initial concentrations. The UV

data for p-xylene show a decrease in gas concentrations as expected. In the toluene

and ethylbenzene concentration measurements there are still problems resulting from

the interferences between their spectroscopic signature in the mid-IR region. After

a short initial period of about 20 min, the ethylbenzene concentrations are too high

and the toluene concentrations are low. The ratio of the discrepancies for ethylben-

zene and toluene is between 1:3 and 1:4, similar to the ratio of the respective peaks

in the mid-IR spectra (Fig. 2.18).

The reason we are comparing our mid-IR data with UV data is that as discussed
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Fig. 3.16. Benzene, toluene, ethylbenzene, o- and p-xylene gas concentrations as a function of
time; last �ve compound test using the double detector 110 m path length mid-IR system. UV
data are shown as gray �lled symbols, while mid-IR data are represented by hollow black circles.

earlier, UV DOAS is a proven method to study BTEX gases [42] because they have

distinct absorption peaks in this region (220-290 nm). The UV spectrometer is a

commercial system which allows fast averaging of around 15000 spectra in around

100 sec. This leads to a signi�cant reduction in noise and increases the accuracy of

the measurements (see Table 3.1).

Regarding the percentage error bars included in the graphs representing the

measurement results from mid-IR and UV data, it should be mentioned that each

data point in mid-IR system represents an average of 10-30 mid-IR spectra, whereas

15000 UV spectra were averaged in order to obtain a single data point from the UV
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system. On the other hand, more IR data points were taken per time interval than

UV data. Binning of the IR data over a certain time frame would reduce the error

in the IR data.

Our experimental results have shown secondary organic aerosol particle forma-

tion (see Fig. 3.17) which is dependent on both the presence of H2O2 and at least

one BTEX gas in the photoreaction chamber irradiated with the UV black lights.

We have observed that as the gas concentrations decrease during chemical reactions

of BTEX gases, particles are formed. Using a condensation particle counter (CPC)

we were able to measure the number of particles and their size. The particle number

shows initially an increase and then a gradual decrease. The initial increase in the

number of particles indicates that BTEX gases go through chemical transformation

in the presence of UV light, and produce aerosol particles. According to our measure-

ments, most of the particle sizes are in the range of 50-400 nm. There are several

reasons for the subsequent decrease in the particle numbers in the photoreaction

chamber, including particle coagulation, settling on the walls, and other losses. We

have noticed that the diameter of the aerosol particles increase over time. This can

be explained in that small particles may join together to produce larger particles or

these small particles served as nuclei for growth of larger particles in condensation

processes.

As we have particles inside the photoreaction chamber and also the mid-IR mul-

tipass cell, it is useful to consider their scattering e�ects on the UV and mid-IR

beams. As described earlier, in our experiments we are using a mid-IR laser system

with wavelength range from 9.41-9.88 µm and a UV lamp with wavelength range of

215-400 nm. As benzene, toluene, ethyl-benzene and o-, and p-xylene gases (i.e.,

BTEX gases) react with hydrogen peroxide inside the simulation chamber, aerosol

particles form which would later be transfered to the multipass cell. The particles

which we are dealing with fall in the size range of 50-400 nm (we have obtained

these data using a particle sizer). According to Mie and Rayleigh scattering theo-

ries, there should not be any signi�cant scattering e�ects caused by these particles

on the mid-IR laser beam as it travels through the multipass cell. On the other

hand, as the particle sizes are comparable with the UV light wavelength, they may

have more noticeable scattering e�ects on the UV beam.

57



0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
0

2 0

4 0

6 0

8 0

1 0 0

Pa
rtic

le 
Nu

mb
er 

Co
nc

en
tra

tio
n (

%)

R e a c t i o n  T i m e  ( m i n )

Fig. 3.17. Secondary organic aerosol particle formation inside the photoreaction chamber during
chemical reactions of BTEX gases.

To show the e�ects of light scattering by aerosol particles on the mid-IR laser

beam I have modeled this e�ect using MATLAB simulations.

As the diameter of the particles are much smaller than the wavelength of the

laser light we are dealing with, Rayleigh equations are applied here. The refractive

index of urban aerosol particles is m = 1.56− 0.087i [63]. The laser intensity inside

the multipass cell is assumed to be 25 mW (I0 = 25 mW ) at 9.6 µm. The intensity

of the scattered light (Is) is proportional to the intensity of the incident light (I0).

Is is dependent on particle size, and the larger the particle diameter is the greater

would be the scattering intensity (Is). I have picked an average particle size of 200

nm for these simulations.

The simulation results showing the intensity of the scattered light in a polar

diagram are shown in Fig. 3.18. Fig. 3.19 shows the simulation results for the ratio

of Is over I0 as a function of scattering angle. By setting the scattering angle to

zero to have maximum Is, simulations give us the ratio of Is to I0 as a function of

particle size, which is shown in Fig. 3.20.
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Fig. 3.18. Polar diagram of the scattered light.

Fig. 3.19. Ratio of Is to I0 as a function of scattering angle.

As shown in the results of simulations, the maximum intensity of the scattered

light in polar diagram at scattering angle of zero is 8.184∗10−26, which is negligible.

In Fig. 3.19, the ratio of the intensity of the scattered light (Is) to the intensity of the

incident light (I0) as a function of scattering angle varies from 1.7∗10−24−3.3∗10−24
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Fig. 3.20. Ratio of Is to I0 as a function of particle size.

which is negligible. And �nally, the graph shown in Fig. 3.20, indicates the ratio

of the intensity of the scattered light (Is) to the intensity of the incident light (I0)

as a function of particle size. As expected, this ratio increases for larger particle

diameters. Again, the small amount of 3.4 ∗ 10−24 as its maximum shows that the

intensity of scattered light is negligible. This means the e�ect of aerosol particles on

the mid-IR laser beam is negligible.

In addition to secondary organic aerosol particle formation, we also observed

the formation of a by-product in the reactions of hydroxyl radicals with BTEX

compounds. Fig. 3.21 shows examples of mid-IR DOAS spectra for BTEX reactions

at 0, 1, and 5 hours after initiation of the reaction. While the absorption lines of the

BTEX gases decrease as the reaction goes on, there are several features that increase

in amplitude with time. These features are marked with an arrow in Fig. 3.21. As

these features have been noticed before speci�cally around 1033 cm−1 [13], with only

benzene and toluene or benzene, toluene and p-xylene in the photoreaction chamber,

we are con�dent that what we have measured is a by-product and that the features

do not arise from system errors.

Our attempts to elucidate the source of this absorption features were unsuccessful

(for either organic or inorganic compounds) and we label this feature as that of a

by-product of the reactions. No corresponding absorption features from by-products

were observed in the UV DOAS spectra during these experiments. Therefore, we

emphasize the importance of using multiple monitoring methods such as mid-IR and
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UV DOAS in measuring trace gas concentrations, either in the atmosphere or in

simulated environments similar to the current study.
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Fig. 3.21. Mid-IR DOAS spectra for BTEX reactions at 0, 1, and 5 hours of the reactions.

To sum up, for the BTEX concentration measurements in this study, I began with

the investigation of two additional gases (ethylbenzene and o-xylene) and monitored

their concentrations as they undergo reactions with hydroxyl radicals. Concentra-

tions obtained from mid-IR data were found to be in agreement with UV data,

within the respective uncertainties. There were some �uctuations observed in the

mid-IR and even UV data. There can be a few reasons for this observation. First of

all, I observed signi�cant fringing e�ects with the IR beam as a result of etaloning

between various optical surfaces (lenses, mirror, windows, beam splitters). Low pass

�ltering of the signal reduced the fringing e�ects, but also reduced the sensitivity of

the spectrum. Furthermore, ethylbenzene and o-xylene have only weak absorption

features in the IR and UV region, respectively. Additional di�culties come from the

data manipulation to produce the DOAS spectra and the spectral �tting procedures.

In addition, the second peak of o-xylene in the mid-IR region falls in the mode-hop

region of the laser. Overall, it was successful monitoring these two new gases either

individually or both together.

Subsequently, I let all �ve compounds react simultaneously in the photoreaction
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chamber. Despite signi�cant peak overlaps in the mid-IR region between ethylben-

zene and toluene at 1032 cm−1 and o-xylene and p-xylene at 1024 cm−1, it was

possible to distinguish between these gases and monitor their concentrations in real-

time as they react with hydroxyl radicals. The results from the mid-IR system were

in agreement with the UV data within the uncertainty range. There were some dis-

crepancies observed in the data which were mainly the result of overlaps between

peaks in mid-IR region. It was noticed that the concentrations were determined

higher for toluene and lower for ethylbenzene in some regions and vise versa. This

was the case for o-xylene and p-xylene as well. The ratio of the di�erence between

mid-IR and UV determined concentrations for these two pairs of gases is similar to

the ratio of the peaks of these gases in mid-IR and UV regions, thus con�rming that

peak overlap leads to those variations.

After completing two measurements using this mid-IR system with 70 m path

length, I increased the path length from 70 m to 100 m. With this improvement

in the mid-IR system, the uncertainty was reduced from 200 ppb to about 100 ppb.

The results from another �ve compound measurement with this new setup, show

this improvement, especially for toluene.

I noticed that there was signi�cant �uctuation in the laser output power from

scan to scan and suspected that a single reference spectrum, taken at the beginning

of each experiment, would not be adequate. I therefore installed a second detector

into the mid-IR setup to record real-time reference spectra. I also slightly increased

the path length from 100 m to 110 m in this new setup. Results from three more

�ve compound measurements using this double detector mid-IR system with 110

m path length, show improvement compared to the previous system especially for

ethylbenzene. The uncertainty decreased from 100 ppb to 60 ppb which is less than

one third of uncertainty in the �rst mid-IR setup with 70 m path length.
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Chapter 4

Conclusions and Future Work

This work illustrates the advantages and disadvantages involved in the application of

a widely tunable continuous wave external cavity quantum cascade laser system, for

the simultaneous detection of BTEX trace gas concentrations during the chemical

reactions of these gases with hydroxyl radicals inside a simulation chamber. Mid-IR

measurements are based on continuous sampling from the photoreaction chamber

into a Herriott multipass cell at room temperature and atmospheric pressure.

The results for benzene are in good agreement with UV DOAS data but in limited

agreement for other gases. This encouraged us to go further and improve the mid-IR

system to achieve lower detection limits by using longer path lengths and also the

two detectors in the mid-IR setup. We have also veri�ed the formation of aerosol

particles using a particle counter and a by-product from reactions of BTEX gases

with hydroxyl radicals in our simulation chamber. We were only able to detect the

by-product peaks using the mid-IR system which highlights the usefulness of mid-IR

absorption spectroscopy in gas sensing.

Using EC-QCL in BTEX monitoring is a promising method for future air qual-

ity monitoring and volatile organic compound detection, as it gives us real time

data over long path lengths without su�ering much from beam divergence and also

light scattering from particles. This mid-IR system also has least interference from

atmospheric components absorption, including carbon dioxide and water.

This type of mid-IR system has the potential to be used as a research tool for

longer, open-path measurements and as a component of local or regional atmospheric
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trace gas monitoring because of its minimal size, vibration control, and electrical

power requirements.

Future improvement of this method includes implementing the multipass cell

inside the photoreaction chamber to be able to do in situ mid-IR absorption spec-

troscopy measurements in order to address problems associated with sampling. Ad-

ditionally, path length extension will help to improve the sensitivity of this method

towards ambient gas concentrations. The �nal step would be doing longer, open-path

measurements to get real atmospheric data.
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Abstract: We demonstrate our progress in developing an application of mid-IR External Cavity

Quantum Cascade Laser (EC-QCL) absorption spectroscopy for concentration measurements of

benzene, toluene, ethylbenzene and o- and p-xylene (i.e., BTEX) in a simulation chamber.

OCIS codes: (300.6340) Spectroscopy, infrared; (140.5965) Semiconductor lasers, quantum cas-

cade

1. Introduction

BTEX gases (Benzene, Toluene, ethylbenzene, o-, and p-xylene) mostly produced

by petroleum industries, are toxic and a�ect human health and the Earth's environ-

ment [9]. They have also been shown to produce other air pollutants such as aerosol

particles via photochemical reactions [13], [14] with hydroxyl radicals when exposed

to UV radiation.
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Modern improvements in quantum cascade laser (QCL) technology have opened

a new era in spectroscopic measurements of atmospheric gases. Because of their

wide range of applicable frequencies, QCLs have been used in many gas-sensing

applications that usually require narrow laser line-width and broadly tuned output

[49], [50]. A variety of grating-tuned mid infrared external cavity quantum cascade

lasers (EC-QCL) with the tunability range of 100 cm−1 or even ultra broadband

tunable over 750 cm−1 have been reported [56]�[59], [77]

In this work, we investigate the applicability of EC-QCL absorption spectroscopy

in multi component systems with an interest in interference in measurements from

each species. Speci�cally, we consider multi component systems with benzene, ethyl-

benzene, toluene, and o- and p-xylenes (BTEX gases). As described before [13], [48]

we carried out real time monitoring of the concentration of BTEX trace gas species

via mid-IR absorption spectroscopy using an external cavity quantum cascade laser

(EC-QCL), tunable in the range of 9.41-9.88 µm (1012-1063 cm−1) during reactions

with hydroxyl radicals in a photoreaction chamber. We compare our mid-IR results

with UV di�erential optical absorption spectroscopic measurements, an alternative

method for measuring BTEX gas concentrations [40]�[42].

2. Experimental Methods

The smog simulation chamber used in this study is a cube constructed of 0.127

mm thick per�uoroalkoxy (PFA) �lm with a volume of 1.8 m3 (Ingeniven Fluo-

ropolymer Solutions). The chamber is irradiated with UV light by an array of 24

�uorescent 32 W black lights with peak emission at 350 nm. Tests were run dy-

namically with clean, dry air diluting the contents of the simulation chamber while

continuously sampling from the chamber. Results are corrected for dilution e�ects.

Reagent gases (H2O2, benzene, toluene, ethylbenzene, o- and p-xylene) were

introduced to the smog simulation chamber via liquid injections using a microlitre

syringe or �ow of clean, dry air through a liquid bubbler.

The mid-IR system has been described in detail previously [13], [48]. The light

source for these measurements was a room temperature continuous wave exter-

nal cavity quantum cascade laser (EC-QCL), tunable between 9.41-9.88 µm with

mode hop free tunability from 9.68 - 9.88 µm (1012-1032 cm−1) (Daylight Solutions,

76



TLS-CW-MHF). Liquid nitrogen cooled mercury-cadmium-telluride (MCT) detec-

tors (Kolmar Technologies, KMPV11) were used for measurements. All mid-IR tests

discussed here used an astigmatic Herriott multi-pass cell [67] at atmospheric pres-

sure with two con�gurations of the multi-pass cell, one with 70 m path length and

one with 110 m mounted into an aluminum chamber with a volume of approximately

14.2 L.

The light source for UV di�erential optical absorption spectroscopy measure-

ments was a broadband deuterium lamp with emission output from 215-400 nm

(Ocean Optics, D-2000-S). A grating-based spectrometer was used for these mea-

surements (Ocean Optics, HR-2000+). UV tests were made in situ with a single-pass

through the simulation chamber over a path length of 1.2 m [13]. All UV absorption

spectra were referenced to �ltered, dry air at the start of each test. The mid-IR and

UV absorption spectra were transformed to di�erential optical absorption spectra as

described in [13].

3. Results and Discussion

We have measured decreasing BTEX gas concentrations during photochemical

reactions with both IR and UV systems. Fig. A.1 (a) shows an example of mid-IR

and UV DOAS data obtained during chemical transformation of a mixture of ben-

zene + toluene + ethylbenzene + o-xylene + p-xylene in the photoreaction chamber

as a function of time with hydroxyl radicals. Mid-IR data are shown as �lled black

circles with thick black curves as their �ts; UV data are shown as hollow gray circles

with thick gray curves as their �ts. All data were corrected to account for dilution

of the photoreaction chamber content over the course of the reaction. The initial

concentration of benzene, toluene, ethylbenzene, o- , and p-xylene measured in IR

system was 2.46, 2.66, 2.94, 4.04, 4.23 ppm, respectively. Fig. A.1 (a) shows the

measured gas concentrations as a percentage of the original concentration of each

gas after corrections for dilution of the photoreaction chamber content. There is a

good agreement between measurements of benzene concentrations from the mid-IR

and UV systems. For the toluene, ethylbenzene and also o-, and p-xylene concen-

tration measurements, there are some discrepancies between UV and mid-IR results

due to interference between toluene and ethylbenzene peaks at approximately 1032
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Fig. A.1. (a) Benzene, toluene, ethylbenzene, o- and p-xylene gas concentration measurements in
the photoreaction chamber as a function of time. (b) Mid-IR di�erential optical absorption spectra
at speci�c time intervals for benzene, toluene, ethylbenzene, o- and p-xylene.

cm−1 and o-, and p-xylene peaks at approximately 1024 cm−1. Additionally, ethyl-

benzene and p-xylene exhibit minimal absorption features in the mid-IR range of

this particular EC-QCL, which results in increased uncertainty in measuring their

concentrations with the EC-QCL used in this study.

In addition to secondary organic aerosol particle formation, we also observed for-

mation of a by-product in the reactions of hydroxyl radicals with BTEX compounds.

Fig. A.1 (b) shows an example of mid-IR DOAS spectra for BTEX reactions at 0,

1, and 5 hours of the reactions. Dotted spectra are at t = 0 h, dashed spectra are

at t = 1 h (without dilution correction), and solid spectra are at t = 5 h (without

dilution correction). Reaction by-product peaks are observed at about 1047 cm−1

and 1049 cm−1. Our attempts to elucidate the source of this absorption feature have

been unsuccessful (for either organic or inorganic compounds) and we simply label

this feature as that of a by- product of the reactions.

No corresponding absorption features from by-products were observed in the UV

DOAS spectra during these tests. Therefore, we emphasize the importance of using

multiple monitoring methods such as mid-IR and UV DOAS in measuring trace gas

concentrations, either in the atmosphere or in simulated environments similar to the
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current study.

4. Conclusion

Our e�orts in this work illustrate the advantages and disadvantages involved in

monitoring the concentrations of multiple BTEX trace gas species in real-time during

their chemical transformation in a photoreaction chamber, using a mid-IR tunable

EC-QCL. The results from our IR system show formation of unknown by-products

while BTEX gases undergo chemical reactions in the chamber. We have noticed that

we are only able to detect these peaks in mid-IR region which highlights the use of

mid-IR absorption spectroscopy in gas sensing.
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