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Abstract

The development of a prototype portable gas chromatograph (GC) with severa
novel design and operating featuresis described. Building on a previous design, this
prototype incorporates modifications that enhance the capability for determining the
components of complex mixtures of volatile organic compounds (VOCs). The instrument
employs a miniature multi-adsorbent preconcentrator/injector (PCI), two series-coupled
columns with fast, independent temperature-programming capabilities and junction-point
pressure/flow control, and a thermostatted detector consisting of an array of
microfabricated chemiresistor sensors coated with Au-thiolate monolayer-protected
nanoparticles whose responses patterns can be used together with retention times to
identify and quantify eluting VOCs. Scrubbed ambient air is employed as the carrier gas.
The instrument was characterized, with afocus on the tradeoffs in performance
associated with thermal and fluidic operating variables. The influences of flow rate and
operating temperature on the responses from a microsensor array used as a GC detector
are described for the first time. The determination of a 31-component mixtureis
achieved in atotal analytical cycletime of 16 min, with projected limits of detection limit
(LOD) in the parts-per-trillion range for many vapors, assuming a 1-L sample volume.
Application of the instrument to the determination of vapor-phase markers of
environmental tobacco smoke (ETS) and to breath biomarkers of lung cancer is
illustrated. For the former application, an adsorbent pre-trap was devel oped to remove
semi-volatile organic compounds from the sample stream. The two markers were
successfully separated from the 34 most prominent co-contaminants found in smoking-
permitted environments and detected at relevant concentrations. By combining the
capabilities for retention-time tuning and chemometric vapor recognition it was possible
to reduce the overall anaytical cycle time by 16%. For the latter application, attempts

were made to establish conditions necessary to analyze breath samples spiked with seven

Xii



biomarkers and 30 endogenous and exogenous interferences. Approaches to removing
water vapor co-adsorbed onto the PCI during sampling were explored, and the sample
volumes and separation conditions required for practical application were determined.
These investigations demonstrate the potential for this novel technology to solve
problems in environmenta health that demand on-site analysis of complex VOC mixtures.
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Chapter 1

I ntroduction

1.1 Dissertation Overview

Human exposure to toxic chemicalsis one of the most important issues of public
health. Many such chemicals can be classified collectively as volatile organic
compounds (VOCs). Quantitative exposure assessment relies critically on technol ogical
and methodological innovations. This dissertation research focuses on the devel opment
of a portable analytical system with several novel design and operating features for near-
real-time determinations of complex VOC mixtures commonly found in residential,
occupational, and ambient environmental settings. Thiswork represents an extension of
an earlier effort in Professor Zellers' group that produced afirst-generation prototype
portable gas chromatograph (GC) capable of determining mixtures of 30 or more VOCs
and semi-VOCs (SVOC) in a 10-min cycle time, with detection limits for many vaporsin
the part-per-trillion (ppt) concentration range.*? Although that prototype was used to
demonstrate the value of combining on-board preconcentration, tunable retention, and
sensor-array detection for applications such as indoor air quality monitoring, a number of
features required improvement. Such improvements were incorporated into a second-
generation instrument, which is the topic of this dissertation.

The research described herein focuses on the development and implementation of
the second-generation portable GC for trace-level determination of complex VOC
mixture components. This chapter (Chapter 1) provides the background and significance
of the work as they relate to the application of the prototype to problemsin indoor air
quality (IAQ) and breath analysis. An overview of the first-generation prototype
instruments, with some basic discussion of sample preconcentration, separation tuning,

and sensor array detection, is also provided. Chapter 2 contains a detailed



characterization study that evaluates the performance of the second-generation
instrument, with a focus on the tradeoffs associated with thermal and fluidic operationa
variables. Theimproved performance of thisinstrument isillustrated by the analysis of a
synthetic mixture containing 31 common indoor and outdoor VOCs. After some
modifications, most of what is presented in Chapter 2 will be submitted for publication in
the peer-reviewed literature. Chapter 3 explores the application of the instrument to the
determination of vapor-phase environmental tobacco (ETS) markers. The content of
Chapter 3 has been published, with minor modifications, in the Journal of Environmental
Monitoring.® Chapter 4 explores the adaptation of the instrument to the determination of
breath biomarkers of lung cancer. Although not completely successful, this work has
made significant progress toward the goal of lung-cancer biomarker determinations and
has set the stage for follow-work by another student in the Zellers group. Chapter 5
summarizes the key findings and major contribution of this dissertation research and

provides avenues for future studies.

1.2 Background and Significance

1.2.1 Indoor VOCsand Monitoring Methods

V OCs are defined as organic compounds having vapor pressures of > 0.1 torr at
25 °C.* Those with vapor pressures lower than this value are regarded as semi-volatile
organic compounds (SV OCs). Health problems associated with exposure to indoor VOCs
and SV OCs have become a growing public health concern. This can be mainly attributed
to two major factors, one being that the majority of the population spends greater than
90% of their time indoors,” and the other one being that indoor VOC concentrations are
generally higher than those outdoors.® The main sources of indoor VOCs are: 1)
emissions from building materials;’ 2) infiltration from outdoor air;® 3) human activities;’
4) microorganisms;’® and 5) reaction products of existing VOCs.* Results from
numerous investigations have found strong positive correlations between exposure to
indoor VOCs and sick building syndrome (SBS), aswell as other hedlth effects.'? The
established investigations show that indoor VOC concentrations are typically below 10
ng/m?, and the most abundant VOCs are diphatic and aromatic hydrocarbons, such as

alkanes and BTEX (benzene, toluene, ethylbenzene, and xylenes).’**°



Although the role of VOCsin indoor health problemsis recognized, no indoor air
quality (IAQ) standard specifies the measurement of individual VOCs. The most often
used standard for controlling IAQ isthe American Society of Heating, Refrigerating and
Air Conditioning Engineers (ASHRAE) Standard 62.1-2007 entitled “Ventilation for
Acceptable Indoor Air Quality.”*” This standard sets minimum ventilation rates for
commercia and institutional buildings, uses CO, as a surrogate measure of IAQ. Total
VOC (TVOC) is also often used as an IAQ indicator.'® However, TVOC cannot specify
the presence of individual compounds, and is therefore not considered very useful in
correlating exposure to VOCs with health effects .*% The lack of VOC standards is
partly due to the fact that inadequate or insufficient exposure data are available.

To date, virtually all investigations of VOCs indoors have utilized separate
sampl e collection and laboratory anaytical steps. They rely on conventional adsorbent-
tube samplers followed by gas-chromatography/mass-spectrometry (GC-M S)%212* or
GC-flame-ionization-detector (GC-FID).**? While reliable, due to the cost and delay
between sampling and analysis, these methods inherently limit the quality, quantity and
frequency of data collected in field investigations. Also, these conventional methods do
not permit characterization of concentration profiles with respect to spatial and temporal

variations.

1.2.2 Environmental Tobacco Smoke (ETS) and Deter mination of I1ts Airborne
Markers

Environmental tobacco smoke (ETS), also called secondhand tobacco smoke®® is
amixture of the smoke given off by the burning end of tobacco products and the smoke
exhaled by smokers. Burning tobacco smoke is referred to as sidestream smoke, and
exhaled smoke is called mainstream smoke. These are the primary and the secondary
contributorsto ETS, respectively. The International Agency for Research on Cancer
(IARC) classifies ETS as a Group 1 (i.e. carcinogenic) substance.?” Sufficient evidence
has shown that ETS can cause lung cancer, heart disease and other health effects. An
estimated 3,400 lung cancer deaths and 23-70,000 heart disease deaths occur annually
among adult nonsmokers in the US as aresult of exposure to ETS.? People can be
exposed to ETS in smoking-permitted environments, such as the home, public places

(i.e, restaurant, bar, bowling aley, etc.), a work, and in the car. Due to these public
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health concerns, a great deal of research has been conducted in an effort to accurately
assess ETS exposure.

ETS contains a complex mixture of more than 4,000 specific chemicals,® among
which more than 50 have been shown to individually cause cancer.?’ These chemicas are
components of exhaled mainstream smoke, sidestream smoke, and their aged reaction
products. The complexity of ETS and the presence of confounding sources make
determinations of airborne ETS difficult, prompting the use of marker compounds as
surrogates for ETS detection. Among the airborne marker compounds that have been
explored, vapor-phase nicotine (VPN) and 3-ethenylpyridine (3-EP) are mostly used.?®
2,5-Dimethylfuran (2,5-DMF) has also been used as a biomarker of ETS.?

Nicotine is unigue to tobacco. It meets three of the four primary criteriafor a good
marker as defined by the National Research Council.* VPN is approximately 95% of
total ETS nicotine. The existence of nicotine is a strong indication that smoking has
occurred. However, its adsorptive tendencies and unpredictable decay rate make it aless-
than-ideal marker. 3-EP, a pyrolysis product of nicotine degradation during smoking, isa
far better gas-phase marker of ETS.*! When used as an ETS marker, 3-EP has several
advantages over VPN: 1) its concentration correlates well with ETS particle
concentrations and other gas-phase ETS components; 2) it isfound exclusively in the gas
phase; 3) it follows nearly first-order reaction kinetics, and thus its decay can be well
predicted; and 4) its concentration increases linearly with the number of cigarettes
smoked.® Data from several large-scale studies indicate that the mean concentrations of
3-EPin smoking offices, homes, and restaurants fall within the range of 0.8-6.3 ug/m?®
(0.18-1.5 ppb), with generally lower average personal exposure levels (0.4-0.7 ppb).3%

2,5-dimethylfuran (2,5-DMF) has also been identified as a gas-phase marker of
ETS. %% |n tests designed to simulate ETS levelsin an office environment, 2,5-DMF
concentrations were found to range from 2.4-30 ug/m? (0.6-7.5 ppb).>**° Concentrations
of 2,5-DMF in the breath of passively exposed non-smokers averaged 6.8 ppb, those in
the breath of smokers averaged 94 ppb immediately after smoking.* The mgjor co-
contaminants are the other gas-phase components of ETS and common indoor air
contaminants (e.g., aromatic and aliphatic hydrocarbons, Cl- and N-substituted

29,40

hydrocarbons, aldehydes, ketones).



The current American Society for Testing and Materials (ASTM) standard
method for monitoring 3-EP and nicotine in indoor air, ASTM D5075-01, isto collect an
air sample on atube packed with XAD-4 resin and extract the sample with a solvent,
followed by GC-MS analysis.** Thermally-desorbed Tenax adsorbent tubes are also often
used for ETS sample collection.?**® In addition to GC-MS,*** GC-FID*®" and GC with

anitrogen-phosphorus detector (NPD)3>3330:42-48

are commonly used for analysis.
However, these conventional methods have many disadvantages: they are labor
and capital-intensive, and provide less effective intervention feedback for affected
individuals. Although Gordon et a. have described afield portable breath analyzer,?
there are no published reports on the determination of ambient concentrations of vapor-

phase ETS markers with portable direct-reading instrumentation.
1.2.3 Breath VOC Analysis and the Deter mination of Lung Cancer Biomarkers

Analysis of VOCsin breath can provide information about metabolic disorders or
environmental and occupational exposure.*** Thisis due to the rapid equilibration
between the pulmonary blood and alveolar air. The non-invasive nature of this bio-
monitoring method makes it more attractive than blood analysis. Breath isavery
complex mixture. Among the major components of carbon dioxide, oxygen, water, and
inert gases are numerous trace-level VOC components with concentrations in part-per-
million (ppm) to ppt range.>® Although large variations in component species and
concentrations occur among tested human subjects,> as many as 150-200 VOCs have
been measured in the breath of a single subject.>

The magjor VOCsiin the breath of healthy individuals are isoprene, acetone, and
acohols.> Breath VOCs come from either endogenous or exogenous sources. Measured
exogenous VOCs indicates recent exposure to environmental contaminants,® and testing
of endogenous VOCs can provide information on health status. Although links between
breath substances and diseases have not been well established,*® some of the VOCsin
breath may serve as biomarkers for screening purposes for specific health disorders or
dl SeaseS.49'54

Deaths occur from lung cancer more than any other cancer.?® Worldwide, lung
cancer is also the most prevalent associated with occupational exposure to chemicals.

Occupational exposureto avariety of agents (e.g., asbestos, As, Be, Cd, Ni, silica, and
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diesel exhaust) occurs across numerous sectors and accounts for an estimated 10% of
lung cancers.® Detection and surgical treatment at an early stage can dramatically
increase the 5-year survival rate.>® Breath biomarker analysis has recently been cited asa
promising lung cancer screening method.®® The study of breath VOCs as a screening
method for lung cancer can be traced back two decades.®* Although it is generally
acknowledged that no single VOC from breath can serve as a unique breath biomarker of
lung cancer, certain VOCs have been found to be associated with this disease. These are
mainly alkanes and aromatic compounds.®*®*% Alkanes are the products of lipid
peroxidation of polyunsaturated fatty acidsin cell membranes.®® Aromatic compounds
are mostly related to environmental exposure or persona behaviors, such as tobacco
smoke.®? Patterns of a set of VOCs can be used to develop multivariate statistical models
to differentiate/predict lung cancer.®?

To use breath analysis as aroutine clinical diagnostic tool, advancement is
required in the determination of biomarkers for specific diseases.>**®®’ Since the first
reports on breath VOCs, analytical technologies have been greatly improved. However,
standards for breath collection and analysis have not been established yet, making it
difficult to compare or interpret the results from different studies.**** The lack of
standardization of sampling proceduresis one of the reasons that breath analysis has not
been introduced into clinical practice.>

There are severa significant chalengesin breath biomarker analysis. First,
sample collection requires large volumes, and preconcentration is normally required.
Most of the VOCs are found at sub-ppb levels, with some exceptions which are found at
high ppb or low ppm level.>® Required sample volumes depend on the sensitivity of the
analytical system for the target compounds. In the past, samples aslarge as 30 L were
necessary.>>218871 \wjith improved anal ytical methods, required sample volumes have
been reduced to ~1 L for GC-FID or MS analysis.”* " Single or multi-stage adsorbent
traps and solid-phase microextraction (SPME) are the preconcentration devices most
often reported for capturing VOCs from breath. SPME can be used to extract vapors
directly from the mouth of a subject,” or from acommercia sampling device,®® with an
extraction time ranging from 30 sto 30 min. SPME has less adsorption capacity than

multi-stage adsorbent trap,* which may result in detection of less VOCs. A GC equipped



with alow-temperature glassy carbon-coated SPME microfiber showed to have lower
L ODs than those equipped with conventional SPME fibers, in low- to sub-picomolar
range for alkanes and aromatic compounds tested.”” Therefore, most studies using SPME
are confined to those looking at a small number of target VOCs. Where complex mixture
analysis was desired, multi-stage adsorbent traps are generally used.>>"027379

A second magjor challengeisto obtain a complete * spectrum’ of breath VOCs.
Breath VOCs are generally subject to large intra- and inter-subject variations. Although
as many as 150-200 VOCs can be obtained from a healthy human subject,> one study
has shown that as many as 3481 VOCs could be detected at |east once from 50 subjects.>
Notably, however, only 27 detected compounds were common for al these subjects. In
addition the breath VOC composition is subject to changes due to the environment where
the subjects spend time, where the samples were collected, and the diet of the individuals.

Third, the high concentrations of water vapor in breath samples poses severd
problems, including competition for sites on the preconcentrator adsorbent, possible
changes in retention time on the GC column, and interference with responses to early-
eluting VOCs due to overlap with water peaks. Therefore, it is generally necessary to
reduce the amount of water vapor transferred into the analytical system. One simple
option is to place awater trap in series with adsorbent trap.”® However, some of the polar
compounds can be lost at the same time. Another simple method isto heat the adsorbent
trap to 40 °C during sampling.>® However heating can cause the loss of volatile
compounds and/or decrease the adsorption capacity of the trap. To avoid the use of
carbon molecular sieves which has very high surface area and have high affinity for water
vapor in the adsorbent trap has been proposed. Unfortunately carbon molecular sieves
have still been the best adsorbent when very volatile compounds are sampled. One
favorable method is dry-air purge. Dry-air purge of the adsorbent prior to thermal
desorption can remove as much as 98% of the water from the adsorbent with minimum
loss of adsorbed VOCs.” It is clear that more research is needed to seek effective
approaches to reduce water vapor from breath samples.

Despite the advantages of GC-MS, which include fairly high sensitivity and the
ability to identify compounds on the basis of their fragmentation spectra, the expense of
the system and need for expertise in operation make it difficult to be used routinely in



field settings.2’ Two-dimensional (2-D) GC-FID has also been used to determine breath
VOCs.” However, the complicated system design and data analysis associated with 2-D
GC precludesits usein fielded systems at this point in time. Attempts to apply electronic
nose technol ogies comprising stand-alone sensor arrays to differentiate lung cancer
patients from healthy controls have been partially successful,®*#8! but have been
criticized for their low sensitivity and inability to identify specific VOCs.2* To make
these results more reliable, sensors should be operated in parallel with other analytical
methods.

1.2.4 Portable GC for VOC Mixture Analysis

Very few portable instruments have the capability to analyze the components of
complex VOC mixtures. Theseinclude Fourier Transform Infrared Spectrophotometers
(FTIR),%*® hand-held ion mobility spectrometers (IMS),2°#” hand-held mass
spectrometers (MS),® and portable GCs with various detectors. Among these, portable
GCs are the most popular for on-site VOC monitoring due to the versatility associated
with the ability to separate components prior to detection, and to their compatibility with
different types of detectors.

On-site VOC monitoring with portable GCs has been practiced since the
1980’ 5,#% and numerous field portable GC are commercially available ™%
Development efforts related to portable GC focus on the three key analytical components:
sampler/injector, column and the heating module, and detector. Thermal desorbed single-
stage®™ "% or multi-stage micro-adsorbent trap and solid phase micro extraction
(SPME) 1% 5re the most popular samplers used in portable GCs. Micro-sampling
loop/chip has also been used.'® Column lengths used in portable GCs differ much,
ranging from afew meters' to 30 m.****% Basically there are two different heating
methods: at-column heater (this column moduleis called Low-Thermal-Mass column

1,100,104

module, such as RVM columns), and heating oven.* A variety of detectors are

employed in research portable GC prototypes. These include micro-FID,?% P|D, %1%

IM$S,% micro-flame photometric detector (WFPD),'® micro-counter-flow FID,'®
doped helium ionization detector (HID),'*® electron capture detector (ECD),'* micro-

machined thermal conductivity detector (TCD),'% M S,%1%10L1% gingle surface acoustic

argon-

1,98,108

wave (SAW) sensor,'%” SAW sensor array, and chemiresistor (CR) sensor array.'®



However, only afew of these detectors have been equipped in commercial units, for
example IMS®” MS 0 and SAW.™ With the exception of MS, IMS and sensor array,
vapor identification with all other detectors rely solely on the retention time. Some of
them lack selectivity (FID, PID), and others are limited by sensitivity.

Many advances have been made in the development of portable GC, especially in
the aspect of detection technology. However, most of the commercia portable GC units
have still rely on MS as their detectors. The complexity and high cost of these
instruments may limit their use for routine monitoring. A survey of the archival literature
on portable GC technologies reveaed that VOC mixtures that can be analyzed is

generally limited to < 20 compounds,*?%# 114

1.2.5 Chemiresistor Sensor Array for VOC Detection

A chemical sensor consists of a chemically selective layer which interacts with
incoming VOCs, causing changes of one of the physical properties, and a transducer
which transforms this change into another signal.**> Chemical sensors for VOC detection
have been developing rapidly and have become popular in recent years. One of the
driving forcesis the need for portable instruments in applications such as environmental
monitoring, industrial hygiene, and homeland security.™® Compared with conventional
detectors which are used in portable instruments, chemical sensors offer many
advantages: low-cost of production, small size, simplicity, low power operation, minimal
maintenance, etc.™*’ For VOC mixture detection, using an array of sensors of different
functionalities, partial selectivity can be obtained. Like a characteristic ‘fingerprint’ of
each analyte, response patterns can be used to identify vapors.

A comprehensive study of vapor recognition with arrays of polymer-coated
surface acoustic wave (SAW) sensors showed that binary mixtures could generally be
recognized by an array of only two or three SAW sensors.*?” The recognition of ternary
mixture with a sensor array was also possible if the functional groups of the components
were very different. Low recognition rates were generally observed for more complex
mixtures or mixtures of structurally homologous compounds. Increasing the number of
sensors in the array did not necessarily improve the recognition. However, if a sensor
array is employed as the detector of a portable GC, significant advantages can be

achieved from the combination of column separation and sensor array detection. The
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response patterns can be used with retention times to identify target VOCs among a

complex mixture. Promising results have demonstrated these advantages,™'%18
Chemical sensors are classified by their transduction mechanisms. Several types

of sensors have been shown to be useful as VOC detectors. These include metal-oxide

semiconductor,™® optical,*° piezoelectric (e.g. SAW sensors),**#

and chemiresistor (CR)
sensors.'?!% CR sensors are the most marketed sensors due to their easy and inexpensive
fabrication.’® CR sensors require simpler measurement/driving circuitry and physical
system than other sensors. Figure 1-1 shows atypical CR device, which includes pairs of
electrodes, an electrically insulated substrate to support the electrodes, and chemically
sensitive interface film deposited on the electrodes.

Electrically conductive polymers and carbon-doped polymers have been widely
used as interfaces of CR sensors.™***?” Providing lower detection limits and requiring
simpler electrical circuitry and physical system, gold-thiolate monolayer-protected
nanoparticles (MPNSs) have emerged as anew class of CR interface.’>'%1% The
structure of MPNs is agold core of nano-dimensions, surrounded by a monolayer of self-
assembled thiolate which provides stability for the formation of the thermodynamically

unfavorable gold cores,**

Polymer- or MPN-CR sensors rely on the reversibly vapor
sorption on the interfacial films. When a sorption-dependent sensor is exposed to a
certain concentration of vapor (C,), the steady-state absorbed concentration (C,) inside

the interfacial film will reach thermodynamic equilibrium:

K=—=s 6

where K is the partition coefficient, which is affected by the strength of the non-bonding
interaction between the vapor and interfacial. K is temperature dependent. The
Arrhenius-type relationship can be used to describe the temperature dependence of

partition coefficient for low vapor concentrations at a finite temperature ranges:***

K — KoefAHS/RT — Koef(AHCJrAHm)/RT — Koe(AvaAHm)/RT (2)
where Ky is the pre-exponential term that includes the sorption entropy, AHs IS the heat of
sorption, AHc is the molar heat of condensation and equal to heat of vaporization AH,,
AHp, isthe partial molar heat of mixing, and is always smaller than the molar heat of

condensation. In an ideal case, AH, = 0. The relationship of vapor pressure and heat of
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vaporization can be described by the Y oung’ s Equation, an alternative form of the

Clausius Clapeyron Equation:

py = A" (3)
where p{ is the saturated vapor pressure of the pure liquid form of the analyte, A isa
constant. Combining Equations 2 and 3, and defining AHy, = O for ideal cases, an
inversely proportional relationship between K and vapor pressure can be obtained:

K (ideal) = (const.)(%) @)

Deviations from this relationship can be found in cases where heat of mixing is
significant, which occurs when the functional groups of the vapor and interfacial material
aredifferent.

For MPN-CRs, it is generally recognized that vapors partitioning into the MPN
film cause it to swell, which changes the electron tunneling barrier and thereby the film
resistance,'%%118:123 18.132 cp reqponse is obtained by measuring the resistance changes
(AR/R). However, the transduction mechanism has not been fully established. Recently,
Steinecker et al. have proposed a model to predict responses of MPN-CRs from vapor-
film partition coefficient, and analyte density and dielectric constants.*** This model also
indicates that the sensitivity of the MPN-CR sensorsis only dependent on vapor
concentration, regardless of electrode geometry and film thickness. Therefore,
miniaturization of MPN-CRs s possible, providing bases of the usage of these devicesin

amicrosystem.

1.3 The First-Generation Prototype

1.3.1 Overview of Primary Components

Figures 1-2 shows the layout of the analytical sub-system and a photo of the first-
generation instrument.! The instrument had a footprint about the size a laptop compuiter,
measuring 30 cm (1) x 30 cm (w) x 10 cm (h). The key features of the first-generation
prototypes were a mini multi-stage adsorbent preconcentrator/injector (PCI), two series-
coupled 4.5-m-long low-thermal-mass separation columns with pressure and temperature

tunable retention control, and a detector comprising an integrated array of polymer-
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coated SAW sensors whose responses patterns could be treated as digital ‘ spectra’ of
eluting vapors and used together with retention times for peak identification. Scrubbed air
isused asthe carrier gas. The performance of the systems relies on the functional
integration of these components.

The PCI was designed to function both as a sample preconcentrator and afocused
injector. By capturing VOCs from alarge volume of ambient air and desorbing them into
asharp injection plug, it permited detection of mixtures of VOCs at low (i.e., part-per-
billion to part-per-trillion) concentrations, which are the prevalent concentrations
encountered in residential, occupational, and ambient environmental settings,® and are
generally too low for direct measurement by most current detectors or the sensors
employed in the instrument. A typical PCI consisted of ametal capillary tube filled with a
series of carbon-based granular adsorbent materials having graded specific surface areas.
The adsorbents were in order of from weakest to strongest in sampling flow direction.
Once asample of vapor was captured aresistive heater is activated and the flow was
reversed in order to backflush and desorb trapped vapors for injection into the separation
module. Depending on the anal ytes and sampling conditions, the adsorbents and bed
masses of the PCI could be changed.

Figure 1-3 shows the distribution of 43 vapors in a three-stage PCI containing
contains 8 mg of Carbopack B, 2.5 mg of Carbopack X, and 1.8 mg of Carboxen 1000.***
This PCI has sufficient capacity for quantitatively capturing mixtures of up to 43
compounds at 100 ppb from a 1-L air sample and efficiently desorbing them at 300 °C.
Carboxen 1000 is a carbon molecular sieve adsorbent with very high specific surface area
(1200 m?g) and isincluded in order to capture (and thermally desorb) highly volatile
compounds. Carbopack X is a graphitized carbon adsorbent with moderate surface area
(250 m?g) and effectively captures (and desorbs) moderately volatile compounds.
Carbopack B is aso a graphitized carbon adsorbent with relatively low surface area of
100 m?g and can effectively capture (desorb) |ess volatile compounds.

The prototype employed a dual-column ensemble consisting of two-low-thermal
mass capillary columns 4.5 m long (0.25 mm i.d.). Thefirst column had a nonpolar
stationary phase and the second column had a moderately polar stationary phase. With air

as carrier gas, the stationary phases are stable as long as the column temperature is
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maintained < 200 °C."* Each column has an “at-column heating” configuration, and can
be heated independently at a very high rate. The midpoint-tuning valve connected to the
junction point of the two columns can be opened for short periods of time during an
analysis causes the flow in the first column to cease, while accelerating flow in the
second column, which can be used to enhance separation. The combination of pressure
tuning and fast independent temperature programming of each column improves the
separation of compounds that would otherwise co-elute from the columns.

Figure 1-4 presents a so-called band trgjectory plot that illustrates how separation
tuning works.**® The y-axis of the plot shows the position of analytes along the dual
column ensemble as a function of retention time (x-axis). Under an initial set of operating
conditions certain analytes are separated and others co-elute (top row of the plot). The
goal isto maximize separation. In the case of compounds A and B, there is separation
after passing through the 1% column but fortuitous merging and co-€lution by thetime
they reach the end of the 2" column. This pair is amenable to pressured tuned
separation. If the junction-point tuning valveis closed for afew seconds just after
compound A passes the dual column junction point (while compound B is still in the 1%
column), compound A will be accelerated through the second column and will be
separated from compound B at the end of the 2™ column. In the case of C and D, pressure
tuning could also be used, however, if the 2" column heating rate is increased both C and
D elute faster than at the initial condition, but C is more sensitive to the effects of column
temperature and C and D are separated.

The detector used in this instrument was an integrated array of four SAW sensors.
One of the sensors was uncoated and served as the reference. The other three were coated
with different polymers, and thus named: polyisobutylene (PIB), ethyl cellulose (ECEL),
and polydimethylsiloxane with hexafluorobisphenol A moieties incorporated along its
backbone (BSP3). PIB has a non-polar structure, ECEL has moderate polar and hydrogen
bonding properties, and BSP3 has a special fluorinated structure incorporated with
hydrogen bonding acidity. When vapor is absorbed by the polymer, the change in mass
and mechanical properties change the frequency of the propagating wave on the sensor.

Sensor response is obtained measuring the frequency change.
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Since the structure of the polymer differs for each sensor, the affinity for a given
vapor differs among the films and the array of SAW produces a set of responses for each
vapor eluting from the separation columns. It is possible to determine the contribution of
the composite response pattern they produce, certain coelutions of simple mixtures can be
tolerated, and peaks can be identified and quantified. Coeluting peaks are integrated, and
the resulting responses are analyzed by extended digjoint principal components regression
(EDPCR).*®" The approach of this analysis is based on the assumption that responses to
multiple vapors are additive, which has been found true for alot of polymer coated SAW-
sensors. 3 Expected recognition rates for the components are estimated by combining
Monte-Carlo simulations with EDPCR.*"**® The Monte-Carlo simulations superimpose
random error on calibrated sensor-array response patterns, which are then analyzed by
EDPCR to determine if the components giving rise to the composite response pattern can
be determined with low error.*'’ Iterative analysis (n=500) over arange of concentrations

yields statistical estimates of recognition.
1.3.2 Instrument Performance and Limitations

The first-generation prototype had successfully demonstrated its high
performance obtained from the functional integration of multi-adsorbent PCI, tuned
separation, and SAW-sensor array response by the determination of a 30-vapor mixture
of common indoor contaminants in < 10 min, with detection limits (LODs) of many
vaporsin the ppt concentration levels, assuming a 1-L sample.* However, the sensitivities
of the SAW sensors for certain more volatile vapors were relatively low, resulting in
difficulty in obtaining useful response patterns at |ow concentrations. Batch to batch
variation in performance with these sensors were somewhat high. This has led to the
consideration of an alternative sensor technology and approach, involving the use of an
array of CR sensors coated with Au-thiolate monolayer-protected nanoparticles (MPNS).
These CR sensors have been shown to provide lower LODs than SAW sensors.® Indeed, a
preliminary test showed that LODs were improved by 4 to 33 folds when the SAW array
was replace by aMPN-CR array in the first-generation instrument under the similar GC
conditions.**

IAQ field testing showed the potential of the portable instrument. However,
laboratory and field testing al so exposed needed improvements to this instrument in alot
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of aspects. The most serious problem is retention time (+) shift caused by a decreasein
both flow rate and column temperature with the instrument continuously running. These
problems were caused by the drift in the instrument reference voltages were used to set
the target inlet pressure and column temperature. The voltage drift was caused by an
increasing instrument temperature during long periods of operation. This behavior was an
inherent electronic problem with the instrument’ s built-in microprocessor control. Some
other design features of this prototype were observed to hinder the performance. These
led to the development of the second-generation instrument.
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Figure 1-1. Schematic diagrams of a chemiresistor sensor.
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Figure 1-2. Block diagram and photos of the instrument: (a) flow direction during
sampling, (b) flow direction during analysis, (c) photo of the instrument, (d) assembled
PCI with heater and k-type thermocouple, (€) column wrapped with heater wire and
thermocouples, (f) integrated SAW sensor array with inlet/outlet capillary tubing.
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Figure 1-3. Distribution of 43 vapors ranging over four orders of magnitude in vapor
pressure among the three adsorbent beds in the 3-stage PCI (adapted from Ref. 134).
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Figure 1-4. Band trgjectory plot showing tuned separations. Under initial GC conditions,
there are co-eluting pairs of interest: A+B and C+D (dash lines). Pressure tuning results
in separation of A and B and independent column temperature programming resultsin
separation of C and D.
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Chapter 2

| mproved Portable Gas Chromatograph with Tunable
Retention and Sensor-Array Detection for the Deter mination
of Complex VOC Mixtures

Abstract

The laboratory characterization of anovel, second-generation portable gas
chromatograph (GC) prototype designed for trace-level determinations of complex
mixtures of volatile organic compounds (VOC) is described. The instrument incorporates
asmall, multi-stage adsorbent preconcentrator/injector (PCl), two series-coupled
separation columns with fast, independent temperature-programming capabilities and
junction-point pressure/flow control, and a detector consisting of an array of
microfabricated chemiresistor sensors coated with thiolate-monol ayer-protected gold
nanoparticle films. Response patterns from the CR array are used in conjunction with
chromatographic retention times to identify eluting mixture components. Scrubbed
ambient air is used asthe carrier gas. Improvementsin design relative to a previously
reported first-generation prototype instrument have led to performance enhancements,
which are highlighted. A focusis placed on the tradeoffs in sensor array performance
associated with thermal and fluidic operating variables. The separation of a
preconcentrated mixture of 31 VOCs in < 420 seconds is demonstrated. Projected

detection limits are in the ppt range for most compounds, assuming a1 L sample volume.
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2.1 Introduction

Characterizing the spatial and temporal variations in airborne volatile organic
compounds (VOC) concentrations can be critical to the assessment of human exposure
levels, emission-source locations and intensities, building ventilation effectiveness, and
ambient environmental contaminant distributions. Where speciation of VOC mixture
components is required, portable gas chromatographic (GC) instruments offer numerous
potential advantages.*

On-site VOC monitoring with field-portable GCs has been practiced for nearly 30
years™* and numerous manufacturers currently market compact instruments suitable for
field deployment..*™® Increasingly, conventional approaches to separation and detection
have given way to new approaches made possible by advanced technologies. For
example, the use of low-thermal-mass column modules with embedded heaters and
temperature sensors now permits faster temperature programming of capillary columns at
lower power than with conventional ovens.™*? An increasing number of commercial

13,14 and

15,16

GCs are incorporating microfabricated components for injection,”® separation,

detection®81°

and severa reports on prototype micro-GCs have appeared recently.
Published reports on portable GC applications are generally limited to
determinations of VOC mixtures of < 20 compounds.*”? Although this does not
represent any sort of fundamental limit on the complexity of mixtures that can be
analyzed, it does provide a benchmark value. Where single-channel detectors are used,
speciation relies on retention times, which are subject to shiftsin field settings.

Continued progress is being made toward smaller and more rugged portable GC detectors

9,21,22 23-25

based on mass- and ion-mobility- spectrometry, which provide an added
dimension to the analysis that reduces reliance on retention time for qualitative
information about eluting species. Thisisan invaluable feature for portable instruments.
The limited sensitivity of most detectors precludes their use for direct monitoring
VOCsin many applications of interest (e.g., indoor air quality, breath biomarker analysis,
ambient air monitoring), where concentrations in the low parts-per-billion (ppb) range are
common.?®?® The latter problem has led to increasing use of SPME? or similar extrinsic
preconcentration methods™ prior to injection. On-board preconcentration is apparently

available as a standard component in only one commercia portable GC.°
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Severa years ago, we reported on afirst-generation portable GC prototype that
incorporated a miniature, multi-stage adsorbent preconcentrator/injector (PCl) with a
tandem-column separation module and a detector consisting of an array of polymer
coated surface-acoustic-wave (SAW) microsensors.* That prototype was capable of
guantitatively analyzing 30 VOCs at low- and sub-part-per-billion levelsin a period of 10
minutes.* The PCI was designed to increase the effective concentrations of trapped
vapors spanning a wide range of vapor pressures and to inject samples by thermal
desorption directly onto the first column. By carefully determining the minimum
guantities of adsorbents required, it was possible to avoid loss of any vapors due to
breakthrough of the adsorbent beds, while also avoiding the need for downstream
focusing prior to injection into the separation module.*** Two columnsin series, each
with a different stationary phase, independent at-column temperature programming, and a
pressure equalization bypass at their juncture for flow control, imparted the capability for
‘tuning’ the retention of eluting species thermally and pneumatically. Response patterns
derived from the array of SAW sensors, coupled with retention times, facilitated the
determination of the identities of eluting species, even where full chromatographic
resolution was not achieved. The first-generation instrument was al so successfully tested
in a chamber study.*

Although these previous efforts established an unprecedented capability for trace-
level determinations of fairly complex VOC mixtures with a portable GC, and confirmed
the value of coupling tunable retention with sensor-array pattern recognition, there were
several features of the instrument that limited its use in practical applications. The
instrument described here retains the use of scrubbed ambient air as the carrier gas, and
the same multi-stage PCI and dual-column separation modules. An alternative sensor
technology is employed, however, comprising an array of chemiresistors (CR) coated
with thiolate-monolayer-protected gold nanoparticles (MPNSs) as interface layers, which
provides higher sensitivity.*>?*3 Other enhancementsin design include a
thermoelectrically (TE) cooled sensor array, split-flow injection, an on-board calibration-
vapor generator, instrument control viaaLabVIEW program run from alaptop computer,
and awireless link for operating the instrument remotely. In arecent preliminary study,

this second-generation instrument was used to determine two environmental tobacco
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smoke (ETS) markers at sub-ppb concentrations in the presence of >30 common indoor-
air co-contaminants.”®

This chapter provides a complete characterization of the second-generation
instrument. An emphasisis placed on the influence of changesin flow rate and
temperature on sensor-array performance and on overal system performance. Integration
of the unique components and functions of this prototype to effect multi-vapor
determinations by use of retention times and sensor-array pattern recognition is
illustrated.

2.2 Prototype Description and Experimental M ethods
2.2.1 Instrument Features and Operating M odes

Figure 2-1 presents photographs of the interior and exterior of the instrument and
diagrams of the analytical train in two of its four operating modes. It operateson AC
power and has two on-board AC/DC converters (12-V and 6-V) for driving all
components. The sequencing of all functionsis controlled by alaptop computer running
routines written in LabVIEW 7.1 (National Instruments, Austin, TX). Air flow is
provided by one of two small diaphragm pumps (UN86KTDC, KNF Neuberger Inc.,
Trenton, NJ) and is directed by four low-dead-volume solenoid-actuated diaphragm
valves (NResearch Inc., West Caldwell, NJ). All exposed valve surfaces are Teflon-
coated. Five miniature axial fans were added to dissipate heat generated within the
instrument during normal operation.

The instrument proceeds through a sequence of up to four user-programmable
operating modes. In Sampling Mode (Figure 2-14), air is drawn by the on-board
sampling pump through an externally mounted polymer-membrane particul ate filter and
then through the PCI at an adjustable flow rate of up to 0.16 L/min. Vapors are captured
on the three PCI adsorbents contained in an insulated, thin-walled Inconel 600° tube
(2.35 mmi.d., 5-cm long) (Accu-tube Corp., Englewood, CO). For the tests performed in
this study, the PCI tube was packed, in order, with 8 mg of 40/60-mesh Carbopack B, 2.5
mg of 40/60-mesh Carbopack X, and 1.8 mg of 45/60-mesh Carboxen 1000 (separated by
glass wool), which have specific surface areas of 100, 250, and 1200 m?/g, respectively
(Supelco, Bellefonte, PA).*? Thus, incoming vapors pass through the lowest surface area
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adsorbent first and the least volatile vapors are trapped on this adsorbent, with
progressively more volatile vapors trapped by the progressively higher surface area
adsorbent materials downstream. The adsorbent masses used here were determined on
the basis of a previous breakthrough study and have sufficient capacity for 1-L sample
containing over 40 compounds, each at 100 ppb.*

An on-board calibration-vapor generator was installed as a quality control
measure to assist in diagnosing uncompensated changes in ambient temperature or
pressure, drift in flow rates or temperatures, leaks, and malfunctions in system
components. The generator consists of asmall vial packed with glass wool that is
connected at one end to the inlet flow path through a 2-way solenoid valve (Figure 2-1a)
and at the other end to the exhaust port of a dedicated mini-diaphragm pump. A small
volume of liquid calibrant (user selectable) isinjected onto the glass wool and thevia is
sealed to produce a saturated atmosphere. Brief actuation of the valve and pump
dispenses a small amount of the headspace vapor into the inlet flow stream for capture by
the downstream PCI.

After sampling a pre-set air volume, the sampling pump is turned off and isolated
from the system by an upstream valve. An optional dry-air purge (Purge Mode) can then
be performed in which the analysis pump draws ambient air in through a second inlet port
and passes it through a scrubber cartridge located inside the instrument. The scrubber is
packed with charcoa and 4A molecular sieves to remove VOCs and water vapor,
respectively. The purified air is directed through the PCI and out through the sample
inlet port, and serves to remove a portion of the water from the PCI adsorbents and to
backflush residual VOCsfrom theforeline. Inatypica sequence, the Purge Mode
duration is about 60 sec, resulting in 0.16 L being passed through the PCI, which has
been shown in previous work to remove the majority of adsorbed water while not
removing significant quantities of adsorbed VOCs.3>*

In Analysis Mode (Figure 2-1b), the inlet valveis closed and ambient air is drawn
into the system by the analysis pump is scrubbed and then directed through the PCI, the
separation columns, and the detector cell prior to being exhausted from the instrument.
After a 40-sec pressure stabilization period, the PCI is heated with an insulated Cu-wire

coil to 300 °C in < 2 sec and maintained at this temperature for up to 90 sec. A fine-wire
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type-K thermocouple, insulated from the metal wall of the PCI by athin sheath of
polyimide tape and held against the PCI wall by the Cu wire, was used for temperature
feedback. The captured vapors are thereby thermally desorbed and injected into the first
of the two separation columns. A split injection capability was incorporated to reduce
injection band broadening by venting a portion of the desorbed flow stream.'>* The split
ratio is determined by the relative resistances of the analytical and vent flow paths.

The first separation column (4.5-m long, 0.25-mmi.d.) contains a wall-bonded
polydimethylsiloxane stationary phase (DB-1, 0.5-um thickness, Agilent, Wilmington,
DE) and the second column, which has the same dimensions as the first, contains awall-
bonded pol ytrifluoropropyl methylsiloxane phase (RTX-200, 0.25-um thickness, Restek,
Bellefonte, PA). The moderately polar nature of the RTX-200 provides retention
properties that complement those of the non-polar DB-1 phase.* It has been reported to
be stable in air at a column temperature of 200°C.%" The columns are heated

independently at rates of up to 1000 °C /min using coiled ‘at-column’ heaters,***

(note:
the dual -column assembly was provided for this project by RVM Scientific Inc., Santa
Barbara, CA). A bypass line shunts flow around the first column when the junction-point
tuning valve is open, which stops the flow in the first column while accelerating the flow
through the second column. This valve can be opened for short periods of time during an
analysis to separate compounds that are resolved on the first column but would otherwise
converge and co-elute from the second column.*®

Eluting vapors are recognized and quantified by the CR array, which consists of
four sets of interdigital Au/Cr electrodes patterned on a single oxide-coated Si substrate.
Each CR device contains 20 pairs of electrodes 0.40-pm thick, and 15 pm wide with a 15
pum spacing and a 1.4 mm overlap. Header pins bent at a 90° angle were soldered to the
gold bonding pads and inserted into header sockets on a custom printed-circuit board
(PCB) with multiple analog circuit trains for measuring resistance. A TE cooler and RTD
temperature sensor were fixed to the lid of the detector cell with thermally conductive
epoxy for control of the array temperature viaa simple, manually set, feedback controller
(MPT-5000, Wavelength Electronics, Inc, Bozeman, MT).

Each CR sensor is coated with a different solvent-cast film of a gold-thiolate

monolayer protected nanoparticle (MPN).*>3** Film thicknesses were estimated to be
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~200 nm, assuming 3 g/mL density.*® The coated array is capped with aMacor® lid (cell
volume ~ 3 uL) and fitted with inlet and outlet capillaries for fluidic interconnections.
The cap is held in place with a patterned rectangular gasket of double-sided tape that is
120-microns thick (UHB tape, 0.005 inch thickness, 3M, St. Paul, MN). MPNs derived
from the following thiols were used in this study: n-octanethiol (C8), 1-mercapto-6-
phenoxyhexane (OPH), 7-mercaptoheptanitrile (CCN), methyl 6-mercaptohexanoate
(HME), and 4-mercaptodiphenylacetylene (DPA).%%

A constant dc bias is applied to each sensor and the current is converted to a
voltage, baseline corrected, amplified, and transmitted to a D/A card on alaptop
computer. Baseline drift compensation is achieved by dividing the sensor output signal
and passing one branch of the circuit through an RC filter with along time constant (Iow-
pass filter) that essentially removes the response. The two branches are then passed
through a differential operational amplifier to obtain the difference signal. A two-stage
amplification circuit was used, which converts the normalized resistance change due to
vapor sorption, AR/R, into a voltage, Vo, according to the following relationship: Vo =
50(Vi)AR/R, where V; is the absolute value of the voltage after the first stage of
amplification.

In the CR array, vapors reversibly partition into each MPN film and cause it to
swell, which changes the electron tunneling barrier and thereby the film resistance. 3%
Since the structures of the MPN ligands differ on each sensor, the affinities for a given
vapor differ aswell, and the array of CRs produces a different set of responses for each
vapor. The pattern of responses can then be combined with the retention time to identify
each vapor, and the magnitudes of the responses from the sensors can be used
collectively to quantify the vapor concentrations.*>?*** Over the course of this study,
several different arrays were installed in the instrument, depending on the particular issue
being examined and due to some electronic and fluidic mishaps. Baseline noise levels
varied with the MPN film and were generally lowest for CRs coated with C8 MPN and
highest for CCN MPN films. Some typical RMS noise levels are asfollows. 10 mV, 13
mV, 18 mV, 20 mV, and 47 mV for C8, OPH, HME, DPA, and CCN, respectively. Only

~1 mV could be ascribed to the supporting electronic hardware.
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Following detection, the PCI is re-conditioned by sequentially heating and
purging with scrubbed air and then cooling actively with on-board fans prior to collecting
the next sample. During re-conditioning the analysis pump remains on, the PCI heater is
actuated to 300°C, theinlet valve is open, and scrubbed air is swept through the heated
PCI. The PCI is normally heated for 60 sec and then cooled. Assuming a1-L sample
volume and a 5-min separation, an entire analytical cycle (including post-sample PCI
purge and cooling) can be completed in 16 min.

Software written in house is run from alaptop computer and used to control the
instrument and process the sensor output signals through separate 12 bit and 16 bit D/A
data acquisition cards (M easurement Computing Corp., Middleboro, MA) at arate of >
50 Hz. There are four main panels on the laptop screen. Panel 1 isfor inputting operating
parameters, Panels 2 and 3 display real-time traces of sensor responses and the FID (for
calibration only), respectively, and Panel 4 isfor setting the sampling rate and for file
manipulations. There are eight temperature-programming intervals possible for each
column, and all other actuated components can be scheduled at 0.1 second intervals. A
wireless network card in the laptop computer permits remote access and control of the
instrument.

The output voltage from this circuitry is recorded by the LabVIEW programin a
two-column (time and voltage) text file. The text files are converted to chromatogram
format with Grams 32 software (Thermogalactics, Inc., Salem, NH). Peaks were

integrated with Grams following smoothing using 40-point running average.
2.2.2 Materialsand Test Atmosphere Generation

All test compounds were obtained from Aldrich (Milwaulkee, WI) Acros/Fisher
(Pittsburgh, PA), or Lancaster (Windham, NH) at > 98% purity and used as received.
Test atmospheres of the vapors were generated by injecting small volumes of the liquids
into 12-L Tedlar® bags (SKC, Eighty-Four, PA) prefilled with a known volume of clean,
dry air from a compressed-air cylinder. Concentrations were confirmed via GC-FID by
comparison with injected masses of CS, solutions of the same compounds. For
compounds with very low vapor pressures, a saturated test atmosphere was created in a 1-
L Tedlar bag and aliquots were transferred by gas-tight syringe to a series of other bags
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or injected directly into the inlet of the instrument. Methane from the house supply was

used for testing hold-up times in the separation module.
2.2.3 Instrument Calibration and Chemometrics

Conditions required to separate a 31-component mixture in a minimum amount of
time were established using external sample loops with volumes ranging from 0.01-1 mL
to cover the desired range of injected masses. Effective (mass-equivalent) vapor
concentrations were calculated according to the ratio of injection and sample volumes.
For example, an aliquot of 1 mL from a sample loop containing 10 ppm of vapor is
equivaent to 10 ppb in a 1-L sample volume. Mass-equivalent calibration concentrations
ranged from 0.15 - 150 ppb-L. Four replicates were performed for each of seven
challenge concentrations within this range for each of the 31 compounds.

Chemometric analyses of sensor array response patterns were performed using
Monte Carlo simulations in conjunction with extended digjoint principal components
regression (EDPCR) to estimate expected recognition rates for the components of co-
eluting mixtures.*** Monte Carlo simulations superimpose random error on calibrated
sensor-array response patterns, which are then classified by EDPCR to determineif the
co-eluting components giving rise to the composite response pattern can be recognized
and discriminated with low error.*” Noiselevelsof 0.0017, 0.0024, 0.015, 0.0082 V, and
sensitivity errors of 1%, 2%, 8%, 8% for C8, OPH, HME, and CCN, respectively, were
used in the model. Iterative analysis (n=500) over a predefined range of concentrations
yields statistical estimates of discrimination.

2.3 Results and Discussion

2.3.1 Basic Operation

In the previous prototype, event sequencing and set points were controlled by an
embedded microcontroller. Asthe chassis temperature increased, the reference voltages
for the column temperatures and carrier gas inlet pressure drifted from their initial
settings. As aresult, retention times would increase over time from cycleto cycle. This
problem was solved in the current prototype by shifting control to the laptop computer.

Highly stable flow rates, column temperatures, and retention times were achieved. For
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example, in one test of 36 consecutive analytical cycles (6-hr) the average outlet flow rate
(2.59 mL/min), measured at eight randomly selected times, varied by < 0.030 mL/min.
The temperatures of both columns were consistently within 0.5 °C of set-point values
(generaly biased low) and varied by < 0.6 C during a given anaytical cycle. For
temperature-programmed operation actual temperatures were virtually superimposable on
set-point values.

To test the sampling and desorption functions, the sensor array was replaced with
an FID and replicate samples of n-octane at 32 ppb-L were analyzed at a column
temperature of 90 °C (isothermal). Peak areas were reproducible to within +/- 4% (RSD)
with splitlessinjection and to within 6% (RSD) with a 6:1 split injection (n=6). Similar
testing of the vapor generator, using n-decane as the calibrant (no test vapor), yielded
peak areavariations of 10% (RSD, n=10) indicating some variability in the quantity of
vapor injected from the generator assembly. In all cases, retention times were
reproducibleto + 1 sec even after 40 continuous analytical cycles.

The TE cooler used in the 2"-generation instrument maintained the array
temperature to within +1 °C of set-point temperatures (typicaly 20-26 °C) for at least six
hours of continuous operation. Accordingly, vapor sensitivities were quite stable as well.
For example, over 20 continuous analytical cycles, the integrated peak areas from
preconcentrated samples of toluene vapor (34.5 ppb-L) varied by only 4-7% (RSD)
around their average values for an array coated with C8, OPH, DPA, and HME MPNs.

Over aperiod of two months, periodic calibrations revealed that sensitivity values
would drift by as much as 60%, and one sensor (HME) showed a consistent gradual
decline in sensitivity. With the exception of the HME-coated sensor the drift in
sensitivities was cyclic and similar for al sensors. There was enough of a difference,
however, to cause significant changes in relative response patterns. Such variations in
M PN-coated CR sensors have been noted in the literature,® and appear to be related to
changes in the interparticle distances within the thin films. The practical implication of
this phenomenon is that re-calibration of the instrument and re-establishment of the

response pattern library would be needed roughly every two weeks.
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2.3.2 Column Efficiencies

The chromatographic efficiency of each column was determined independently
using n-octane as the test compound and house methane to determine hold-up times.
Samples were loaded onto the PCI and injected with a split ratio of 4.4:1. Isothermal
column temperatures of 40 and 30 °C were used for the first and second column,
respectively, with an FID detector. The k values of octane are 4.2 and 1.3 for thefirst and
second column, respectively, and the corresponding Hy,in, Values are 0.027 and 0.051cm
(Figure 2-2a), which were found at optimal average linear velocities of 8.6 and 9.1 cm/s,
respectively. Thus, each column could produce a maximum N of 3700 and 2000 plates
per meter, respectively.

Plotting the rate of plate production as afunction of average velocity (Figure 2-
2b) indicates that the optimum practical gas velocity (OPGV) is~25 cm/s, which
corresponds to a volumetric flow rate at the dual-column outlet of 0.8 mL/min at 30 °C.

Thisis 2.8 times the optimal velocity and resultsin a~2-fold increase in H (Figure 2-2a).
2.3.3 Extracolumn Band Broadening

Band broadening from the PCI and sensor array are potentially important factors
affecting separation efficiency. Contributions to band broadening from adsorbent

15,30,35 and

preconcentrators similar to that used here have been studied previously,
therefore were not explored in detail here. Although rapid heating rates and high flow
rates through a PCI serve to minimize broadening, anayte volatility is aso an important
co-factor. Contributions to band broadening from the sensor array could arise from the
finite volume of the detector cell aswell as the rates of sorption and desorption of eluting
vapors in and out of the interface layers on the sensors. Contributions from fluidic
interconnections and electronic time constants are typically small relative to these two
factors, however, evidence suggests that in this prototype adsorption on unheated
interconnection surfaces may be significant for less volatile analytes (vida infra).

Golay plots were constructed for n-nonane using data generated with the PCI
(splitless) and then with a heated 0.1-mL sampling loop injector connected via a heated
6-port valve to theinlet of the first column (column = 50°C; k = 4.9; FID; valve and

sample loop = 180 °C). Values of Hyi, were 0.068 and 0.10 cm for the loop and PCI,
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respectively. Accordingly, using the method described by Bemgard et al.*® to fit the data
to the Golay-Gouichon equation yielded an instrument dead time value ~40% higher
when using the PCI in splitless mode.

Golay plots were aso constructed for n-nonane using data generated with the
sensor array installed (22.5 °C) and then with an FID in place of the array. The loop
injector was used in both series of tests. Using the sensor coated with the OPH MPN, the
Golay plots were nearly superimposable, yielding avaue of Hpin of 0.071 cm with the
sensor compared to 0.068 cm with the FID. Consistent with this, the average ratio of Wy,
values (i.e.,, OPH:FID) was 1.1.

Subsequent tests with Cy0-C12 n-alkanes gave OPH:FID Wy, ratios of 1.1 1.4, and
2.4, respectively (splitless PCI injection; temperature programmed separations). Thus,
the peaks widths for compounds less volatile than n-decane become significantly broader
with the sensor(s). Among the different sensorsin the array, Wy, values for these n-
alkanes were generaly inaratio of 1:1:1.1:1.2 for sensors coated with C8, OPH, HME,
and CCN MPNSs, respectively. The DPA-coated sensor, in separate tests, gave peaks
widths about 1.2 times those coated with OPH and C8. The slight increase in peak width
observed for the MPNs with polar tail groups may be due to longer diffusion times or
possibly to longer film relaxation times arising from the stronger inter-ligand interactions

extant in films of these MPNSs.
2.3.4 Flow Rate Effect on Sensor Response

Among the distinguishing features of the MPN-coated CR array as a GC detector
is that the sensor responses depend on the vapor concentration and not on the vapor mass.
This allows for miniaturization without loss of sensitivity because the response depends
on partitioning of vapors into the interface layer.®® However, since peaks emanating from
the column have afinite residence time in the detector cell, kinetic factors must be
considered. Figure 2-3 shows the effect of flow rate on the peak width, height, and area
for n-octane and n-nonane from the OPH-coated sensor and from an FID placed
immediately downstream from the CR array. The 0.1-mL heated sample loop was used
and the amount injected was 156 ng (i.e., 50 and 70 ppb-L for n-octane and n-nonane,

respectively).
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Values of W1, decrease non-linearly with increasing flow rate and to asimilar
extent for both vapors with both detectors. The retention time, tg, decreases similarly
and, in fact, Wy, isdirectly proportional to tg (Figure 2-3a). The peak height passes
through a maximum for both vapors with the sensor but steadily increases for both vapors
with the FID. The peak area decreases in amanner similar to that of Wy, but less sharply
at the lower flow rates for both vapors with the sensor and is nearly invariant for both
vapors with the FID. All sensors behaved similarly.

To interpret these results it isimportant to recognize that the responses of the
sensors and the FID are also affected by the changes in the injection bandwidth and time
on the column accompanying changes in flow rate through the system, and that some of
the observed behavior can be ascribed to these factors. For example, over the range of
flow rates examined the retention time of n-octane and n-nonane decreased by about 19-
fold. In genera, theless time a compound spends on the column the less band
dispersion that occurs and the narrower its peak. Another factor isthe dilution of the
vapor concentration accompanying the higher flow rate during desorption. These two
factors affect the peak parameters simultaneously but to different extents over the range
of flow rates considered. The peak width is expected to decrease due to both of these
factors. The shapes of the W1y, curves suggest the superposition of two factors. Infact, it
appears that the decrease in W1, can be attributed amost entirely to these factors, since
similar behavior is seen for both types of detectors and both vapors.

The flow rate dependence of the peak height for the sensorsis consistent with this
interpretation (Figure 2-3b). At low flow rates there is aroughly linear increase in peak
height, consistent with peak sharpening as the retention time decreases. At about 0.35
mL/min for both vapors, however, a plateau is reached and at higher flow rates (> 0.9
mL/min for n-octane and >0.5 mL/min for n-nonane ) the trend reverses and the peak
heights gradually decline due to the dilution effect becoming dominant. Note that the
overall changein peak height is not very large: the ratio of maximum-to-minimum peak
height is only ~2 and the RSD around the average peak height is only 17% and 24% for
n-octane and n-nonane, respectively.

For the FID, the peak height also increases linearly up to about 0.6 mL/min for
both vapors and then continues to increase but at a steadily declining rate for both vapors.
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That is, the peaks continue to become sharper over the entire flow rate range as reflected
by the increase in mass/time measured by the FID, but at a decreasing rate over the range
in which the sensor(s) exhibit a decreasing height due to a decrease in mass/volume. This
indicates that the peaks get sharper at arate exceeding that at which they are being
diluted, such that the mass/time continues to increase despite the mass/volume
decreasing. The relative magnitude of the effect on the FID peak height is similar for
both vapors. The difference in behavior between the concentrati on-dependent sensor and
the mass-sensitive FID is quite dramatic.

The changesin peak area are, of course, afunction of the combined changesin
peak width and peak height. For the sensor, the peak area decreases at a high rate at first
and then more gradually at the higher flow rates (Figure 2-3c). This behavior tracks that
of the peak width, consistent with the relatively small change observed in peak height for
the sensors. However, dilution must be occurring over the entire range of flow rates or
€l se the peak area would show some sort of discontinuity at ~0.6 mL/min. The roughly
constant peak area from the FID reflects the countervailing influences of the (decreasein)
W3/, and (increase in) peak height.

Figure 2-3d shows the rel ative response pattern for n-octane at three flow rates:
the lowest, highest, and mid-range values. Some variations are observed, but they are not
significant and can be attributed to normal variations in sensor responses. The responses
for the polar CCN-coated sensor to this akane vapor were quite low and quite variable
due to the effects of baseline noise, so they were omitted from the patternsin Figure 2-3d.
These results confirm that the flow rate effects are similar for all of the sensors.

A possible aternative explanation for these trends in peak width and peak height
isthat the sorption/desorption kinetics of the vaporsin the MPN films become slow
relative to the residence time of the vapor in the detector cell as the flow rate increases, or
that film relaxation following exposureis slow. If thiswere the case, one might seea
decrease in peak width and peak height, and therefore in peak area, because the vapor
would pass through the detector cell before sorption equilibrium could be achieved. If
the residence time of the vapor in the detector cell islarge relative to the time it takes the
vapors to reach the sensor surface and diffuse into and out of the film, then such effects

should not be important.
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The vapor residence times within the 3 pL detector cell range from 1.1 sec to
0.055 sec for flow rates of 0.16 to 3.3 mL/min, respectively. The diffusion coefficients of
n-octane and n-nonanein air at 26 °C are both ~0.06 cm? s*.** Assuming diffusive
transport, it would require only 1.4 msfor the vapors to traverse the height of detector
cell (125 um). The diffusion coefficients of vaporsin the MPN films are not know but are
likely to be similarly to, perhaps a bit larger than, those of vapors in rubbery amorphous
polymers. Using avalue of Dy = 10°® cm? s from literature reports on the diffusion
coefficient determined for toluene in different polymer and carbon-loaded polymer

films*™4

and assuming one dimensional diffusion, it would require 18 msto traverse a
200 nm film. Thus about 20 msis required for vapor diffusion, which is much smaller
than the residence time even at the highest flow rate tested. Thus, it is not likely that these
kinetic factors are influencing the peak parameters and behaviors depicted in Figure 2-3.
The practical implications of the results are significant. At low flow rates the
peak areais extremely sensitive to flow rate, such that a change of 0.1 mL/min can lead
to achangein peak area of 20% for the example shown in Figure 2-3 at flow ratesin the
range of 0.1-0.3 mL/min. This demands tight control on flow ratein thisregime. At
higher flow rates the dependence is greatly reduced, but so is the sensor response (i.e.,
sensitivity). Most subsequent experiments in this study were performed at a flow rate of
0.8-1.0 mL/min, which represents a compromise between these two factors. The
relatively weak dependence of peak height on flow rate is useful in establishing LODs,

since LODs are determined by peak-height sensitivities.
2.3.5 Split-Flow Injection

As discussed above, injection bands generated by the PCI are larger than those
from heated-loop injector. Although less-volatile compounds can be focused at the head
of the separation column if it isinitially at low temperature, such focusing is not possible
with compounds having vapor pressures above afew torr without actively cooling the
column.** Therefore, reducing desorption/injection bandwidths is generally desirable
because it enhances chromatographic efficiency and resolution. At 150 °C/s, the heating
rate of the PCI is quite high and could not be increased further, leaving only the carrier
gas flow rate through the PCI as avariable to explore. Split-flow injection has been
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shown to improve resolution in portable and micro-scale GCs,™>* but at the expense of
sengitivity. In fact, the loss of sensitivity is generally larger than the gain in peak
resolution. However, the latter is often the more important factor in complex mixture
anaysis.

Mixtures of C;-Cy2 n-alkanes (22 to 37 ppb-L; 150-160 ng injected) were tested at
five discrete column outlet flow rates from 0.42 to 2.1 mL/min under split and splitless
operation (column temp. = 90°C; FID). The pressure restriction of the split-control valve
allowed a maximum split ratio of only 7.3:1, which decreased over the range of column
flow rates examined. For brevity, only those results obtained at a column outlet flow rate
of 0.7 mL/min, which is close to the OPGV, and at a split ratio of 6.6:1 are discussed in
detail.

Results are summarized in Table 2-1 and Figure 2-4. As expected, split-flow
injection leads to reductions in W1, and, consequently, to increases in column efficiency,
N, and peak resolution, R. Under the conditions of analysis (column = 90°C, isothermal),
little or no on-column focusing is expected, so the changes in Wy, can be attributed to the
higher flow rate through the PCI alone. Reductionsin W1, increase from 1.8-fold for n-
heptane to 3.1-fold for n-dodecane, reflecting the greater influence of the desorption flow
rate on less-volatile vapors. Although the resolution generally increases down the
homologous series from C; to Cy, (Table 2-1), as shown in Figure 2-4 the retention time
decreases significantly for Cy; and Cy2, and since R is proportional to tr/Wy, the
improvement in resolution for these compounds is less than what would be expected on
the basis of Wy, done. Accordingly, the value of N calculated on the basis of Cy, isalso
lower than expected on the basis of W4y, alone, because N is proportional to (tr/W1/)%.
For the lower alkanes in the series there is no change in tr and the reductionsin Wy,
afforded by the split injection lead to commensurate increasesin R and N.

Of course, a portion of the improvement in R is due merely to the reduced
injection mass, which is nominally 13% of the splitlessinjection mass. By
approximating the peaks as triangles and comparing calculated Wy, valuesto those
observed experimentally, it appears that for C;-C,o the decrease of W1, is due almost

entirely to the decrease in injection mass, while for Cy; and Cy, the decrease of W1,

41



exceeds that attributable to the decrease in injection mass alone by 12% and 22%,
respectively.

Peak areas for the C7-C,p alkanes with split-flow injection are only 12% of those
under splitless conditions, consistent with the split ratio. For Cq; and Cy», the peak area
ratios are 0.14 and 0.17, respectively. Although these higher values might be due to
integration errors associated with the broadness of the peaks, the desorption efficiency
(recovery) of theserelatively low-volatility vaporsis higher with split-flow injection
(higher total flow rate through PCI) than with splitlessinjection. Assuming 100%
desorption efficiency with the split injection, the corresponding desorption efficiencies
for splitlessinjection of Cy; and Cy, are approximately 85% and 72%, respectively [note:
desorption efficiency = peak arearatio/(1+ split ratio)]. Experimental tests confirm that
residual quantities of these compounds consistent with (somewhat lower, in general)
these estimates of desorption efficiency are detected if the PCI is actuated a second time
without any additional sampling.

These results confirm earlier reports showing that the gain in resolution is less
than the loss in sensitivity when using split-flow injection.’® In this study, 2-3-fold
increases in resolution are accompanied by 6-8-fold reductionsin sensitivity.
Furthermore, for the lower alkanes, the increase in resolution can be ascribed amost
completely to the reduced mass of the split injection. In addition, these results show that
for compounds more volatile than n-undecane the injection bandwidth from a PClI is
limited by the heating rate of the PCI, whereas for less volatile vapors the bandwidth is
also affected by the flow rate through the PCI.

2.3.6 Temperature Effect on Sensor Array Response

As shown above, although W1/, values from the FID and the CR sensorsin the
array are comparable for the more volatile compounds, those from the sensors are much
broader for the less volatile vapors than those from the FID under the same separation
conditions. Factors that would contribute to peak broadening in the sensor array for these
vapors include smaller diffusion coefficients, lower evaporation rates, and adsorption on
surfacesin the flow path. Since diffusion coefficients do not differ greatly across this
range of compounds (at 22.8 °C, D of n-alkane Cg, Cy0, Cy1, and C12 is 0.055, 0.052,
0.050, 0.048 cm? s, respectively),* diffusion rates alone cannot account for the degree
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of peak broadening observed for the less volatile compounds in this series, and it is likely
that other factors are affecting the mass transport process. Regardless, by increasing the
temperature of the sensor array, the rates of al relevant processes should increase which,
in turn, should decrease W1,. However, since the vapor-film partition coefficient, K, will
also decrease, there will be atradeoff between resolution and sensitivity.

The temperature dependence of K for low vapor concentrations over afinite

temperature range can be described by the Arrhenius-type relationship:*®

K = Kge 2Hs/ RT _ ¢ ol 8Hy=AHm)/ RT 1)

where Ky is the pre-exponential term, R isthe gas constant, AHs is the molar heat
of sorption, AHy is the molar heat of vaporization, and AHp, is the partial molar heat of
mixing, which is zero in the ideal case. Assuming sorption approaches steady-state, the
sensor response (peak area) is proportional to K,*® and the relationship between the peak
area and temperature can be expressed as follows:

mi:A_Hv(i_i] @
AT2 R Tt T,

where At isthe peak areaat a given temperature and T, for this study is 296 K
(i.e,, 22.8°C). A plot of In(At1/AT2) versus 1/T1-1/T, should yield aline with aslope
equal to AH,/R.

To examine the effect of the sensor temperature on resolution and sensitivity, a
mixture of Cgo-Cy2 N-alkanes was anayzed at each of five sensor temperatures from 23-43
°C. Dueto the fact that the other three sensors were too noisy when this experiment was
performed, only results from the OPH-coated sensor are reported. Injections (62-144 ng;
17-28 ppb-L; splitless) were made with the PCI and the columns were temperature
programmed to accel erate the separations.

Results are summarized in Table 2-2 and reveal the expected trends. Vaues of
W, decrease by 1.1-2.4 fold over the temperature range, with the effect be larger for the

less volatile compounds, and the peak areas decrease by 2.3-5 fold, again with the effect
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being more prominent for the less volatile compounds. Since N varies with theinverse
sguare of Wy, increasesin N range from 1.2 to 4.8-fold. Peak height and peak areatrack
each other quite closely. The resolution of neighboring peaks increases by 1.1-1.6 fold.
Overdl, as with the split flow experiments, the gain in resolution is about half the lossin
sensitivity.

Plots of In(A11/AT2) versus the difference in inverse temperature were
approximately linear for al vapors (r* > 0.98) permitting estimates of AH, for each
compound. Results, shown in Table 2-3 indicate that while the estimates are close
enough to literature values to conclude that sorption thermodynamics govern sensor
responses, the amount of error in several of the estimates suggests that there are other
factors contributing to the apparent AH, values. The large negative error (-23%) for
nonane is hard to explain. For decane, the error is very small, -4%, which is negligible.
For low-volatile undecane and dodecane, the 26% and 28% errors was possibly due to the
wall-adsorption (cold spot effect of the array). At low temperature (22.8 °C) the peak
areas were smaller than they should be, so the relative (A1/A 2 sc) was higher, resulted in
positive errors.

As with the split-flow experiments the decreases in W1, can be attributed the
decreased mass uptake by the MPN films at higher temperatures, or due to both of the
decreased mass uptake at higher temperature and temperature effect. Assuming apeak is
atriangle, if the peak area and height are known, theoretical W1, can be calculated from
peak area and height. For all the vapor-temperature combination, measured values are all
> the calculated values. For Cy, the measured W1, to calculated W, ratiois 1.7 to 1.6
with the temperature being increased from 22.8 to 42.7 °C, indicating that an extra 5%
((5% = (1.7-1.6)/1.7)) reduction in Wy, is due to the ~2-fold increase in sensor
temperature alone (beside the Wy, reduction due to the reduced mass uptake). Similarly,
an extra 15%, 39%, and 37% reduction in W1, is due to increase temperature effect alone

for n-alkane Cyo to Cyo, respectively.



2.3.7 Analysis of Complex Mixturewith Tunable Separation and Pattern

Recognition

One of the primary advantages of sensor array detection is the use of response
patterns to identify, or recognize, compounds eluting from the separation module. In
many cases it is possible to use this capability identify the components of partially
resolved or unresolved (i.e., co-eluting) mixtures from their composite response
pattern.3**+%? Thjs feature eases the burden on the separation module, since baseline
resolution of all components in amixture is not always necessary, and by the same token
can permit acceleration of the analysis. However, in cases where the number of co-
eluting compounds exceeds three or where the co-eluting compounds have similar
response patterns, errors in recognition can occur. By use of the pressure tuning and
temperature programming features of the separation module, best advantage can be taken
of the capabilities of the array detector. This‘functional integration’ of the separation and
detection components of this system is an essential feature of the instrument.

To illustrate this functional integration, a mixture of 31 VOCs and SVOCs,
comprising common indoor and outdoor contaminants from several functional-group
classes,>* which span a 1700-fold range of vapor pressure, was analyzed. The
compounds have been assigned numbers and are listed in Table 2-4. A CR array freshly
coated with the following MPN films was installed: C8, OPH, HME, and CCN. Using
splitless PCI injection and an outlet flow rate of 0.9 mL/min, an initial separation was
attempted using the same temperature program for both columns. The representative
chromatogram from the C8 sensor presented in Figure 2-5a shows that there are five
binary co-elutions (i.e., compounds 5/6, 14/15, 24/25, 27/28, and 29/30) and one ternary
co-elution (i.e., compounds 20/21/22). By maintaining the same temperature program for
the first column, but changing that for the second column the resolution improves such
that there are only three binary co-elutions and one ternary co-elution (i.e., 13/14, 21/22,
27128, 23/24/25, respectively, Figure 2-5b). Thisillustrates the value of independent
temperature programming of the columns.

The relative response patterns for the nine compounds that co-elute with at least
one other compound are presented in Figure 2-6. Visual inspection shows that while the

patterns of the first six compounds are quite similar, there are subtle differences that
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might permit their discrimination. The differencesin the patterns for the compounds
involved in the ternary co-elution are more apparent. Analysis by Monte Carlo
simulation coupled with EDPCR classification models constructed for the nine individual
compounds and their binary and ternary mixtures was performed over a concentration
range of 1-5xLOD for each compound. The resulting estimates of the recognition rates
were 96, 96, and 97% for the binary mixtures of 13/14, 21/22, and 27/28, respectively.
That is, the statistical estimate of the ability to differentiate the mixture from its two
components ranges from 96-97% for these mixtures. Using 95% recognition as a
minimum threshold rate for satisfactory performance, these results indicate it would not
be necessary to separate the binary mixtures because they could be resolved by use of
pattern recognition. For the ternary mixture, on the other hand, the estimated recognition
rate is only 87%, despite the apparent differences in patterns among the components.
Therefore, the ternary mixture would require further separation to avoid confusing the
mixture for one of the three possible binary component mixtures or one of the individual
components.

Asit turns out, compound 23 could be separated from compounds 24 and 25 by
junction-point pressure modul ation because these compounds are resolved on the first
column. By opening the pressure-tuning valve for 3 sjust after compound 23 has passed
the column junction point (i.e., at t = 242 sec), sufficient distance is created to achieve
complete resolution of compound 23 from the binary mixture of 24/25 at the outlet of the
second column. EDPCR-Monte Carlo analysis yielded a recognition rate of 98% for the
binary mixture of 24/25, so the problem was solved. An additional pressure modulation
(for 3sec at t = 252 sec) was required, however, to avoid the co-elution of compound 23
with the compounds 21/22. As shown in the final trace of Figure 2-5c, in a net separation
time of seven minutes, 23 of the compounds are compl etely resolved and the remaining
binary co-elutions can by differentiated/identified by use of pattern recognition. The
traces from all four CR sensors under these conditions are presented in Figure 2-7, and
the response patterns for all 31 compounds are provided Appendix 4 accompanying the
dissertation.

The chromatograms from the CR array sensors shown in Figure 2-7 represent the

best separation achievable in the minimum amount of time. For compounds 1-20, most
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values of Wy, are < 3.0 sec for the C8 and OPH sensors, and fractionally broader for the
HME and CCN sensors. For the later-eluting compounds, peak widths become
significantly larger. Similar trends have been observed in our previous study of MPN-
coated CR arrays as GC detectors and for polymer-coated SAW sensors arrays used as
GC detectors in the first-generation instrument. Asin those previous studies, the Wy,
values observed with the sensor and an FID are similar for early eluting compounds
(data not shown), but are much broader from the sensors for the later-el uting compounds.
Furthermore, if the FID is used downstream from the sensor array significantly broader
peaks are observed than with the FID installed in place of the array. The available
evidence suggests that wall adsorption in the array detector cell and (unheated)
interconnecting capillaries contributes significantly to the problem. Since diffusion
coefficients do not decrease significantly for these compounds relative to the early eluting
compounds, rates of diffusion within the MPN films are not likely to be important
factors. It ispossible, however, that evaporation rates may be significantly slower for the
later eluters and that this also contributes to the broadening of the peaks.

Values of tr for the 31 vapors were reproducible to within 1.0% (RSD, n = 28,
four replicates at seven concentrations). The integrated peaks areas were typically
reproducible to within 5-10% (RSD, n = 4), although larger variations were also found at
very low concentrations for afew of the less volatile compounds on the HME and CCN
(RSD > 20%).

The instrument was calibrated with the 31 vapors under the separation conditions
just established. For this, the set of compounds was divided into three subsets for which
there were no co-elutions and calibration curves were generated over a 100-fold
concentration range in each component by use of a series of Tedlar bags and different
injection volumes (see Experimental Section). The vapor concentration range differed
for each vapor, depending on the sensitivity of the sensorsto that compound, with lower
concentrations (~0.1-10 ppb-L) being used for the later-eluting compounds whose
responses were generally larger than those of the earlier-eluting (i.e., more volatile)
compounds (3-300 ppb-L).

Plots of peak area (or peak height) versus vapor concentration (in ppb-L) were
linear through the highest concentration tested for 80% of all the sensor-vapor
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combinations (124 combination in total, forced-zero regression r> > 0.95 as the criterion,
most of the r* were > 0.99). Calibration curves for the five compounds with the lowest
vapor pressures, i.e. n-undecane, acetophenone, n-dodecane, naphthalene, and n-tridecane
(compounds 27-31 in Table 2-3) were nonlinear, owing to a combination of factors,
including, wall adsorption on interconnecting components in the system and low
desorption efficiency from the PCI. For these compounds calibration data, i.e. sensitivity
and LOD, were obtained by a single-point calibration.

The LODs generally decrease ( sensitivities increase) with decreasing vapor
pressure of the analyte as expected for sorption-dependent sensors (Table 2-3).3*% This
trend is consistent across most of the vapors for all four CR sensors, though some
exceptions are observed in this trend, which can generally be attributed to the mitigating
influence of vapor-MPN interactions. Note that the sensitivities of a-pinene,
naphthalene, and n-tridecane are much lower than expected. For a-pinene, thiswas, at
least partly due to partial decomposition during thermal desorption, as evidenced by
small additional peaks generated when analyzing this compound alone in separate tests.
For naphthalene and tridecane wall adsorption and low desorption efficiencies were
contributory.

Naphthal ene and n-tridecane notwithstanding, calculated LODs range from 3.9
ppt for n-dodecane (C8 sensor) to 20 ppb for methyl cyclohexane (CCN sensor),
assuming a1 L sample volume. Note that the LOD values do not necessarily correlate
with the sensitivity values because of differencesin the baseline noise for each sensor. In
genera, the OPH sensor gave the highest sensitivity for most compounds, followed
closely by the C8 sensor. However, the noise level fo the C8 sensor was lower, leading to
lower LODs for the C8 sensor. The more polar coatings, HME and CCN, generally
showed lower sensitivity toward most vapors and higher noise levels. That higher
sengitivities were not observed for some of the polar anal ytes with these sensors
challenges the noton that the thiolate tail group dictates affinity (partition coefficieints) in
the MPN films. Y et, the data collected in this study appears to show that thisisindeed
the case and the HME has the highest LODs for al the vapors.

Compared to the earlier prototype, which employed an array of polymer-coated
surface acoustic wave (SAW) sensors as the detector,® this instrument provides LODs
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that are from 3-55 times lower for the 17 compounds tested on both instruments. This
can be ascribed to a combination of factors, including the higher inherent sensitivity of
the CR sensors,***® more precise control of the temperature rampsin each separation
column, which yields sharper peaks, and better thermostatting of the CR array.

2.4 Conclusion

This study has characterized the performance of a novel, second-generation,
portable GC prototype and illustrated the tradeoffs associated with several key operating
variables. Enhancementsin design have led to significant improvementsin overall
performance relative to the previous prototype.* Of particular note are the improved
control and stability of fluidic and thermal functions of the system, and the reduction in
detection limits.

Although the on-board PCI permits the collection of large-volume air samples,
injection bandwidths remain relatively broad and represent alimiting factor in achieving
high chromatographic efficiencies, particularly for less volatile compounds (i.e., those
with vapor pressures < 1 torr). Asshown here, in addition to on-column focusing, the
option of using split-flow injection can improve resolution for these less-volatile
compounds. While the loss of sensitivity is generally larger than the gain in resolution,
detection limits in the parts-per-trillion concentration range are relatively easy to achieve
for such compounds, making the tradeoff of sensitivity less important. Notably, for
compounds higher volatile than undecane the increase in resolution (decrease in peak
width) associated with split-flow injection appears to be due ailmost entirely to the
reduced injection mass. It should be kept in mind, however, that the split ratio employed
here was quite low, and that higher split ratios may permit greater resolution.

The influence of flow rate on responses from the CR sensor array is significant
and noteworthy. While low flow rates lead to higher sensitivity, the sharp dependence of
the peak area on the flow rate below arate of 0.5 mL/min (measured at the outlet of the
columns) favors operating at higher flow rates where the dependence is much lower.
Unfortunately, the loss of sensitivity at higher flow ratesis substantial. The behavior
observed for the sensorsis quite different from that for the FID used as areference

detector, owing to the different response mechanisms of these detectors (i.e.,
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concentration sensitivity vs. mass-flow sensitivity). Curiously, the peak heights of the
sensors show much less sensitivity to flow rate than does the peak area, and since LODs
are calculated on the basis of peak height, they will be less subject to variations from
flow rate changes. To our knowledge, thisisthe first investigation of flow rate effects
on microsensor arrays used as GC detectors.

The study of temperature effects on sensor responses reveal ed results that were
more or less expected. Reductionsin the partition coefficient at elevated temperature
lead to reductions in sensitivity. For more volatile compounds, the loss in sensitivity is
not accompanied by commensurate improvements in resolution, however, for less volatile
compounds, resolution improves by virtue of a narrowing of peaks. Since such
compounds give rise to unusually broad peaks at lower temperatures, and sensitivities are
inherently high because of their large partition coefficients, it is worth considering
operating an array at el evated temperature when targeting less volatile compounds in an
anaysis. With small arrays it might be feasible to increase the array temperature on-the-
fly during an analysis after the more volatile vapors have passed through the detector.
The primary contributor to peak broadening appears to be non-specific wall adsorption on
unheated surfaces in the flow path beyond the column. Redoubling efforts to deactivate
such surfaces is warranted as well as minimizing the lengths of connections between the
column and the detector cell housing the array.

As shown in the analysis of the complex mixture, the combination of temperature-
and pressure-tuned separations with detection by an MPN-coated CR sensor array isvery
powerful. Full advantage was taken of using response patterns from the array to ease the
column separation burden and reduce total analysis time; the 31-component mixture was
adequately separated in just seven minutes. At the current sampling pump flow rate, a
complete analysis could be completed in about 16 minutes. LODs were generally in the
sub-ppb range for a 1-L air sample, which are sufficiently low to detect VOCs and
SVOCsin applications such as indoor air quality monitoring, ambient air monitoring,
homeland security, and trace breath analysis (see Chapter 4).

The capabilities of this prototype greatly exceed those of the first-generation
prototype and rival those of portable GC-MS instruments. Compared with the first-

generation prototype, the new design enhancements incorporated into the second-
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generation prototype have improved the reliability, sensitivity, resolution, flexibility, and
convenience. However, there are still some shortcomings to address. One of the primary
remaining issues relates to the analysis of low-vapor-pressure compounds. Desoprtion
efficiencies tend to be low for these compounds and the calibration curves are invariably
non-linear due, apparently, to wall adsorption on unheated surfaces in the flow path.
Although cold spots in this instrument have been minimized, there are two locations
where they remain: between the PCI and the first column and between the end of the
second column and detector cell. Although theinlet could be heated, the presence of the
(stainless stedl) tee fitting makes it difficult to heat and cool rapidly at low power. The
capillary between end of the column and the sensor array cannot be heated too much
because it would result in areduction in sensitivity in the concentration-dependent
sensorsin the array.

Another unresolved problem with the instrument relates to the MPN coatings used
as interface materials on the CR array. The mechanism of the sensor response has not
been fully understood and the long-term stability of responses from the sensorsis low,
demanding re-calibration on the order of every two weeks. The baseline resistance of the
sensors also drifts over time, which requires frequent adjustment of the feedback

resistance in the circuitry used for sensor response transduction.

51



Table 2-1. Result comparison between split- and split-flow injection operation.

Ratio of parameter value (split:splitless)?

b peak  peak c d e f
Compound tr aea  haght LOD W, N R
n-heptane 10 0.12 0.21 4.8 0.54 35
n-octane 1.0 0.12 0.23 4.3 0.50 4.2 2.0
n-nonane 10 0.12 0.28 3.6 0.45 5.3 2.2
n-decane 1.0 0.12 0.34 29 0.35 8.5 2.7

n-undecane 1.0 0.14 0.40 25 0.32 89 2.7
n-dodecane 0.8 0.17 0.40 25 0.33 6.0 2.1

& Column outlet flow rate is 0.7 mL/min for both split and split-flow injection, split ratio
iIS6.6:1 for split-flow injection

P t=: retention time.

© LOD: limit of detection.

9 Wy full peak width at half peak height.

®N: column efficiency parameter plate number, N = 5.45 * (tR/W1/2)2

"R: resolution between alkanes C, and C,.1,

R — 2* tR(z) B tR(l) — 1-18* tR(Z) - tR(l)

Wy +Whea W2 +Wao2)
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Table 2-2. Temperature effect on peak parameters from OPH sensor.

n-nonane (Cy) n-decane (Cy) n-undecane (Cy,) n-dodecane (Cy,)
sensor temp. (°C) Wap(T) : Wy, (22.8 °C)?
25.6 1.00 0.97 0.87 0.85
30.5 0.94 0.84 0.70 0.63
379 0.80 0.65 0.48
42.7 0.88 0.79 0.59 0.46
N(T) : N(22.8 °C)°
25.6 1.01 1.06 1.32 1.38
30.5 114 142 2.06 2.52
379 --¢ 154 2.35 443
42.7 1.29 1.59 291 476
peak area (T) : peak area (22.8 °C)
25.6 0.90 0.84 0.89 0.96
305 0.66 0.57 0.59 0.62
379 0.46 0.38 0.34
2.7 0.43 0.32 0.22 0.20
peak height (T) : height (22.8 °C)
25.6 0.77 0.86 0.91 0.98
305 0.67 0.62 0.60 0.72
37.9 -- 0.51 0.38 0.47
42.7 0.47 0.35 0.23 0.27
R(T): R (22.8°C)°
Co-C1o C10-C11 C11-Cr2
25.6 1.00 1.08 1.12
30.5 1.09 1.21 1.31
37.9 - 1.30 1.52
2.7 1.15 1.33 1.62

AW,y full peak width at half peak height.

P N: column efficiency parameter plate number, N = 5.45 * (tR/Wyz)z
¢ Data missed due to large noise of the sensor.

° R: resolution between alkanes C, and Cy.1,

R — 2* tR(z) _tR(l) — 1 18* tR(Z) _tR(l)
Woy +Whz) W20y + Wiz
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Table 2-3. Experimental and reference values of AH,,.

AHv (KJ/mol)
error
compound r22 ref.” cal . (%)°
n-nonane 0.985 43.8 33.3 -24
n-decane 0.988 457 44.1 -3
n-undecane 0.994 48.0 61.3 28
n-dodecane 0.983 52.7 65.8 25

@ R-squared values of Arrhenius plots.

P Reference data from ref. 50.

¢ Calculated values from the Arrhenius slope.

9 Error (%) = (calculated value — reference value) x 100/reference value.



Table 2-4. Cadlibration data summary for the 31 vapors.

Pv LOD (ppb)°
# vapor (torr)® RT/s C8 OPH HME CCN
1 ethyl acetate 93.7 53 0.61 0.72 5.6 25
2  benzene 95.2 62 0.51 0.58 6.3 2.7
3 trichloroethylene 69 76 0.47 0.55 5.0 2.6
4  methyl cyclohexane 46 20 0.85 11 20 10
5 methyl isobutyl ketone 19.9 100 0.22 0.26 2.6 1.0
6 toluene 28.4 112 0.22 0.24 2.7 12
7  2-hexanone 116 127 0.20 0.21 2.0 0.88
8 tetrachloroethene 18.6 141 0.27 0.31 3.8 19
9 n-butyl acetate 115 147 0.18 0.21 18 0.90
10 chlorobenzene 12 164 011 011 14 0.61
11 ethylbenzene 9.6 178 0.11 0.11 15 0.65
12 m-xylene 8.29 185 0.12 0.13 16 0.69
13  3-heptanone 2.6 199 0.12 0.12 14 0.59
14 o-xylene 6.61 201 0.083 0.10 12 0.47
15 n-nonane 4.45 217 0.067 0.082 15 0.77
16 isopropylbenzene 45 225 0.065 0.070 1.0 0.40
17 apinene 4.75 237 0.24 0.29 6.1 2.3
18 n-propylbenzene 342 246 0.049 0.050 0.92 0.40
19 4-ethyl toluene 3 253 0.051 0.049 11 0.32
20 2-ethyl toluene 2.61 265 0.031 0.032 061 0.21
21 1,2,4-trimethylbenzene 21 276 0.032 0.037 0.61 0.21
22 3-octanone 2 276 0.053 0.050 0.75 0.32
23 1,4-dichlorobenzene 1 286 0.035 0.036 0.69 0.17
24 sec-butylbenzene 175 288 0.027 0.028 0.58 0.20
25 n-decane 143 290 0.027 0.041 0.78 0.29
26  d-limonene 1.98 303 0.036 0.041 0.88 0.34
27 n-undecane 0.412 329 0.0049 0.0055 0.14 0.04
28  acetophenone 0.397 342 0.023 0.024 022 0.051
29 n-dodecane 0.136 357 0.0039 0.0040 015 0.039
30 naphthalene 0.085 374 011  0.089 2.1 0.41
31 tridecane 0.0558 397 1.03 1.0 26 8.5

&V apor pressure at 25 °C from Ref. 52;

P | OD calculated as 3c/sensitivity, where ¢ is the RMS baseline noise (smoothed via
binomial 40 point running average with the Grams software; 6 = 1.7, 2.4, 15, and 8.2 mV
for C8, OPH, HME and CCN, respectively) and the sensitivity is determined on the basis
of peak height (rather than peak area). For those vapors with non-linear calibration
curves, LODs were estimated by extrapolation of the (linear) low-concentration range.
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Figure 2-1. Block diagram and photos of the analytical sub-system: (a) flow direction
during sampling; (b) flow direction during dry-purge (optional); (c) photos instrument
underneath alaptop PC (left) and inside view (right); (d) 4-sensor substrate with
intergidital electrodes (right), Macor lid (white square structure), and assembled 4-
chemiresistor array with inlet/outlet capillary tubing and header pins for electric
connection (underneath the PCB in the photo); (€) column wrapped with heater wire and
thermocouples; (f) assembled PCF with heater and k-type thermocouple. Components in
the block diagram: 1. inlet filter, 2. split control valve, 3. PCI, 4. 1% column, 5. ond
column, 6. sensor array, 7. analysis pump, 8. scrubber, 9. sample pump.
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Figure 2-2. Cartoon of nanoparticle (left) and structures of the ligands of the MPNs used
in this study. MPNs: n-octanethiolate (C8), 1-mercapto-6-phenoxyhexane (OPH), 7-
mercaptoheptanitrile (CCN), 4-mercaptodi phenylacetylene (DPA) and methyl 6-
mercaptohxanoate (HME).
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Figure 2-3. (a) Plots of height equivalent to atheoretical plate versus average carrier gas
velocity with n-octane; (b) plots of plate numbers per second versus average carrier gas
velocity with octane. 1) 1% column, 40 °C, k=4.2; 2), 2" column, 30 °C, k=1.3.
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Figure 2-4. Flow rate effect on sensor response: (a) Peak width at half peak height and
octane’ s retention time versus flow rate; (b) Peak height versus flow rate; (c) Peak area
versus flow rate; (d) Response patterns of octane at different flow rates. Circle: octane

from OPH; unfilled circle: octane from FID; triangle: nonane from OPH; unfilled

triangle: nonane from FID; star: octane retention time; For the bar chart, fully filled
column: C8; column filled with dots: OPH; column filled with lines. DPA.
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Figure 2-5. FID chromatograms under split- and splitless- flow injection operations. Solid
line: split-flow; Dash line: splitless-flow. 1: methane; 2: n-heptane; 3: n-octane; 4: n-
nonane; 5: n-decane; 6: n-undecane; 7: n-dodecane.
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Figure 2-6. Tuned separation of 31-component mixture (for brevity, only C8 traces were
shown, numbers correspond to the compounds listed in Table 2-4: (a) both columns at the
same temperature programs, 30°C for 70 s, increase to 82.5°C at 0.25°C /s, then increase
to 150°C at 3.38°C /s, hold; (b) two columns at the different temperature programs.
Column 1, the same as used in (1); Column 2, 50°C for 70 s, increase to 100°C at 1.00°C
/s, hold; (c) same temperature program as b, pressuretuning att =242 sfor 3sandat t =
252 sfor 3s.
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mixtures. Numbers correspond to the compounds listed in Table 2-4. GC conditions are
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Chapter 3

Rapid Deter mination of Environmental Tobacco Smoke
Markersin Complex Mixture of Indoor Air Contaminants*

Abstract
The adaptation of the second-generation prototype to the determination of vapor-phase

markers of environmental tobacco smoke (ETS) is described. A dual-stage adsorbent
preconcentrator was used with the two series-coupled separation columns that can be
independently temperature programmed, and a chemiresistor (CR) array detector. An
adsorbent pre-trap was devel oped to remove semi-volatile organics from the sample
stream. Conditions were established to quantitatively capture two ETS markers, 2,5-
dimethylfuran (2,5-DMF) and 4-ethenylpyridine (4-EP, as a surrogate for 3-EP), and to
separate them from the 34 most prominent co-contaminants present in ETS using ambient
air asthe carrier gas. Response pattern of 4-EP was unique, and the separation time was
reduced by 16% by taking advantage of the capability of the CR array to discriminate
between the components of simple coelutions. Projected detection limits are 0.58 and
0.08 ppb for 2,5-DMF and 4-EP, respectively, assuming a 1-L sample volume, which are
sufficiently low to determine these markers in typical smoking-permitted environments.

A complete analysis can be performed every 15 minutes.

" This chapter has been published, with minor modifications, in J. Environ. Monit. 2007, 9, 440-
448.
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3.1 Introduction

Environmental tobacco smoke (ETS) is acomplex mixture of compounds
collectively classified by the International Agency for Research on Cancer asa
carcinogenic substance. The complexity of ETS and the presence of confounding
sources of some ETS constituents in many environments have impeded accurate exposure
assessments and have led to efforts to find surrogate measures of ETS.? Vapor-phase
nicotine (VPN) isthe most widely used marker of ETS, but it is not ideal because of its
low volatility and unpredictable decay rate.®> A pyrolysis product of nicotine, 3-
ethenylpyridine (3-EP), has been reported as an alternative ETS marker.>*
Concentrations of 3-EP correlate better with ETS particle concentrations and other gas-
phase ETS components than do those of VPN, it isfound exclusively in the vapor phase,
and its decay follows first-order kinetic models. Average concentrations of 3-EP
measured in indoor environments where smoking is permitted typically range from 0.8-
6.3 pg/m® (0.18-1.5 ppb), with average personal exposure levels generally somewhat
lower (0.4-0.7 ppb). Exposures rarely exceed 4.5 ppb.>®

Appendix 3 provides adetailed review of reported determinations of 3-EP and
VPN from smoking and non-smoking environments.

Another compound, 2,5-dimethylfuran (2,5-DMF), has also been identified as a
vapor-phase marker of ETS.2®!* |n tests designed to simulate ETS levelsin an office
environment, 2,5-DMF concentrations were found to range from 2.4-30 pg/m® (0.6-7.5
ppb).2%** Concentrations of 2,5-DMF in the breath of passively exposed non-smokers
averaged 6.8 ppb, while those in the breath of smokers averaged 94 ppb immediately
after smoking.™

The most widely reported methods for determination of 3-EP in indoor air entail
sorbent-tube sampling followed by gas-chromatograph-mass-spectrometry (GC-MS) or
GC-nitrogen-phosphours detector (GC-NPD) analysis.>®**? Similarly, samples of 2,5-
DMF vapor can be captured by canister or on Tenax-TA adsorbents and analyzed by GC-
MS. 2% Although such methods are undoubtedly reliable, the availability of portable
instrumentation capable of monitoring ETS markersin situ would facilitate exposure
assessments and interventions by allowing a greater number of measurements to be
collected at lower cost and much higher temporal resolution, as well as providing
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immediate feedback to affected populations. Unfortunately, relatively few portable
instruments are available with the capability for analyzing the components of complex

1319 and the cost, complexity, and/or size of those with such capabilities

vapor mixtures,
preclude their use for extended or routine monitoring campaigns. Although Gordon et al.
have described a fieldable breath analyzer,** there are no published reports on the
determination of ambient concentrations of vapor-phase ETS markers with portable
direct-reading instrumentation.

This chapter describes the adaptation of the second-generation prototype
instrument to the determination of ETS markersin synthetic air samples also containing
the major co-contaminants encountered in environments where smoking is permitted. In
this study, air samples were collected from aloca bowling aley where smoking is
allowed and analyzed by conventional methods to identify and quantify the two ETS
markers 2,5-DMF and 3-EP and the major co-contaminants. Mixtures of these were then
generated in the laboratory and conditions were established for the determination of the
markers using a combination of retention times and the response patterns obtained from
the CR-array detector. Since at the outset of the study 3-EP was not commercially
available, itsisomer, 4-EP, was used as a surrogate.’® A pre-trap was devel oped for
removing semi-volatile organic compounds (SVOCs) from the sample. Preconcentration
factors and desorption efficiencies for the ETS markers were verified and
chromatographic conditions were established to separate the markers from other
contaminants in the shortest possible time. Using Monte Carlo simulations coupled with
pattern recognition analysis of sensor-array responses, it was possible to determine the
degree of discrimination achievable between the markers and possible co-eluting

interferences and to use this information to accelerate the analysis.

3.2 Experimental

3.2.1 Instrument Featuresand Operating M odes

Figure 3-1 shows the layout of the analytical sub-system. Except the incorporation
of apre-trap, and the use of atwo-stage preconcentrator/injector (PCl) in this system, the

other features were the same as those in Figure 2-1 of Chapter 2. A detailed description
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of the instrument components and the rational e for the design are provided in
experimental section of Chapter 2.

The instrument has four operating modes. Sampling, Dry-purge, Anaysis, and
Post-analysis-purge Modes. In Sampling Mode, air is drawn through the pre-trap and the
PCI at 0.13 L/min by the sampling pump. Vapors not removed by the pre-trap (see
below) are captured on one of the two PCI adsorbents contained in an insulated Inconel
600° tube (1.35 mm i.d., 5-cm long). The PCI tube was packed, in order, with 3 mg each
of 40/60-mesh Carbopack X and Carbopack B (separated by glass wool), which have
specific surface areas of 250 m?%/g and 100 m?/g, respectively (Supelco, Bellefonte, PA).
After sampling a pre-determined air volume, typically 1 L for this study, the sampling
pump is turned off and isolated from the system by an upstream valve (Figure 3-1a). An
optional Dry-purge Mode can be included during which the analysis pump draws ambient
air in through a second inlet port and passes it through a scrubber cartridge packed with
molecular sieves and charcoal to remove water vapor and VOCs. The purified air passes
through the PCI (at room temperature) to strip a portion of the water vapor from the
adsorbents and to backflush it, along with any residual contaminantsin the fore line, out
through the sampleinlet port. In Analysis Mode, the PCI is heated (via an insulated
copper-wire coil) to 300 °C in < 2 sec and maintained at this temperature for 90 sec.
Ambient air drawn into the system by the analysis pump is scrubbed, as in Purge Mode,
and then directed through the PCI, the two separation columns, and the detector cell
containing the sensor array prior to exiting the instrument. Desorbed vapors are thereby
injected onto the first of the two separation columns, with the option of splitting off a
portion of the desorbed flow stream (by opening the split-flow control valve) stream for
the purposes of sharpening the injection band. In Post-analysis-purge Mode, the inlet
valveis open, scrubbed air is driven by the analysis pump, at the same flow direction as
that in the Dry-purge Mode, the PCI and the pre-trap are re-conditioned by heating to 300
°C with back flushing for 150 sec at 0.28 L/min after the analysis.

Each CR sensorsin the 4-sensor array is coated with a different gold-thiolate
monolayer protected nanoparticle (MPN).?*#" MPNs derived from the following thiols
were used in this study: n-octanethiol (C8), 1-mercapto-6-phenoxyhexane (OPH), 7-
mercaptoheptanitrile (CCN), methyl 6-mercaptohexanoate (HME), and 4-
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mercaptodiphenylacetylene (DPA).? The structures of the thiolates are presented in
Figure 2-2 of Chapter 2. Software written in Labview® 7.1 (National Instruments, Austin,
TX) isrun from alaptop computer and used to control the instrument and process the
sensor output signals through separate 12 bit and 16 bit D/A data acquisition cards.
Sensor output data are imported to Grams 32 (Thermogal actics, Salem, NH) for peak
integration.

3.2.2 Fidld Samples

Air samples from alocal bowling alley were collected and analyzed on two
different occasions using EPA Method TO-17.% The GC-MS (Model 6890-5973, MSin
Scan Mode, Agilent, Palo Alto, CA) was calibrated with 96 VOCs selected on the basis
of their adverse health effects and prevalence as contaminants in indoor air.®* Neither 3-
EP nor VPN were included in thisinitia calibration library. They were added prior to
analyzing samples from the second set of samples collected from the bowling alley.

3.2.3 Test Atmosphere Generation

Chemicals were obtained from Aldrich (Milwaulkee, WI), Acros/Fisher
(Pittsburgh, PA), or Lancaster (Windham, NH) at > 98% purity. Since 3-EP could not
obtained commercialy, itsisomer 4-ethenylpyridine (4-EP) was used. These isomers are
reported to have the same GC retention time (and similar M'S fragmentation patterns),*
consistent with their similar vapor pressures, reported to be 1.70 torr for 4-EP* and
estimated to be 1.65 torr for 3-EP on the basis of its boiling point.>*** Test atmospheres
of the vapors were generated in clean, dry air from a compressed-air cylinder over a
range of concentrations in a series of Tedlar® bags (25 +2 °C) and concentrations were
compared to those determined using CS,; solutions of the analytes by GC-FID (Model
6890, Agilent).

3.2.4 Adsorbent-Bed Capacities and Desor ption Efficiencies

A series of experiments was performed to identify the types and quantities of
adsorbents for use in the pre-trap and PCI. The 10% breakthrough volume, V10, was
determined by drawing a vapor sample through the adsorbent bed at 0.1 L/min,

periodically collecting aliquots downstream in a 0.25 mL sample loop, and injecting viaa
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6-port valveinto an HP GC.*® In this GC, a nitrogen-phosphorous detector (NPD) was
employed for experiments involving low concentrations of 4-EP and VPN, and an flame
ionization detector (FID) was used for all other experiments. Desorption efficiencies
were determined by injecting a known concentration of analyte(s) in air into aclean air
stream being drawn through the adsorbent bed, reversing the flow and heating the
adsorbent to 300 °C to inject the captured anal ytes into the GC-FID or NPD. Responses
were compared to those for an equivalent mass injected directly to the GC-FID or NPD.
Instrument responses to relevant vapors were then compared with and without the pre-
trap installed. The sample inlet was connected to one port of a 6-port valve and a
miniature diaphragm pump (KNF Neuberger, Trenton, NJ) was used to draw samples at
0.13 L/min from atest atmosphere through a sample loop on a background of scrubbed
air. The PCI was then heated and the desorbed vapors injected into the separation
module. The PCI and pre-trap were re-conditioned after each analysis by sequentially
heating them to 300 °C while backflushing with clean air.

3.25Instrument Calibration

The most prominent co-contaminants found to bracket 2,5-DMF and 3-EP in
chromatograms obtained from field samples were divided into three subsets for
calibration. Conditions required to separate the markers in a minimum amount of time
were established. Sample loops with volumes ranging from 0.010-1 mL were used to
cover the desired range of injected masses. Effective (mass-equivalent) vapor
concentrations were calculated according to the ratio of injection and sample volumes.
For example, an aliquot of 1 mL from a sample loop containing 100 ppm of vaporsis
equivaent to 100 ppb in asample volume of 1 L. Mass-equivalent calibration
concentrations ranged from 0.15 - 150 ppb-L. Five replicates were performed for each

challenge concentration.
3.2.6 Chemometrics

Chemometric analyses of sensor array response patterns were performed using
extended disjoint principal components regression (EDPCR).%*" Expected recognition
rates for the components of co-eluting mixtures were estimated by combining Monte
Carlo smulations with EDPCR. The Monte Carlo simulations superimpose random error
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on calibrated sensor-array response patterns, which are then analyzed by EDPCR to
determine if the components giving rise to the composite response pattern can be
determined with low error.®” Iterative analysis (n=500) over arange of concentrations
yields statistical estimates of discrimination.

3.3 Results and Discussion

3.3.1 Contaminant Profilesfrom Field Samples

GC/MS analysis of thefirst set of field samples collected from the bowling aley
yielded more than 100 detectable peaks, 35 of which could be identified as among those
intheinitia spectral library used for identification (Table 3-1). These target compounds
accounted for 44% of the collected mass (using tol uene-equivaent mass for the
unidentified fraction). Concentrations ranged from 0.06 ppb (sec-butylbenzene) to 50
ppb (toluene). The concentration of 2,5-DMF was 0.56 ppb. Since 3-EP was not
included in the calibration library for this analysis, its presence and concentration could
not be verified.

Subsequently, GC conditions were adjusted, the spectral library augmented, and a
second set of field samples was collected, in this case from an area within the bowling
aley with a greater number of active smokers. Appendix 4-2 presents the chromatogram
from the 1-L sample with the major peaks identified by reference to Table 3-1. A total of
40 compounds (60% of VOC mass) were identified at concentrations of 0.061 ppb (n-
butylbenzene) to 29 ppb (d-limonene). Table 3-1 presents the average concentrations
(RSD < 20% for most vapors). The concentrations of 2,5-DMF and 3-EP were 1.2 and
2.0 ppb, respectively. VPN was aso found in these samples; however, it could not be
accurately quantified because of variable desorption efficiencies observed in experiments
with VPN-spiked adsorbent tubes. Asshownin Table 3-1, the VOC profiles are quite

consistent between the two sampling campaigns.
3.3.2Pre-Trap

An adsorbent pre-trap was developed in order to minimize accumulation of
SVOCs within the instrument. VPN (p, = 0.038 torr) was the most-volatile and most
polar of the SVOCs detected during field sampling, and was therefore chosen as the
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sentinel ‘ cutoff’ vapor for assessing pre-trap capacity. A 2-mg bed of the lower-surface-
area graphitized carbon, Carbotrap C (10 m?/g, 20/40 mesh, Supelco) challenged (0.1
L/min) inindividua tests with ~450 ppb of VPN or 4-EP gave Vi values of 1 L and
0.020 L, respectively. This Vo value for VPN matches the desired benchmark sample
volume. Furthermore, the 4-EP reached saturation within just 0.3 L, indicating a minimal
amount of retention. Breakthrough of 2,5-DMF (60 ppb) was immediate and saturation
was reached within 0.1 L indicating that this vapor is unretained. The VPN Vo vaue
remained within 15% of theinitial value after 18 breakthrough-reconditioning cycles
indicating good medium-term stability of the pre-trap.

The pre-trap was then challenged with a mixture of VPN (350 ppb) and 18 other
compounds (p, range = 0.00143 to 28.4 torr). Concentrations were 450 ppb for 4-EP, 50
ppb for 2,5-DMF, and from 10-15 ppb for the remaining 16 compounds (#8, 10, 13, 15,
17, 22, 25, 26, 31, 33, 34, 36, 38, and 40-42 in Table 3-1). Resultsfor 4-EP and 2,5
DMF were unaffected but the VPN V0 value decreased to 0.66 L. For a sample volume
of 1 L the VPN breakthrough fraction, however, was only 42% indicating that the
majority of the VPN was being trapped. Given the expectation for higher capacity at
lower (i.e., morerealistic) VPN concentrations, this level of performance was considered
acceptable.

Subsequent tests were performed with and without this pre-trap installed in the
instrument. A test atmosphere containing the two ETS markers and nine other vapors (py
range = 0.14 to 95 torr, #3, 6, 8, 13, 17, 22, 25, 34, and 36 in Table 3-1) was generated
and aliquots injected by sample loop and flushed with 1-L of clean air. Mass-equivaent
concentrations ranged from 0.9 to 200 ppb-L. In all cases there was <5% reduction in
detected concentrations when the pre-trap was installed compared to when it was not. An
additional test series with the four SVOCs VPN, n-tridecane, n-tetradecane, and n-
pentadecane added to the mixture indicated that the trapping efficiency of tridecane was
60% and those for the remaining vapors were > 85%.

The PCI and the pre-trap were re-conditioned by heating to 300°C with
backflushing for 150 sec at 0.28 L/min after each of the previous samples. After 48

complete analytical cycles there was no apparent reduction in the performance of the PCI
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or pre-trap, and the reproducibility of peak areas for the 11-vapor mixture was better than
8% (RSD) for all vapors (based on the C8-coated CR).

3.3.3 PCI

A 3-mg bed of Carbopack B challenged with 700 ppb of 4-EP in air at 0.1 L/min
gave aVpo of 3.5 L. Inthe presence of 18 additional vapors (#8, 10, 13, 15, 17, 22, 25,
26, 31, 33, 34, 36, 38, and 40-42 in Table 3-1), each at 10-25 ppb, the 4-EP V19
decreased by only 0.7 L. The 4-EP desorption efficiency averaged 37 +2% for challenge
concentrations of 1.4-18 ppb (6-72 ng), increasing to 52 + 4% at concentrations ranging
from 42-85 ppb (170-340 ng). Since no additional peaks were observed by GC-FID, we
speculate that 4-EP is partially polymerizing at high temperature in the air medium within
the PCI.

The 2,5-DMF, which was not retained strongly on Carbopack B (V10 =0.034 L),
gave a Vo of 6.2 L with a3-mg bed of Carbopack X (100 ppb). No change in capacity
was observed in the presence of benzene and trichloroethylene, which are the only other
vapors in the 18-vapor mixture expected to pass through the Carbopack B and be trapped
on Carbopack X along with 2,5-DMF.% A desorption efficiency of 90 + 2% (n=3) was
obtained, which was independent of mass loading from 0.78 - 13.1 ppb-L (3-42 ng).

Estimates of preconcentration factors can be derived under the assumption that
vapors were captured from a 1-L sample volume and that the entire desorbed massis
contained in the volume of the eluting peaks. The latter is estimated by multiplying the
peak width (baseline) by the desorption flow rate. Since peak widths are measured after
elution, the preconcentration factor is reduced by any peak dispersion incurred during
transport through the system and thusis a conservative, but practical, estimate. Using
this approach, effective preconcentration factors for 2,5-DMF and 4-EP averaged ~4,800
and ~1,800 at a desorption flow rate of 1.7 mL/min. Some dependence on concentration

is observed, hence the approximate values.
3.3.4 Calibration with ETS Markersand Interfering Compounds

A set of GC conditions was established under which 2,5-DMF and 4-EP were
separated from the 14 most prominent interfering compounds eluting within the same

broad retention-time window as these two markers. Thiswas more difficult than
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anticipated and required, ultimately, arather unusual temperature program that held the
second column at arelatively low temperature in order to separate the 4-EP from adjacent
compound peaks. The 4-EP peak exhibited along right tail, not only with the prototype
instrument but also with the bench-scale GCs used in the testing described above.
Pressure (stop-flow) tuning was not useful in this analysis because the 4-EP and its
closest eluting co-contaminants, n-undecane and n-dodecane, were not fully separated on
the first column.

The chromatograms from the CR array sensors shown in Figure 3-2 represent the
best separation achievable in the minimum amount of time. Peak FWHH valuesare< 1.5
sec for the first eight compounds (#1-8 in Table 3-2) and then get progressively broader
for the later eluting compounds due, in part, to the low temperature used for the second
column. Peak widths of the early eluting compounds were similar for the sensors and for
an FID used in place of the sensors for analyses performed under similar conditions (see
Figure 3-3). For the later-eluting compounds sensor peaks are broader than the
corresponding FID peaks, indicating that sorption kinetics in the MPN coatings on the
sensors are contributory. Regardless, using the independent column temperature
programming, the 2,5-DMF and 4-EP peaks are fully separated from the other 14
compoundsin < 240 sec (280 sec is required for complete elution of n-dodecane).
Ambient water vapor, which permeates into the Tedlar® bag containing the test
atmosphere, was also detected as the earliest eluting peak (RT = 25 sec) from three of the
sensors in the array, with the highest responses from the sensors coated with HME and
CCN MPNswhich contain polar functional groups. The unusual peak shapes from these
latter two sensors indicate that the responses have exceeded the dynamic range of the
sensor readout circuit.

RT values for the 16 vapors were reproducible to within 0.4% (RSD, n = 30, five
replicates at six concentrations). Responses from all four CR sensors were generally
reproducible (RSD < 10% for five replicates). The one notable exception was n-
dodecane on the C8- and OPH-coated sensors at the lower concentrations (RSD > 20%)
due to the small SIN ratios.

For benzene, TCE, and 2,5-DMF, calibration concentrations up to 150 ppb were
tested. For the less volatile vapors, this range was reduced to 50 ppb due to the higher
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sengitivities exhibited toward these vapors. For the first 12 vapors listed in Table 3-2,
plots of peak areaversus vapor concentration were linear from the sensors coated with
OPH, HME, and CCN MPNSs, with most linear-regression r? values of >0.95 (forced
zero). For the C8 sensor, thefirst eight of these vapors also gave linear calibration curves
(r* > 0.95), but n-decane, 4-ethyltoluene, and d-limonene became non-linear above 25
ppb. For the four least volatile vapors, responses from all four sensors became non-linear
at higher concentrations. Since FID responses were linear for these vapors, we believe the
non-linearity arises from the slow sorption-desorption kinetics in the sensor films, which
results in incomplete mass transport of the vapors into the sensor coatings as the peak
passes through the detector. Peak broadening also contributes to aloss of sensitivity in
the tails of the peaks and a consequent negative integration bias. The linear response
range for 2,5-DMF extends to at least 150 ppb while that for 4-EP extends to 10 ppb.
Appendix 4 presents calibration curves of the 16 compounds.

As expected for sorption-dependent sensors, sensitivity generally increases as the
vapor pressure of the analyte decreases.?®? This s reflected in the within-sensor
sensitivity values (normalized to benzene) in Table 3-2. Thistrend is consistent across
all vapors for the non-polar C8-coated sensor; as shown, the sensitivity for the least-
volatile n-dodecane is 760 times that for the most-volatile benzene. For the other three
sensors, functional-group interactions cause some deviations from this genera trend. For
example, the sengitivities of the HME- and CCN-coated sensors for 4-EP are 2.4 and 3
times higher than those for n-dodecane, respectively, in spite of the lower vapor pressure
for the alkane.

Calculated limits of detection (LODs) range from 7.2 ppt for n-dodecane (C8-
coated sensor) to 14 ppb for 2,5-DMF (CCN-coated sensor) (Table 3-2). Note that the
LODs do not necessarily correlate with the sensitivity values because of differencesin
the baseline noise for each sensor; the CCN-coated sensor had a particularly high
baseline noise level while the C8-coated sensor had very low noise. For 14 of the 16
compounds, the C8-coated CR gives the lowest LOD and the highest sensitivity.
Interestingly, for 4-EP the lowest LOD is achieved with the C8-coated sensor even
though it had the lowest sensitivity for this vapor among the four sensors. The calculated
LODsfor 2,5-DMF and 4-EP are 0.58 and 0.08 ppb, respectively.
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These LODs are considered minimum values because they are based on asingle
sensor. |If responses are needed from the entire array for vapor recognition, then the
LODsincreaseto 14 and 0.34 ppb for 2,5-DMF and 4-EP, respectively. Compared to the
earlier prototype, which employed an array of polymer-coated surface acoustic wave
(SAW) sensors as the detector,? this instrument provides LODs that are from 20-80
times lower for the 10 compounds tested on both instruments. This can be ascribed to a
combination of factors, including the higher inherent sensitivity of the CR sensors, %
better thermostatting of the array, and more precise control of the temperature rampsin

each separation column, which yields sharper peaks.
3.3.5 Sensor Array Pattern Recognition

In combination with the retention time, CR-array response patterns provide the means to
recognize eluting vapors by referenceto alibrary of calibrated patterns. The normalized
response pattern for each vapor is shown in Figure 3-2 (also see Table 3-2). By visual
inspection it is apparent that vapors from the same chemical class have patterns that are,
in general, more similar than those for vapors from different classes.®®%"* Fortunately,
chromatographic separation of homologuesisrelatively easy.

The 4-EP (Figure 3-2, cmpd 15) response pattern is unique among the 16
prominent ETS contaminants, while the 2,5-DMF (cmpd 3) pattern resembl es those of the
other aromatic vapors toluene and styrene (cmpds 4 and 8) as well as that of TCE (cmpd
2). From the tabulation of relative response ratios in Table 3-2, the largest range of
responses for any vapor is about 15-fold (i.e., n-decane with HME- and C8-coated
sensors), with typical ranges being 1.5- to 2.5-fold.

Sinceit is often possible to determine the contributions of the components of
simple mixtures to the composite response pattern they produce, certain co-elutions can
be tolerated without losing the ability to recognize the vapors.?* The extent to which
thisis possible can be tested using Monte Carlo simulations coupled with EDPCR. From
calibration, we established alibrary of relative response patterns to which synthetic
patterns, generated by superimposing atypical amount of error on each response pattern,
could be compared. Under the assumption of response additivity, composite response
patterns for mixtures were created by summing the responses to the individual vapors.

Iterativel y generating and assigning an identity to each component of such synthetic
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mixture samples over arange of concentrations from 1-5xL.OD for each vapor yielded
statistical estimates of recognition rates for the components of co-eluting mixtures.

As an example, thistype of analysis was performed with each of the following three pairs
of vapors, which are seen to completely co-elute in Figure 3-2: toluene + methyl isobutyl
ketone (cmpds 4 and 5); n-decane + 4-ethyltoluene (cmpds 9 and 10); d-limonene +
1,2,4-trimethylbenzene (cmpds 11 and 12). Results (n=500 per mixture) indicate that
toluene and methy! isobutyl ketone can be recognized as components of a binary mixture
at arate of only 86%, while the components of the other two co-eluting mixture pairs can
be recognized at rates of 95% and 96%, respectively. We typically apply a minimum
threshold of 95% recognition to consider the determination satisfactory.>”* Thus, toluene
and methyl isobutyl ketone would need to be chromatographically resolved for
guantitative analysis, while the other pairs would not.

Focusing on the marker compounds, it turns out that there was some difficulty in
separating 2,5-DMF from TCE. Monte Carlo/EDPCR analysis indicates that if these
were alowed to co-elute their recognition rate would be only 46%, highlighting the need
for such separation. If the temperature program of the second column is adjusted 4-EP
can be made to co-elute with 1,4-dichlorobenzene and n-undecane. However, the
recognition rate for this ternary mixtureis only 72%. On the other hand, 4-EP could be
allowed to co-elute with n-dodecane, since they can be recognized in the binary mixture
at avery high rate of 97 %. (Note: athough the presence of the ETS marker could still be
confirmed in many of the cases where mixture recognition was found to be low, errorsin
guantification are invariably incurred that lead to overestimation of the ETS marker
concentration).

It is aso possible to use this approach to determine if all the sensorsin the array
are needed for a given discrimination.’ For the 4-EP/dodecane discrimination additional
simulations were run with various subsets of the four sensorsin the array and it was
found that only two sensors were required: 2-sensor arrays of C8+CCN, C8+HME, and
OPH+CCN performed similarly, with recognition rates of >95%. Sincethe LOD is
affected by this, one might choose the array providing the lowest LODs, which was
C8+HME for the 4-EP/dodecane case. In fact this array provided low calculated LODs
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for both 4-EP (0.085 and 0.18 ppb, respectively) and 2,5-DMF (0.58 ppb and 4.1 ppb,
respectively).
3.3.6 Analysisof Markersin a 36-Component Mixture

The remaining 20 vapors with p, > 0.1 torr found in the field samples (Table 3-1)
were then added to the test mixture and analyzed by the prototype instrument (less
volatile vapors would be captured by the pre-trap). The temperature program employed
was the same as that used to separate the previous subset of compounds. The
chromatogram traces from the C8-coated sensor and the FID (Figure 3-3), traces from
other sensors omitted for brevity) show that 2,5-DMF and 4-EP are well separated from
the 34 interfering compounds and that the total elution time remains at 280 sec.
Assuming a 1-L sample volume, an entire analysis, which includes sampling, separation,
detection, and post-sample purging and cooling of the PCI and pre-trap, can be completed
within 16 minutes.

Since it was shown above that 4-EP could be recognized in the presence of n-
dodecane, the 36-component mixture was analyzed again with a sharp increase in the
temperature of the second column toward the end of the elution, i.e., from 58 to 150 °C
over 9 sec starting at t = 203 sec. Thisreduced the retention time of n-dodecane by ~40
sec and resulted in co-elution of the 4-EP and n-dodecane. The peaks were also
sharpened leading to a dlight reduction of both LODs. The resulting C8 chromatogram is
presented as the lower tracein Figure 3-3. Thus, the separation time could be reduced by
16 % (total analysistime ~ 15 minutes) by taking advantage of the capability of the

sensor array to discriminate between the components of simple mixtures.

3.4 Conclusions

The determination of two vapor-phase markers of ETS, 2,5-DMF and 4-EP (asa
surrogate for 3-EP), at trace levelsin complex VOC backgrounds using a uniquely-
equipped portable GC prototype has been demonstrated through a series of laboratory
experiments. Calculated LODs and dynamic ranges for 2,5-DMF and 4-EP, assuming a
1-L sample volume, are sufficient to determine these markersin typical environmental
samples.**° To our knowledge this is the first reported use of a portable direct-reading

instrument for this application.
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Several issues related to the adaptation of this instrument to ETS-marker
determinations were addressed and successfully resolved: an adsorbent pre-trap was
developed to preclude SV OCs from entering the instrument and accumulating on inlet
surfaces, while permitting the more volatile compounds, including the ETS markers, to
pass through and be captured by the on-board preconcentrator; a two-stage
preconcentrator/injector was devel oped that provides quantitative trapping, high
preconcentration factors, and reproducible thermal injection of markersinto the
separation module; independent temperature programming of the dual-column separation
module was used to separate the markers from 34 interfering compounds in an elution
time of <5 min; and an integrated chemiresistor array employing functionalized gold
nanoparticles interface layers was used to assist in analyte recognition and to reduce the
separation time. Sensor responses and GC retention times are highly reproducible and a
complete sampling and analysis cycle can be completed every 15 minutes.

Results obtained here using the surrogate marker 4-EP are expected to be
representative of those for the actual marker 3-EP. From the similarity of the GC
retention times and vapor pressures reported in the literature (vida supra), we can infer
similar capture efficiencies on the carbon adsorbents used in the PCI. It isalso likely that
3-EP will exhibit relatively low recoveries upon thermal desorption in air as observed for
4-EP, due to the inherent reactivity of the vinyl groups in both of these compounds. By
analogy with the nearly identical response patterns reported for the dimethylpyridine
isomers 2,3- and 2,4-Iutidine using a polymer-coated SAW sensor array,* we expect
response patterns for 3-EP and 4-EP to be very similar aswell. Finally, since
partitioning into the sensor interface layers of the CR array is governed largely by vapor
pressures, the LODs for these compounds should aso be similar.
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Table 3-1. Average concentrations (ppb) of ETS markers and co-contaminants found in a
local bowling alley using EPA TO-17.2

No. Compound py (torr) Field Set 1(ppb) Field Set 2 (ppb)
1 chloroform 197 nd 0.24
2  1,1,1-trichloroethane 124 11 21
3  benzene 95.2 21 4.0
4  ethyl acetate 93.7 nd 16
5  carbon tetrachloride 91 0.085 0.1
6  trichloroethylene 69 15 1.7
7  methylcyclohexane 46 1.2 0.75
8 toluene 28.4 50 13
9  2,5-dimethylfuran 25.9 0.56 1.2

10  methyl isobutyl ketone 19.9 2.6 1.1
11  tetrachloroethylene 13 0.78 1.2
12 n-octane 10.9 nd 11
13  ethylbenzene 9.6 1.2 15
14  p-xylene 8.8

15 m-xylene 83 37 42
16  o-xylene 6.6 11 1.2
17  styrene 6.4 4.0 41
18  a-pinene 4.8 0.61 0.83
19 n-nonane 4.45 0.94 1.2
20  isopropylbenzene 35 0.16 0.12
21  n-propylbenzene 34 0.78 nd
22  4-ethyltoluene 3 4.0 11
23  2-ethyltoluene 2.6 1.0 0.47
24  1,3,5-trimethylbenzene 25 1.1 0.42
25 1,2, 4-trimethylbenzene 21 3.8 1.3
26  d-limonene 1.98 29 29
27  sec-butylbenzene 1.75 0.060 nd
28  1,2,3-trimethylbenzene 1.7 0.73 0.67
29  3-ethenylpyridine 1.65° nd 2.0
30  p-isopropyltoluene 1.46 0.19 0.52
31 n-decane 14 33 1.6
32  n-butylbenzene 1.06 nd 0.061
33 1,4-dichlorobenzene 1.0 7.5 6.9
34  n-undecane 0.41 6.6 13
35  phenal 0.35 nd 15
36 n-dodecane 0.14 4.3 11
37  naphthalene 0.085 0.14 21
38 n-tridecane 0.0558 0.98 0.47
39 nicotine 0.038 nd nq
40  n-tetradecane 0.0116 0.73 0.62
41  n-pentadecane 0.00343 0.72 0.76
42 n-hexadecane 0.00143 0.56 0.61

2\ apor pressure at 25 °C from Ref. 32; "See text; nd = not detected; nq = detected but not
quantified.
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Table 3-2. Calibration data summary for the 16 vapors shown in Figure 3-2.

Within-sensor relative

RT/ sensitivity? LOD (ppb)® Normalized response pattern®
# chemical (sec) C8 OPH HME CCN C8 OPH HME CCN C8 OPH HME CCN
1 benzene 55 1.0 1.0 1.0 1.0 0.56 1.6 38 12 1.0 0.96 0.89 0.70
tri-
2 chloroethylene 68 1.2 1.3 13 1.2 0.59 1.8 37 9.8 1.0 0.88 0.95 0.67
2,5-
3 dimethylfuran 73 11 0.89 11 1.0 0.58 1.9 4.1 14 1.0 0.74 0.83 0.61
4 toluene 95 38 3.2 3.3 3.2 0.12 0.43 0.94 3.2 1.0 0.80 0.77 0.59
methyl isobutyl
5 ketone 95 2.1 3.2 2.4 34 0.38 0.55 1.7 4.0 0.69 1.0 0.68 0.78
6 ethylbenzene 120 9.6 7.3 53 6.3 0.060 0.24 0.73 1.9 1.0 0.73 0.49 0.46
7 m-xylene 123 12 8.2 8.6 79 0.053 0.21 0.47 1.6 1.0 0.65 0.63 0.46
8 styrene 132 14 13 16 13 0.052 0.16 0.33 11 1.0 0.84 0.97 0.64
9 n-decane 147 65 9.7 49 8.2 0.019 0.34 1.8 3.0 1.0 0.14 0.067 0.089
10  4-ethyltoluene 149 55 19 21 18 0.020 0.16 0.37 1.2 1.0 0.33 0.34 0.23
11 d-limonene 162 104 22 23 18 0.015 0.18 0.49 1.6 1.0 0.20 0.19 0.12
1,2,4-
12 trimethylbenzene 165 40 27 21 23 0.039 0.13 0.50 13 1.0 0.65 0.47 0.40
14-
13 dichlorobenzene 178 41 43 36 40 0.044 0.098 0.33 0.79 1.0 1.0 0.77 0.68
14 n-undecane 187 252 49 22 37 0.011 0.070 0.17 14 1.0 019 0.077 0.10
15 4-EP 210 61 115 163 296 0.085 0.11 0.18 0.34 0.29 0.53 0.70 1.0
16 n-dodecane 254 759 149 67 100 0.0072 0.060 0.47 0.64 1.0 0.19 0.078 0.093

#Values of senditivity for all vapors from each sensor have been divided by the sensitivity value for benzene. L ooking column-wise shows the range of
sensitivities for each sensor among the 16 test vapors;

® LOD calculated as 3o/sensitivity, where o is the RM S baseline noise (smoothed via binomial 40 point running average with the Grams software; ¢ = 2.7, 6.4,
15, and 36 mV for C8, OPH, HME and CCN, respectively) and the sensitivity is determined on the basis of peak height (rather than peak area). For those vapors
with non-linear calibration curves, LODs were estimated by extrapolation of the (linear) low-concentration range;

“ Normalized response ratios, used to derive the relative response patternsin Figure 3-2, were determined by dividing the peak-area sensitivity of each sensor by
the largest sensitivity value among the sensorsin the array for each vapor.
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Figure 3-1. (a) Schematic of fluidic sub-system and (b) photograph of the prototype
instrument beneath a laptop computer (PCI = preconcentrator/injector).
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Figure 3-2. (@) CR-array chromatogram traces and (b) associated response patterns of a
mixture of two ETS marker compounds and 14 co-contaminants. Numbers correspond to
the compounds listed in Table 3-2. The following temperature programs were used:
Column 1, 28°C for 60s, increase to 160°C at 2.5°C /s, hold; Column 2, 55°C, increase to
60°C at 0.02°C /s, hold. The flow rate was 1.0 mL/min and the sensor array was
maintained at 21.8°C.
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Figure 3-3. Upper trace from the C8-coated sensor shows separation of 4-EP (#29) and
2,5-DMF (#9) from 34 potential interferences in <5 minutes. Numbers correspond to the
compounds listed in Table 3-1. Middle trace is from an FID used in place of the CR array
for analysis of amixture of the same compounds, excluding chloroform (inset provides
enlarged view of the broad peaks for 4-EP and n-dodecane). Lower trace from the C8-
coated sensor was obtained under conditions that accelerated the analysis; the
contributions of 4-EP and n-dodecane to the last peak can be resolved via pattern
recognition of the composite responses from the sensorsin the array (see text).
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Chapter 4

Deter mination of Breath Biomar kers of Lung Cancer

Abstract

Adaptation of the second-generation portable gas chromatograph (GC) prototype
instrument to determination of breath biomarkers of lung cancer is described. Seven
compounds were selected as breath biomarkers based on an extensive literature review.
Conditions were established to separate biomarkers from 30 interferences present in
breath within 200 s. Removal of adsorbed water vapor from prconcentrator/injector (PCI)
was also investigated. Purging with 500 mL dry air was found to effectively remove most
of the water trapped in the PCI, with minimum loss of the marker compounds. Selected
biomarkers were calibrated with the instrument. Projected detection limits ranged from
0.4 ppb (ethylbenzene-C8 sensor) to 0.2 ppm (2-methylpentane-CCN sensor), assuming a
1-L sample volume. Spiked breath samples from healthy human subjects were analyzed.
Retention time and sensor response patters were used for peak identification. A fidelity
test found that the marker compounds could be recognized with 95% confidence with the
response patterns from only C8 and OPH sensors in the array. Measured concentrations

were found to be in the same order of magnitude of the spiked values.
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4.1 Introduction

Worldwide, lung cancer is the most prevalent occupational cancer. Occupational
exposure to avariety of agents (e.g., asbestos, As, Be, Cd, Ni, silica, and diesel exhaust)
occurs across numerous sectors and accounts for an estimated 10% of all lung cancers.
Detection and surgical treatment at an early stage can dramatically increase the 5-year
survival rate.? Breath biomarker analysis has recently been cited as a promising lung
cancer screening method.®

The use of breath as a diagnostic tool has received renewed interest in recent
years as the field of metabolomics gains momentum.*® With advancesin instrumentation,
it appears feasible to explore with greater accuracy than ever before, the correlation
between clinical or pre-clinical disease states and changes in the levels of multiple breath
constituents.*>’ Given the rising costs of health care for an aging population, thereis an
increasing motivation for portable, turn-key analytical systems suitable for conducting
rapid screening-level diagnosticsin ahospital, clinic, or home.

The analytical challenges to using breath biomarkers as a cancer screening
method are not insignificant. Although a chromatogram from the breath of an individual
can contain > 150 VOCs at concentrationsin the part-per-trillion range,®® typically the
breath in healthy individuals contain fewer than 40 VOCs at detectable levels. The study
of breath VOCs as an indicator of lung cancer can be traced back to the mid-1980s.*
Severa breath VOCs have been identified as potential biomarkers of lung cancer in a
number of independent studies. These include aliphatic and aromatic hydrocarbons,
esters, and adehydes,>**** which are products of lipid peroxidation of the
polyunsaturated fatty acids found in cell membranes.™ It is now generally acknowledged
that no single VOC can serve as a unique biomarker, and current approaches to
establishing correlations of breath biomarkers with lung cancer rely on multivariate
statistical models involving groups of VOCs. As aresult, sophisticated instrumentation is
needed. Considered the * gold standard’ for multi-component analyses of volatile (or
volatilizable) analytes, GC with mass spectrometer detector (GC-MS) has been the most
used for investigating breath biomarkers of lung cancer.>**3

However, the GC-MS is complex, expensive, and requires a highly trained
technician to operate and to interpret collected data.® Attempts to use electronic nose
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technol ogies comprising standalone sensor arrays to differentiate lung cancer patients
from healthy controls have been partially successful,**® but have been criticized for their
low sensitivity and inability to identify specific VOCs.® Sensors should be operated in
paralel with other analytical methods if a deeper understanding is required. Micro-
spectrometers are amenable to clinical breath biomarker monitoring. Unfortunately, even
though progress continues toward the development of these devices based on ion-

2.2l infrared absorbance, %%

mobility, and mass analysis,*** it is doubtful that the size,
cost, and/or complexity could be reduced sufficiently to permit widespread use by the
general population in the near future.

Another challenge in breath analysisis the high concentration of water vapor in
breath samples. This problem includes the competition between biomarkers and water
vapor for sites on the preconcentrator adsorbent, possible changesin VOC retention time
on the GC column, and interference with sensor-array responses to early-eluting VOCs
due to co-elution with the water peak. Different approaches have been taken to reduce the
uptake of water in analytical systems. One simple option is to place awater trap, which
contained hygroscopic crystals of calcium sulfate impregnated with a color indicator of
water content (Dry-Rite®), in series with an adsorbent tube,”® but some of the polar
compounds can be lost also. Another simple method is to slightly heat the adsorbent trap
to avoid water condensation during sampling.? However, the heating decreases the
adsorption capacity of VOCs. To avoid the use of carbon molecular sieves which have
high affinity for water vapor in the adsorbent trap is another option.?”*® Unfortunately,
carbon molecular sieves must be used when very high volatile compounds are sampled.
Other adsorbent materials, like Carbotrap X which are graphitized carbons, do not have
enough capacity for vapors more volatile than benzene.?® Purging of the adsorbent with
dry air prior to thermal desorption can remove most of the water from adsorbents such as
X US565% and Carboxen 1000,** and is awidely used method.

This chapter describes the adaptation of the second-generation prototype
instrument to the determination of breath markers of lung cancer among afairly complex
set of interferences in synthetic and spiked breath samples. There are three major focuses.
The first focus entails a critical review of literature on VOCs used as lung cancer

biomarkers, and the required detection limits. Commonly encountered background
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(potentialy interfering) VOCs were identified on the basis of literature reports and by
collecting breath samples from healthy subjects and analyzing them with a GC-MS
method. The second focus involves the adjustments to the hardware, software, and
operating conditions of the instrument. Efforts were made to reject as much water vapor
as possible from the preconcentrated sample prior to injection into the separation stage of
the instrument. Separation conditions were established to resolve biomarkers from water
vapor and potentia interfering VOCs. The instrument was calibrated with the biomarkers
to determine sensitivities and limits of detection (LODs). Finally, the third investigation

was to use the instrument to analyze breath samples spiked with biomarkers.

4.2 Experimental

4.2.1 Instrument Features and Operating Modes

Figure 2-1 shows the layout of the analytical sub-system. A detailed description
of the instrument components and instrument operation was described in the
experimental section of Chapter 2. Briefly the instrument has three major operating
modes. Sampling, Dry-purge, Analysis. In Sampling Mode, air is drawn to the
proconcentrator/injector (PCI) at arate of 83 mL/min by the sampling pump. The PCI
tube was packed, in order, with 8 mg of 40/60-mesh Carbopack B, 2.5 mg of 40/60-mesh
Carbopack X, and 1.8 mg of 45/60-mesh Carboxen 1000 (separated by glass wool),
which have specific surface areas of 100, 250, and 1200 m%g, respectively (Supelco,
Bellefonte, PA).%° After sampling a pre-determined air volume, the sampling pump is
turned off and isolated from the system by an upstream valve. A Dry-purge Modeis
included during which the analysis pump draws ambient air in through a second inlet port
passing it through a scrubber cartridge packed with molecular sieves and charcoal to
remove water vapor and VOCs. The purified air passes through the PCI (at room
temperature) to strip a portion of the water vapor from the adsorbents and to backflush it,
along with any residual contaminantsin the fore line, out through the sample inlet port. In
Analysis Mode, the PCI is heated (via an insulated copper-wire coil) to 300 °Cin < 2 sec
and maintained at this temperature for 90 sec. Ambient air drawn into the system by the
analysis pump is scrubbed, as in Purge Mode, and then directed through the PCI, the two

separation columns, and the detector cell containing the sensor array prior to exiting the
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instrument. Desorbed vapors are thereby injected onto the first of two separation
columns, with the option of splitting off a portion of the desorbed flow stream (by
opening the split-flow control valve) stream for the purposes of sharpening the injection
band.

Each of the CR sensorsin the 4-sensor array is coated with adifferent gold-
thiolate monolayer protected nanoparticle (MPN).3*** MPNs derived from the following
thiols were used in this study: n-octanethiol (C8), 1-mercapto-6-phenoxyhexane (OPH),
7-mercaptoheptanitrile (CCN), methyl 6-mercaptohexanoate (HME).** The structures of
the thiol ates are presented in Figure 2-2 of Chapter 2. Software written in Labview® 7.1
(National Instruments, Austin, TX) is run from alaptop computer and used to control the
instrument and process the sensor output signals through separate 12 bit and 16 bit D/A
data acquisition cards. Sensor output data are imported to Grams 32 (Thermogal actics,
Salem, NH) for peak integration.

4.2.2 Breath Samplesfor the Deter mination of Interferences

Breath samples from five healthy subjects were collected and analyzed on two
different occasions. On one occasion, two breath samples were collected from two
healthy subjects. The subjects fasted at least two hours before the sample collection. Each
sample was obtained following a deep breath, being held for 5 to 10 s and then exhaling
slowly for 5 sto exclude the anatomical deadspace air which was ~150 mL* before
filling apre-cleaned 12-L Tedlar bag (SKC, Inc., Eighty Four, PA). Two duplicates of 4-
L samples were collected to TO-17 adsorbent tubes from the Tedlar bag.*® VOCs present
in ambient air influence the composition and concentration of the exhaled breath.’
Therefore it is necessary to monitor the VOCs in the environment where breath samples
are taken. Indoor air samples were collected by the adsorbent tubes simultaneously when
the breath samples were taken. GC-M S (Model 6890-5973, MS in Scan Mode, Agilent,
Palo Alto, CA) was used to analyze the samples, and the analysis was performed by Prof.
Batterman’s group. The method and performance of the GC-M S system can be found in
Ref 37.
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4.2.3 Sample Stability in Tedlar Bags

Test atmospheres were prepared by injecting liquid samples of the seven
biomarkersinto a 12-L Tedlar bag prefilled with 10 L of clean dry air. The marker
compounds were obtained from Aldrich (Milwaukee, W1) at > 98% purity. Since these
compounds were relatively volatile, their concentrations, ranging from 99 to 291 ppm,
were calculated by assuming complete evaporation. At intervals of 1, 2, 2 and 3 hours
samples of 0.25 mL sample were introduced to the instrument by aflow of clean air via
an extrasix-port valve, preconcentrated by the PCI, thermally desorbed to the columns
for separation, and detected with an flame ionization detector (FID) which was installed
in place of the sensor array. Three replicates were performed for each interval. Since this
investigation involved only short-term storage of samplesin a Tedlar bag, the samples

were held for no more than eight hours.
4.2.4 Water Vapor Removal with Dry-Air Purge

Since some of the biomarkers are very volatile, Carboxen 1000 was necessary for
sample preconcentration. Carboxen 1000 has a high affinity for water vapor.?” High
content of water vapor trapped in the PCI and desorbed to the columns was expected to
cause several problems: 1) decrease in capacity of Carboxen 1000 for target compounds,
2) possible degradation of columns, especially the polar one; and 3) difficulty in
determining early euting peaks due to interference from the large water peak from
sensors. Water vapor in the breath samples trapped by Carboxen 1000 in the PCI can be
partially removed by dry-air purge prior to thermal desorption.®* To test the efficiency of
this method, a 500-mL water-saturated air sample was drawn to the PCI in the system
followed by dry-air purge. The remaining water in the PCI was then thermally
desorbed/injected into the columns, and detected by the CR sensor array, which was
sensitive to water vapor. Water-saturated air was generated by flowing clean air from a
cylinder through a fritted bubbler which contained distilled water into a Tedlar bag. After
the optimal volume of air for dry-purge was determined, a 5-L water-saturated air sample
containing the biomarkers of low concentrations were tested with and without dry-purge.
A sample volume of 5 L was the anticipated value for actual breath samples based on the
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LODs of the sensors. By comparing the peak area from the CR sensors of the biomarkers

obtained from tests with and with without dry-purge the sample |oss was eval uated.
4.2.5 Instrument Calibration

Test atmospheres containing biomarkers were generated in Tedlar bags with
concentrations ranged from 69 to 1180 ppm, depending on the vapor pressures.
Conditions were established for separating the marker compounds in a minimum analysis
time. These biomarkers were divided into two non-coeluting subsets for calibration. The
sampleinlet of the instrument was connected to an external auto-sampler, which was
designed specifically to aid in laboratory testing of the instrument. This auto-sampler
employed alow-dead-volume 6-port valve (Model EH4C6WE, Valco Instruments Co.
Inc., Houston, TX) and a KNF mini-diaphragm pump. This auto-sampler was controlled
by Labview. During sample collection, the 6-port valve was set at the injection position,
and 1 L of scrubbed air was drawn at 83 mL/min. The air was passed through the sample
loop pre-loaded with vapors, and through the PCI where the vapors were trapped on the
adsorbents. The sample loop volume ranged from 10 pL to 2 mL. Effective (mass-
equivalent) vapor concentrations were calculated according to the ratio of injection and
sample volumes. For example, an aliquot of 1 mL from a sample loop containing 100
ppm of vaporsis equivalent to 100 ppb in asample volume of 1 L. The calibrated
equivalent concentrations ranged from 0.7 — 2360 ppb for 1-L sample. There were four
replicates for each challenge concentration.

4.2.6 Analysis of Spiked Breath Samples

Using the procedure described in Section 5.2.2, breath samples from healthy
subjects were collected in 12-L Tedlar bags. Mixtures of seven biomarkers alone, or
seven biomarkers plus 30 interferences of ppm concentration level were prepared in a
separate 12-L Tedlar bag, using the procedure described in the Section 5.2.5. Fifty mL of
this high concentration vapor was spiked to another 12-L Tedlar bag prefilled with 10 L
clean air for dilution. Next, 50 mL of these diluted vapors were spiked into the Tedlar bag
prefilled with breath samples. Spiked breath samples of 5 L were introduced to the

instrument followed a dry-purge, then were analysi zed.
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4.3 Results and Discussion

5.3.1 Breath Biomarkers of Lung Cancer

A number of studies have been carried out in order to investigate the relationship
between lung cancer and certain VOCs from breath. Conclusions from these studies are
not entirely consistent, and the identity of VOCs as biomarkers of lung cancer has not
been clearly established.'® Most of the studies later than 1999 chose marker
compounds based on the 1999 study of Phillips et al.'* Table 4-1 lists the VOCs which
were found to be associated with lung cancer in afew representative studies. From this
table, the inconsistency in selecting biomarkers is obvious, and no single VOC can serve
as the breath biomarker of lung cancer. Instead, a set of VOCs must be used to developed
statistical models for screening purposes.

A recent paper by Poli et. a.** selected compounds mostly based on the Phillips's
study (1999).*? This paper not only identified, but also quantified the selected VOCs.
This has been the most persuasive study on this subject by far. Therefore our study
focuses on biomarkers of lung cancer based on the finding of the Poli paper. By assigning
scores to the compounds based on their concentration difference between non-small cell
lung cancer (NSCLC) patient group and the other three groups, i.e. chronic obstructive
pulmonary disease (COPD) group, smoker group, and control group, compounds were
selected based on the total scores. Scoring rule was: score = 1 when the concentration
found from the NSCLC patient group was significantly different than that found from one
other group; score = 0 when the concentration difference was insignificant. Using this
rule, four compounds are selected: 2-methylpentane, and ethylbenzene, toluene, and
benzene. Considering other studies, four additional endogenous compounds often cited as
biomarker of lung cancer were also included in the investigation. These included

isoprene, 12-13 511

pentane,>™* and ethylpropionate.™® Although several studies have shown that
isoprene, which always exists in breath, was not significantly associated with lung
cancer,™! increased level of this compound can serve as an indicator of some health

effects.”® Therefore, isoprene was also selected in our target list.
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In summary, four endogenous compounds: isoprene, pentane, 2-methyl pentane,
heptane, ethylpropionate, and three smoking-related compounds. benzene, toluene,

ethylbenzene were selected as the breath biomarkers of lung cancer.
4.3.2VOC Profilesfrom Breath Samples of Healthy Subject

The GC-M S analysis found 63 compounds at |east once from the eight breath
samples collected from five healthy subjects, with sample volumes ranging from 2.5 to
5.0 L. Note that the compound identification was based on both of calibration and ion
library search. Among these, 19 compounds were detected at > 50% frequency, only d-
limonene was detected from all the samples. Thirty-five compounds had concentration <
1.0 pg/m3, with highest being 80.6 pg/m? (33.9 ppb) for acetone. From the six indoor air
samples collected simultaneously with the breath samples, with sample volumes ranging
from 2.0to 4.0 L, 48 compounds were detected at |east once. Among these, 28
compounds were detected at > 50% frequency, 12 compounds were detected from all the
samples. The highest concentration was 42.0 pg/m?® (14.2 ppb) for butanone.

Comparing the breath and indoor air VOCs, it was found that the former was
significantly influenced by the latter. Therefore, the indoor air VOCs should be
considered. These criterawere set to determine the interferences. 1) detected at > 50%
frequency in al eight breath samples; 2) detected at > 50% frequency in all six lab air
samples; 3) detected at least once from the breath with retention times within those of 1)
and 2). Based on these criteria, 30 compounds were selected as the interferences in this
project. These compounds are listed in Table 4-2, along with the marker compounds. In
total there are 37 compounds with 6500-fold range in vapor pressures. Six of these 37
compounds were detected once. It should be noted that four of the biomarkers (isoprene,
benzene, toluene, and ethylbenzene) also matched these critera. Concentration ranges
found from the breath and lab air samples are given in this table. Concentrations of the
biomarkers found in breath samples from Ref. 11 are aso listed. The concentrations

found in the literature investigation are higher than those found from our samples.
4.3.3 Sample Stability in Tedlar Bags

Tedlar bags are made of polyvinyl fluoride (PVF), and water vapor can permeate

through the PVF film when there is a concentration gradient between the air inside the
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bag and ambient air.** Studies by Groves et. al. showed that Tedlar bags are suitable for
collecting breath samples due to its water removal capability through permeation and
minimum sample loss.*?

Since sample loss due to storage in the Tedlar bag depends on the types of vapors,
it was necessary to investigate the possible sample loss of the biomarkers. As shown in
Figure 4-1, within eight hours of storage in a Tedlar bag, the peak area (from FID) was
relatively stable. The exception was ethylpropionate, whose peak areaincreased by 23%,
peak area changes of al the others ranged from 4% to 15%. No appearant trend of sample
loss with increasing storage time was found. These results matched the literature that the
storage in Tedlar bags resulted in only small, if any, sample loss for non-polar

compounds.®
4.3.4Water Vapor Removal by Dry-Air Purge

Asshown in Figure 4-2, without dry-air purge the water peaks from a water-
saturated air sample of 0.5 L from all the four sensors were extremely large, especially
from the HME sensor, which was out of the detection range of the circuitry. The baseline
of HME did not recover until 280 s, and it took ~160 s for baselines of the other three
sensors to recover. Another big problem associated with the large water peak was that
early eluting biomarkers, such as isoprene, pentane, 2-methylpentane, benzene would
merge or be lost in the water peak, making it difficult to analyze the peaks of these
compounds.

With a purge volume of 500 mL, most of water was removed from the PCI, with a
removal rate of 87% (average of C8, OPH, and CCN, standard deviation +3.7%), and it
took 42, 60, 128, and 85 sfor the baseline of C8, OPH, HME, CCN, respectively, to
recover. Increasing the purge volumeto 1 L and 5 L did not further increase the water
removal rate.

The potentia loss of VOCs due to dry-purge was investigated. The seven
biomarkers of high concentrations were injected to a 12-L Tedlar bag prefilled with
water-saturated clean air. The final concentrations were in arange of 6-21 ppb for
isoprene, pentane, 2-methylpentane, benzene, heptane, ethyl propionate, toluene, and
ethylbenzene, respectively. Samples of 5 L were analyzed with and without purging with
0.5-L dry air. Chromatograms from these two analyses are shown in Figure 4-3. As seen
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from the figure, without dry-purge, all the peaks of biomarkers were affected by the huge
water peak with HME sensor, seven were affected with CCN sensor, six were affected
with C8 and OPH sensors. It was impossible to obtain the peak information of the early
eluting compounds, especially isoprene, pentane, and 2-methylpentane. Only peaks of
toluene and ethylbenzene could be correctly integrated. By comparing the peak areas
from these two analyses, sample loss of toluene was 17% (average of C8 and OPH, with
a standard deviation of 4.2%) due to dry-purge, and the loss of ethylbenzene was 23%
(average of C8 and OPH, with a standard deviation of 0.6%).

Comparing the chromatograms of a dry sample and a 5-L water-saturated sample
with dry-air purge, as shown in Figure 4-4, no retention time shift was observed
associated with the latter sample and dry-purge. However, band broadening of benzene
was observed. According to the expected vapor distribution on this three-stage adsorbent
PCI,* benzene i's the most volatile compound captured by Carbopack X. With the
presence of high content of water vapor, Carbopack X which has low water affinity can
adsorb some amount of the moisture,* and benzene vapor might be displaced to the
downstream Carboxen 1000 during sampling. During dry-purge which was at the
opposite direction of sampling, part of the benzene vapor trapped on Carboxen 100 might
be swept back to Carbopack X. Each of the factors, i.e. benzene being trapped on and
desorbed from Carboxen 1000, and it being distributed on the two adsorbents, could
cause band broadening of benzene peak. Peak shapes of later eluting compounds which
were mainly captured by Carbopack B were not affected by the presence of water and

dry-purge process.
4.3.5 Instrument Calibration with Biomarkers

The strategy was to separate the marker compounds from each other and from the
interferences while minimizing the analysis time. With thisin mind, since more than half
of the interferences had lower vapor pressures than ethylbenzene which was the least
volatile biomarker, it was possible to increase the column temperature after ethylbenzene
eluted, and accelerate the elution for all of the interferences which elute after
ethylbenzene. A set of conditions were established under which the total separation time
was less than 200s for the 37-component mixture. Isoprene and pentane coeluted. With

the presence of water, these coeluting peaks further coel uted with water. Compared with
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the CR response to water, the responses of these two compounds were very small.
Increasing the concentrations of these compounds during calibration did not have an
impact on the area of the coelutiong peak. Therefore, it was concluded that the instrument
in the current status of development was not able to analyze these two marker
compounds. The other five biomarkers were well separated from each other and from the
interferences. Figure 4-4 shows the CR chromatograms for the 37 compounds from a dry
sample. Note that even with adry sample, water peak was always present in the
chromatograms due to the permeation of water from ambient air into the Tedlar bag.

In the course of this study, two different CR arrays were used, with both having
the same coating, i.e. C8, OPH, HME, and CCN. Thefirst array was broken due to an
accident, and the other array was made and used in the test. With thefirst array,
calibrations were performed with concentrations at 50- or 200-fold ranges, depending on
the sensitivity of a specific compound. There were seven concentration levels, each
having four replicates. For the reason mentioned above, isoprene and pentane were
excluded for the construction of the calibration curves. Responses from all the CR
sensors were generally reproducible (RSD < 10% for four replicates), except the lowest
concentration point at which there was sensor response (RSD ranged from 20-40%). Plots
of peak area versus vapor concentration were generally linear except for two
combinations which were toluene-CCN, and ethylbenzene-OPH, whose R? of calibration
curves were 0.94, and 0.97, respectively. The R? of calibration curves for al the other
vapor-sensor combinations were >0.99.

After the accident, calibration was performed with the second sensor array.
Calibration data reported below were obtained with the second sensor array. Assuming
the good linearity and precision were also obtained with the second array, in order to
reduce timein this study, the calibration was performed with only three concentration
levels, with a 20-fold range. There were four replicates for each concentration level. As
expected, responses were reproducible, with an RSD < 10% for all the concentration
levels. Cdlibrations curves were all linear (R? >0.99).

The sensor response sensitivity generally increases as the vapor pressure of the
analyte decreases, as expected for the sorption-based sensor responses.®** The relative

sensitivities of the marker compounds for the same sensor were listed on Table 4-3.
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Sensitivities of ethylbenzene from C8, OPH, HME, and CCN were 51, 88, 101, and 66
times higher than those of 2-methylpentane, respectively. Also listed on Table 4-3, cross-
sensor sensitivity ratios were obtained by dividing sensitivities (calibration slopes of peak
areavs. concentration) for a given vapor by that for the most sensitive sensor in the array.
These ratios were the relative response patterns of the compounds. Plotted as bar charts,
the response patterns were given in Figure 4-5. Vapors from the same functional group
classes have similar patterns, e.g. benzene, toluene, and ethylbenzene. These response
patterns can be used together with retention times to identify vapors.

Limits of detection (LODs) were determined by multiplying the standard
deviation of baseline for each sensor by afactor of three and then dividing by the slope of
calibration curve constructed by the peak height vs. concentration. LODs of these marker
compounds from this new array were somewhat higher than those from the previous
array. Except for 2-methylpentane, LODs of C8, OPH, and CCN ranged from 0.32t0 5.7
ppb, assuming a 1-L sample. CCN had the highest LODs, due to its highest noise level
and relatively lower response, ranging from 5.5 to 20 ppb (excluding 2-methyl pentane).
LODs of 2-methylpentane were very high, ranging from 10 ppb from C8 to 208 ppb from
CCN. LODsfor the five biomarkers are listed on Table 4-3. With these LODs, relatively
large sample volumes are required. By comparing these LODs and the concentrations
found by Poli et a,™ listed on Table 4-2, if only the most sensitive sensor, i.e. C8, was
used, asample size of 3 L was necessary. If detection by all the sensorsin the array is
required, the sample volume must be increased to 61 L.

4.3.6 Fidelity Test of Sensor Response Patternsfor Vapor

As described in Section 5.3.5, for a specific vapor, responses (sensitivities) from
different sensors in the array were not the same. This was based on the differential vapor-
sensor interaction. A sensor response pattern can be treated as a crude spectrum, and be
used for vapor recognition. As seen in Figure 4-5, response patterns of vapors from the
same chemical classare similar. Fortunately, GC separation of the homologous vaporsis
readily achieved. For vapors completely resolved by GC columns, response patterns add
one more dimension on top of retention time to determine the analytes. Pattern
recognition for a simple coeluting mixture is also possible by determining the

contribution of the components in the mixture to the composite response pattern they
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produce.® In our case, after excluding isoprene and pentane, the remaining five
biomarkers were fully separated from each other, and from the 30 possible interferences.
Therefore our focusis on the pattern recognition for single vapors.

When dealing with an actual field sample, to assign apeak at a certain retention
time or aretention time window, in the case of coelutions, which is defined as the
retention time range covering the specific coeluting peaks, is by comparing the measured
response pattern to the response pattern from the calibration. Since deviation of response
pattern occurs due to the fluctuation in sensor response under different environmental
conditions or by the sensors themselves, one big question to ask is how much deviation
can betolerated, or how much confidence we have in this assignment. To answer this
guestion, i.e. to reliably identify resolved peaks, it is required to place a statistical
threshold on the alowable degree of deviation in response patterns, and a pattern fidelity
test should be performed. Recently a multivariate statistical goodness-of-fit method was
successfully applied to the test of pattern fidelity for vapor recognition with response
patterns from a polymer-coated surface acoustic wave (SAW) sensor array.* Details of
thisfidelity test can be found in Ref. 45. The follow text is the brief description of this
method. “Calibration data are used to define clusters in the 3-dimensional space whose
boundaries are defined by the spread among replicate sensor array response vectors for a
given vapor over the range of calibrated concentrations. The Mahalanobis distanceis
calculated and used to establish a spatial threshold (boundary) for deciding whether
subsequent sample vectors fall within an acceptable distance from the cluster mean to be
considered to have been generated by the vapor corresponding to that cluster. In order to
establish decision rules with known error rates, the F statistic is used, with the degree of
freedom determined by the sample size and number of sensorsin the array. A confidence
level of 95% was selected in al cases.”

In our study, the same fidelity test method was used. First 12 sets of calibration
response patterns (relative sensitivity ratio) for each marker compound were used to
determine the spatial threshold. A fidelity test was performed for each of the data set in
order to examine the reliability of these thresholds. For all the 12 data sets of each
compound tested, there was at most only one data set, which was obtained with the
lowest or highest concentration level for the calibration, that was not within the threshold.
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Therefore the threshold was regarded reliable. Then these thresholds were used for the
fidelity test of measured response patterns from breath samples of healthy subjects spiked
with lung cancer biomarkers, or spiked with both of biomarkers and possible
interferences.

The sample volume of each analysiswas5 L, and a dry-purge using 500-mL of
clean dry air was applied to each sample after the cycle. Five breath samples were spiked
only with the biomarkers, and four with both biomarkers and the 30 interferences. The
spiked concentrations varied from sample to sample. Listed on Table 4-4, spiked
concentrations were estimated ranging from afew ppt to 100 ppb, most of which were
greater than the 5-L LODs (5-L LOD equaled to LOD of 1-L sample divided by 5). The
exact volumes of breath samples collected in the 12-L Tedlar bag were not know, but
estimated to be between 10to 12 L. The spiked concentrations were cal cul ated based on a
volume of 10 L, and for a 12-L volume the concentrations were decreased by 17%. The
concentration ranges were reported on Table 4-4. Thirty-six chromatograms were
generated from the four sensors for the nine samples. Looking at the chromatograms, no
significant peaks outside of the retention time windows of spiked compounds were
observed, indicating that the breath samples were very ‘clean’ or the concentrations of
VOCsin the breath samples were below the 5-L LODs. Besides peaks of isoprene and
pentane, peak of 2-methylpentane was also found to completely overlap with the big
water peak from all sensors even with dry-purge, and was not included in the fidelity test.

Results of fidelity test for the remaining four biomarkers, benzene (BZ),
ethylpropionate (EPRO), toluene (TOL), and ethylbenzene (EBZ) from the nine spiked
breath samples are listed on Table 4-4. Responses from all the four sensors were used to
construct the response pattern of the 4-sensor array, and if peaks were too small, and
integration was not possible, peak area was assigned zero. Fidelity test found that none of
the nine response patterns of benzene from the nine samples were within the 95%
confidence level. Better results were obtained for ethylpropionate, ethylbenzene, and
especially toluene. Seven out of nine patterns of toluene were recognized within 95%
confidence level. It was obvious that water peak interfereed peaks of benzene,
ethylpropionate from HME and CCN, resulting in poor results of fidelity test. The water
peak effect on benzene was the most serious. The benzene peak was much broader from
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samples of high relative humidity (RH), and under dry-purge process, as explained in
Section 5.3.4, but the calibration was performed with dry samples. The detectability of
much broader peaks from HME, and CCN which were |ess sensitive than C8, and OPH
decreased. There were only two measurable peaks of benzene from HME for all the nine
samples. CCN had no measurable peaks at al. As stated before, the response of non-
detectable peak was assigned zero at the pattern. Therefore none of patterns from the 4-
CR array matched the response patterns generated from calibrations at al. If only the
response from C8 and OPH were used to generate response pattern, the fidelity test
showed that 100% of the measured patterns were within the 95% confidence level of the
threshold. Similarly, for the other three biomarkers, low responses from HME and CCN
were due to low concentration and were also the cause of < 100% recognition. If only
responses from C8 and OPH sensors are considered, all the measured patterns were
within the 95% confidence level of the threshold. The results from the fidelity test
indicated that first, detectable responses from all the sensors were required if the fidelity
test was performed with the patterns from the 4-sensor array from calibrations; second, an
array containing only C8 and OPH sensors were adequate for response pattern

recognition for these resolved marker compounds.
4.3.7 Quantification of Biomarkersfrom Spiked Breath Samples

Concentrations of the biomarkers in the spiked breath samples of Section 5.36
were estimated by combining responses from all the sensorsin the array with following
equation:*°

C = (Mi1$1 + 'Z/Iizszz + M2i333:‘ Mi4S4) (2)
(S1+87+S85+3%)

where C; is the concentration of vapor i, M;; is the response of each sensor j, and S; isthe

sensitivity (slope of the calibration curve). If there was no peak or the peak from a
specific sensor was not detectable, the M and Sof this sensor was not included in the
equation. This calculated concentration was then corrected by the sample loss due to dry-
purge (Section 4.3.4), which was 23% and 17% for ethylbenzene and toluene,
respectively. Since the sample loss for benzene and ethyl propionate was not able to
obtained, an arbitrary value 17% was chosen. Quantification results were not satisfactory,

with most of measure concentrations being lower than the spiked concentration, and with
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most of the measurement errors being greater than 20% (Table 4-4). The negative biasin
most of the measured concentrations was possibly due to the difference in procedures of
calibration and analysis of spiked breath sample. First, the calibration was performed
with high concentrations, i.e. ppm level and small sampleinjection (< 1 mL). While the
analysis of spiked breath samples were performed at low concentrations, i.e. ppb levels,
and large sample volumes (5 L). The adsorption efficiency of the PCI might be lower for
the very diluted breath samples than the samples of high concentrations for calibration.
Second, the investigation of possible sample loss due to storage in Tedlar bag was
performed with dry samples of high concentrations (ppm levels), and no sample loss was
found due to storage within the 8-hour period. Sample loss for the spiked breath samples
at very low concentrations and high humidity condition might occur.

4.4 Conclusions

This study has explored the application of the second-generation instrument to the
determinations of breath biomarkers of lung cancer. Several challenges were encountered
in this project and were overcome. The first challenge was the selection of the breath
biomarkers of lung cancer. Seven compounds were selective based on literature review.
The second issue was associated with the high water content present in breath sample.
Without any water rejection method, it was impossible to detect most of the marker
compounds. The mgjority of water vapor adsorbed in the PCI was removed by dry-air
purge, with minimum sample loss of the biomarkers. The third challenge was to separate
the biomarkers from interferences in the breath samples. Good resol ution was obtained
for the biomarkers among possible interferences. Less than 200 seconds were required for
the separation of a 37-compound mixture. Analysis of breath samples from healthy
subjects spiked with biomarkers and possible interferences provided an estimation of how
accurate the determinations of biomarkers with actual breath samples could be. A fidelity
test showed that response patterns from only C8 and OPH in the array could be used with
the retention times (windows) to identify the marker compounds successfully.
Concentrations measured by the responses from the sensor array were in the same order
of magnitude of the spike concentraions, although negative bias was found for most of

the samples.
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Two significant issues have not been resolved with this study. First, although
most of the water was removed by dry-purge, the remaining water peaks from all four
sensors, especially HME, were still relatively large. This directly resulted in the difficulty
to determine three of the seven biomarkers, isoprene, pentane, and 2-methyl pentane
which coeluted with water. It is necessary to investigate another method to remove the
water vapor completely from the sample before it isintroduced to the system.
Alternatively, avoiding MPNs with polar functionality can help to reduce the water peak
problem. Secondly, although prevaent concentrations of biomarkers are unknown, it is
expected that they would be low. Because of thislow concentration, it is necessary to
improve the LODs of this system in order to collect sample relatively small volumes.
Benefits from small sample volumes include reducing the burden of water removal, and
the sampling time, which reduces the total anaysistime.
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Table 4-1. VOCs selected as marker compounds from literature.

Marker VOCs from breath for lung Cancer from literature

Phillips et al., Deng etal.,
# O'neill etal., 198813  Phillips etal., 199912 20035 200438 Poli et al., 2005"
1,2,4-
1 acetone 3-methylnonane 4-methyloctane hexanal trimethylbenzene
1,2,4- 2,2,4,6,6-
2 methyl isobutenoate  trimethylbenzene butane heptanal pentamethylheptane
3 acetophenone 1,4-dimethylbenzene  2-methylhexane 2-methylpentane
alkyl benzene
4  (C9H12) 1-heptene 3-methylhexane benzene
alkyl benzene
5  (C9H12) 1-hexene 3-methyltridecane decane
1-methyl-2-
6  benzaldehyde pentylcyclopropane 5-methyldecane ethylbenzene
7 benzene methylethenylbenzene  7-methyltridecane heptane
2,2,4,6,6-
8  butanone pentamethylheptane heptane isoprene
9  dichlorobenzene 2,4-dimethylheptane pentane octane
10  dichloromethane 2-methylheptane pentane
11 ethylbenzene 3-methyloctane styrene
12 ethylpropanoate benzene toluene
13 hexane cyclohexane xylenes
14 isoprene decane
15  methyl naphthalene  hepatanal
16 methylethylbenzene  hexanal
17 methylpentane isoprene
18  naphthalene methylcyclopentane
19  nonanal propylbenzene
styrene
20  phenol (ethylbenzene)
21 propenal trichlorofuoromethane
22 styrene undecane
23  tetrachloroethylene
24 toluene
25 trichloroethane
26 trichlorofluomethane
27 trimethylbenzene
28  trimethylheptane
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Table 4-2. Breath biomarkers and interferences.

highest conc. (ppb)e

highest conc. (ppb)

P,
#  compound RT/s? (torr)>  breathc indoord lite #  compound RT/s P, (torr) breath indoor
1  isoprene 29 551 13 nd 147 20  p-xylene,m-xylene 145 8.29 0.014 0.028
2  pentane 31 514 nd nd 16 21 o-xylene 150 6.61 0.053 0.062
3 2-methylpentane 37 211 nd nd 3.4 22 styrene 150 6.4 0.014 0.028
4  acetone 41 231 34 0.0084 23 3-heptanone 150 2.6 0.34 nd
5  ethylacetate 44 93.7 0.90 nd 24 n-nonane 150 4.45 0.21 0.074
6 butanone 45 95.3 0.91 14 25 a-pinene 163 4.75 0.59 0.022
7 tetrahydrofuran 47 162 0.73 1 26 n-propyl benzene 165 3.42 0.024 0.010
8 benzene 53 95.2 0.27 0.38 2.3 27  4-ethyl toluene 168 3 0.077 0.041
9 trichloroethylene 63 69 0.13 0.061 28  1,3,5-trimethylbenzene 170 2.48 0.016 0.014
10 n-heptane 70 46 0.54 0.12 29  2-ethyl toluene 173 2.61 0.018 0.016
11 ethylpropanoate 71 35.8 nd nd 30 1,2,4-trimethylbenzene 179 2.1 0.051 0.049
12 toluene 91 284 0.31 0.50 3.9 31 n-decane 179 1.43 0.15 0.034
13 hexanal 106 113 0.29 0.46 32  d-limonene 180 1.98 4.8 0.108
14 1-octene 10 174 0.48 nd 33  p-isopropyltoluene 180 1.46 0.23 0.0018
15 tetrachloroethene 116  18.6 0.027 0.016 34 1,23-trimethyl benzene 183 1.69 0.018 0.016
16 n-octane 167 141 0.20 0.12 35 benzaldehyde 185 0.127 0.45 0.31
17 nonanal 118  0.37 0.66 0.60 36 n-dodecane 191 0.136 0.085 0.033
18 chlorobenzene 134 12 0.054  0.0087 37  naphthalene 198 0.085 0.015 0.015
19 ethylbenzene 142 9.6 0.046 0.064 06

2 Retention times from correspond to those from Figure 4-3; ° vapor pressure at 25 °C from Ref.47; © highest concentration from breath
samples detected with GC-MS; ¢ highest concentration from indoor air samples detected with GC-MS; © Median concentration found
from patients of lung cancer from Ref. 11; nd = not detected; compounds in bold fonts are selected as biomarkers of lung cancer.
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Table 4-3. Calibration data summary of five biomarkers shown in Figure 4-5.

Within-sensor relative Normalized response
LOD (ppb)2 sensitivity? patternc
# RTls Vapor (abbreviation) C8 OPH HME CCN C8 OPH HME CCN C8 OPH HME CCN
3 25 2-methylpentane (2MPEN) 10 28 84 208 1.0 1.0 1.0 1.0 1.0 055 045 027
8 35 benzene (BEN) 16 23 57 20 6.1 10 13 13 1.0 090 09 057
11 47  ethyl propionate (EPRO) 1.0 1.1 29 10 8 17 22 20 081 094 10 055
12 60 toluene (TOL) 058 084 23 99 21 33 39 25 10 086 085 033
19 100 ethylbenzene (ETB) 032 044 13 55 51 88 101 66 10 094 090 0.35

4 LOD calculated as 3o/sensitivity, where ¢ isthe RM S baseline noise (smoothed via binomial 40 point running average with the
Grams software; o = 2.4, 2.8, 8.4, and 14 mV for C8, OPH, HME and CCN, respectively) and the sensitivity is determined on the
basis of peak height (rather than peak areq).

®Values of sensitivity for all vapors from each sensor have been divided by the sensitivity value for 2-methylpentane. Looking column-wise
shows the range of sensitivities for each sensor among the five biomarkers.

“Normalized response ratios, used to derive the relative response patternsin Figure 4-5, were determined by dividing the peak-area sensitivity of
each sensor by the largest sensitivity value among the sensorsin the array for each vapor.
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Table 4-4. Response pattern recognition and concentrations of spiked breath samples.

4-CR array
Pattern kept at 95% confidence

2-CR array®
Pattern kept at 95% confidence

Breath Spiked conc. (ppb)® Measurement error (%)° level? level?
samplea BZ EPRO TOL EBZ BZ EPRO TOL EBZ BZ EPRO TOL EBZ BZ EPRO TOL EBZ
S1 1" 8.8 3.8 3.3 6.9 19 54 4  no yes yes yes yes yes yes yes
S2 1" 8.8 3.8 3.3 -47 -36 A7 22 no no yes yes yes yes yes yes
S3 1" 8.8 3.8 3.3 -26 -13 12 92 no no yes yes yes yes yes yes
S4 1" 8.8 3.8 3.3 -34 -37 35 80 no yes no yes yes yes yes yes
S5 84 83 34 4.1 -7 -73 65 59 no no yes yes yes yes yes yes
S6 0.8 0.83 0.33 0.05 -100 6.7 322 281 no no no no yes yes yes yes
S7 4.1 4.2 1.6 0.25 -78 -42 17 38 no no yes no yes yes yes yes
S8 4.1 4.2 1.6 0.25 -51 -57 32 21 no no yes no yes yes yes yes
S9 84 83 34 4.1 -89 -73 63 56 no no yes no yes yes yes yes
Countof "yes" 0 2 7 5 9 9 9 9
Percentage for "yes" 0% 22% 78%  56%  100%  100%  100%  100%

& Samples S1-S5 only spiked with biomarkers; Samples S6-S9 spiked with both biomarkers and 30 interferences; Except ethylbenzene (EBZ) in

samples S6-S8, spiked concentrations are > LODs (for 5-L sample) from all sensors.

® Approximated spiked concentrations, see Table 4-2 for compound names.
¢ Measurement error (%) = (measured conc. — spiked conc.) x 100/spiked conc.
¢ Responses from C8 and OPH sensorsin the array were used for fidelity tests.
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Figure 4-1. Stability of marker compounds stored in a Tedlar bag within eight hours.
Samples were detected with FID which replaced the sensor array in the instrument.
Compounds: 1. isoprene, 2. pentane, 3. 2-methylpentane, 4. benzene, 5. ethyl propionate,
6. toluene, 7. ethylbenzene.
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Figure 4-2. Sensor responses to water vapor after sampling 0.5 mL of water-saturated air
followed by dry-air purge at different volumes, thermal desorption, and e ution from the

columns. Sensors: (a) C8; (b) OPH; (C) HME, (d) CCN; Dry air volume: (1) without dry
purge; (2)05L;(3)1L; (4 5L.
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without dry-air purge; solid lines: with dry-air purge; compounds and concentration: 1. pentane, 16 ppb; 2. isoprene, 15 ppb; 3. 2-
methylpentane, 8.3 ppb; 4. benzene, 21 ppb; 5. ethylpropionate, 16 ppb; 6. toluene, 6.9 ppb; 7. ethylbenzene, 6.0 ppb, heptane, 12 ppb
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Figure 4-4. Sensor responses to dry sample (dash line) and 5-L water-saturated sample
with dry-purge. Compounds: 1. isoprene, 2. pentane, 3. 2-methylpentane, 4. benzene, 5.
ethylpropionate, 6. toluene, 7. ethylbenzene.
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Figure 4-5. CR-array chromatographic traces and response patterns of 5 marker
compounds (bar charts on top of the figure). Compound numbers on the bar charts and
chromatograms correspond to those on Table 4-3.
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Chapter 5

Conclusions

Animproved portable gas chromatograph (GC) with several novel design features
has been developed and characterized. The work described in this dissertation builds
upon previous work by students in the Zellers Group without which the advances
incorporated into the current prototype would not have been possible. The key analytical
components of this portable GC are a mini multi-adsorbent preconcentrator/injector
(PCI), two series-coupled 4.5-m low-thermal-mass separation columns capabl e of
independent temperature programming and junction-point pressure tuning, and a detector
consisting of an integrated array of four chemiresistor (CR) sensors coated with Au-
thiolate monolayer-protected nanoparticles (MPN). Scrubbed ambient air is used as the
carrier gas. The CR array replaced an array of polymer-coated SAW sensors used in the
first-generation prototype and has afforded much lower detection limits. Other important
maodifications made to the instrument and explored in this research are an inlet particle
filter, (optional) adsorbent pre-trap for removing gas-phase compounds with very low
vapor pressures, carrier gas, split-flow injection, active sensor temperature control by a
thermoel ectric cooler, an on-board calibration-vapor generator, a LabVIEW program for
instrument control and operation, and a wireless communication module for remote
operation of the instrument.

For al the applications of interest, l[imits of detection (LODS) in the low- or sub-
parts-per-hillion are needed. The on-board PCI is capable of quantitatively capturing and
concentrating volatile and semi-volatile organic compounds (VOCs and SVOCs) from
large-volume air samples and desorbing them into a smaller injection volume, making it
possible to achieve the low LODs required. Use of multiple adsorbents with different
specific surface areas permits the efficient capture and desorption of (S)VOCs spanning

awiderange of volatility and functionality. The small size of the PCI coupled with the
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option to increase the desorption flow rate via a split-flow injection option, minimizes
band broadening of the injection plug which, in turn enhances chromatographic
efficiency. The tradeoff of enhanced chromatographic resolution versus | oss of
sensitivity was characterized and it was found that for most VOCs theincreasein
resolution could be attributed entirely to the reduction in the size of chromatographic
peaks due to the reduced injection mass, whereas for SV OCs there was a fractional
improvement attributable to peak sharpening from the split-flow injection.

The use of columns with different stationary phases permits separation of
compounds that are both polar and non-polar, which would not be separated as well on a
column of similar length having only asingle polarity. Stop-flow “tuning” of retention
via control of the pressure at the midpoint between the two columns was used to
advantage for the separation of pairs of compounds that would otherwise co-elute.
Independent temperature programming of each column was aso used to enhance and
accelerate separations. Generally speaking, the independent and fast column temperature
programming feature is much more powerful than the pressure tuning feature of the
separation module. However, both features are important for separating complex
(S)VOC mixtures and making best use of the capability of the CR-array detector to
discriminate among certain compounds via pattern recognition of array response patterns,
as shown in Chapters 2, 3, and 4.

The use of amicrofabricated CR array as the detector in afield portable
instrument has many advantages. simple design and support circuitry, no need for support
gases, small size and weight, low power consumption, and the generation of response
patterns that can be used for vapor recognition. In both the first- and second-generation
prototypes, the MPN-coated CR sensors exhibited higher sensitivity and lower LODs
than the polymer-coated SAW sensors used originaly in the first-generation prototype.
For the mgjority of the (S)VOCs analyzed, LODs in the parts-per-trillion concentration
could be achieved with modest sample volumes of one liter or less. Response patterns
from the CR array can be used together with retention times for identifying eluting
compounds. Indeed, the combination of array response patterns and retention timeis
extremely useful for multi-vapor analysis. For fully resolved peaks, response patterns

add one more dimension on top of retention times for vapor identifications. Response
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pattern recognition allows for certain co-€lutions because the components giving rise to
the composite response pattern can be determined by the pattern recognition algorithms.

Band broadening, particularly for less volatile compounds, occurs with the sensor
array because of adsorption on the walls of the unheated detector cell and interconnecting
capillary between the detector and the column outlet. This shortcoming can be addressed
by operating the sensor array at elevated temperature, though at a cost of decreased
sensitivity. Sensor sensitivity is also influenced by the flow rate through the detector cell.
The investigation of flow rate effects on sensor response in a GC system performed here
provides a detailed assessment of thisimportant operating variable. A combination of
effects was identified and the implications on the performance of the instrument were
characterized.

There are some disadvantages of using this new type of MPN-coated CR sensor
array asthe detector. Of greatest concern is the instability of sensor responses and shifts
in baseline resistance val ues that occur over the course a one or two weeks. This
demands re-calibration to re-establish the pattern recognition library and also changesin
the reference resistors that are used in the signal processing circuitry. Further exploration
of the causes of these changes in sensor performance is warranted in order to improve the
longer term stability.

The advantages of using ambient air as the carrier gas are the increased portability
and reduced maintenance scheduling compared to systems that use onboard carrier gas
tanks. Drawbacks associating with using air as the carrier gas include the passing of
residual water vapor through the system, the need to limit the operating temperature of
the columns to < 180 °C, and lower optimal flow rates (compared to, say, He or H, carrier
gases).

The user-defined and user-friendly LabVIEW program for instrument control and
operation developed in this research runs on alaptop computer and has many advantages
over the built-in microprocontroller used in the first-generation prototype. There is more
flexibility in setting the operation commends with individual components and greater
stability of fluidic and thermal conditions. In fact, the most significant problem with the

first-generation prototype was the retention time shift associated with the on-board
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microcontroller whose reference voltages, used for carrier pressure and column controls,
decreased when the chassis temperature increased.

The capabilities of this prototype greatly exceed those of the first-generation
prototype and rival those of portable GC-MS instruments. Compared with the first-
generation prototype, the new design enhancements incorporated into the second-
generation prototype have improved the reliability, sensitivity, resolution, flexibility, and
convenience. However, there are still some shortcomings to address. One of the primary
remaining issues relates to the analysis of low-vapor-pressure compounds. Desoprtion
efficiencies tend to be low for these compounds and the calibration curves are invariably
non-linear due, apparently, to wall adsorption on unheated surfaces in the flow path.
Although cold spots in this instrument have been minimized, there are two locations
where they remain: between the PCI and the first column and between the end of the
second column and detector cell. Although theinlet could be heated, the presence of the
(stainless stedl) tee fitting makes it difficult to heat and cool rapidly at low power. The
capillary between end of the column and the sensor array cannot be heated too much
because it would result in areduction in sensitivity in the concentration-dependent
sensorsin the array.

Despite these shortcomings, the capability of the second generation prototype to
address severa practical monitoring problems has been demonstrated. First, it was
adapted to determine two airborne markers of environmental tobacco smoke (ETS)
among complex interferences (Chapter 3). As part of this effort, an adsorbent pre-trap
was successfully installed to remove unwanted SV OCs from the sample stream. The two
ETS markers were successfully separated from the 34 most prominent co-contaminants
present in ETS and the calculated LODs are sufficiently low to determine these markers
in typical smoking-permitted environments.

In a second project exploring potential applications of the prototype, it was
adapted to determine seven breath biomarkers of lung cancer (Chapter 4). A key
challenge in this application is removing water vapor from the sample stream. Although
most of the water can removed by dry-air purge, the responses to water vapor from all
four sensors, but especialy the sensors with the more polar interface layers, are still

relatively large. Thisimpedes the determinations of early-eluting target compounds. Itis
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necessary to investigate a more effective method to remove the water vapor from the
sample or to use MPNS with nonpolar functionality. Secondly, further reductionsin
LODs for the more volatile compounds are needed. Collecting an air sample of larger
volumeis possible, but, in addition to requiring longer sampling time, larger air sample
volume results in amore serious water problem as mentioned above. In spite of these
issues, instrument operating conditions were established to separate the seven biomarkers
from each other and from 30 common endogenous and exogenous (S)VOC interferences
in under three minutes. Breath samples spiked with the biomarkers and interferences
were successfully analyzed.

To our knowledge thisis thefirst reported application of a portable GC to these
types of investigations. With additional work aimed at solving some of the remaining
challenges, instruments employing the technol ogies and approaches embodied in this
prototype GC should find wide application in many areas of environmental health science,
and should have significant positive impacts on assessing exposures to harmful (S)VOCs
in occupational, residential, and outdoor environments, as well asin monitoring the
health status of workers and the general population.
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Appendices

Appendix 1. Calibration Data with the 1¥-Generation I nstrument (Chapter 1)

Calibration curves (CR sensors. square = C8, circle = OPH, triangle = CCN)
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Vapor Aabbreviation Vapor Aabbreviation

toluene TOL 1,2,4-trimethyl benzene  124TMBZ
perchloroethylene PCE 4-ethyl toluene 4ETOL
ethyl benzene EBZ 2-ethyl toluene 2ETOL
o-Xylene o-XYL 1,2,3-trimethyl benzene ~ 123TMBZ
m-xylene M-XYL n-decane DEC
styrene STY d-limonene LIM
isopropyl benzene iso-PBZ n-undecane UNDEC
n-nonane NONA dodecane DODEC
propyl benzene PBZ n-tridecane TRIDEC
1,3,5-trimethyl benzene  135TMBZ tetradecane TETRADEC
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Appendix 2. Calibration Data with the 2"-Generation Instrument (Chapter 2)

Calibration Curves (Peak Areavs. Conc.)
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Appendix 3. Literature Review of the Deter minations of 3-EP and VPN of ETS
(Chapter 3)
1. Concentrations

3-EP of area samples

Concentration Range (Hg/m°)

Ref. Environment N Mean SD  Median Min. Max.
Smoking Offices

Cubicles and offices in unrestricted smoking

1 officebuilding, USA (8-h TWA) 72 112 NA 0.91 NA NA

Smoking Homes
2 Smoking homesin UK 32 0.8 14 0.3 ND 5.9
Smoking Restaur ants, etc.

3 Smoking section of arestaurant, Canada 8 1.7 2.7 NA NA NA
Bar areain unrestricted smoking restaurant

4 and tavern, USA 53 3.48 3.85 1.16 0.00 16.1
Non-bar areain unrestricted smoking 8.83

4 restaurant and tavern, USA 32 1.44 213 0.580 0
Smoking-permitted medium-priced restaurant

5 in France 15 3.08 2.20 2.40 0.00 7.80
Smoking-permitted medium-priced restaurant

5 in Japan 16 2.67 154 3.06 044 486
Smoking-permitted medium-priced restaurant

5 inKorea a7 1.66 0.85 0.10 180 350
Smoking-permitted medium-priced restaurant

5 in Switzerland 35 254 257 159 0.16 105
Smoking-permitted medium-priced restaurant

5 inUK 18 2.73 1.36 257 071 6.38
Smoking-permitted medium-priced restaurant
in USA 20 1.27 1.22 0.87 011 372
Smoking permitted disco, nightclub in Finland 43 6.3 11 NA 0.30 37
Smoking permitted pub in Finland 12 16 0.3 NA 0.28 3.0
Smoking permitted dining restaurant in

6  Finland 28 14 0.5 NA 0.30 6.0

Nonsmoking Eenvironments
3 Nonsmoking section of arestaurant, Canada 12 0.23 0.28 0.18 NA NA
2 Nonsmoking homein UK 32 ND ND ND ND ND

NA = not abailable; ND = Not detected.
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3-EP of persona exposure samples

Concentration Range (ug/m°)

Ref. Environment N Mean SD Median Min. Max.
Unrestricted smoking office building,
1 USA (8-hTWA) 72 0.85 NA 0.80 NA NA
Smoking and nonsmoking (not specified) <M
9  Korean home 120 0.04 004 <MDL DL 0.22
Bartender in unrestricted smoking
4 restaurant and tavern, USA 80 331 412 117 0 23.6
Wait staff in unrestricted smoking
4 restaurant and tavern, USA 83 173 284 059 0.00 149
Smoking away-from work and smoking
work environment in 16 cities, USA (24-h
9 TWA) 122 129 NA 0839 NA NA
Smoking away-from work and
nonsmoking work environment in 16
9 cities, USA (24-h TWA) 149 0708 NA 0448 NA NA
Nonsmoking away-from work and
smoking work environment in 16 cities,
9 USA (24-hTWA) 154 0305 NA 0131 NA NA
Smoking away-from work and smoking
work environment in 16 cities, USA (24-h
9 TWA) 154 0049 NA 0022 NA NA
Smoking environment in Germany,
10  weekday winter (24-h TWA) 48 093 NA 0.63 NA NA
Smoking environment in Germany,
10  weekend winter (24-h TWA) 48 087 NA 0.53 NA NA
Smoking environment in Germany,
10 weekday summer (24-h TWA) 44 054 NA 0.29 NA NA
Smoking environment in Germany,
10 weekend summer (24-h TWA) 40 034 NA 0.11 NA NA
Nonsmoking environment in Germany,
10  weekday winter (24-h TWA) 50 021 NA 0.09 NA NA
Nonsmoking environment in Germany,
10  weekend winter (24-h TWA) 53 013 NA 0.03 NA NA
Nonsmoking environment in Germany,
10 weekday summer (24-h TWA) 43 012 NA 0.06 NA NA
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Nonsmoking environment in Germany,

10 weekend summer (24-h TWA) 41 0.07 NA 0.03 NA NA
Smoking household in Switzerland (24 h
11 TWA) 26 039 NA 0.28 NA NA
Nonsmoking household in Switzerland
11 (24-hTWA) 56 0.11 NA 0.04 NA NA
Smoking household and smoking
11  workplace in Switzerland (24-h TWA) 23 0.70 NA 0.42 NA NA
Smoking household and nonsmoking
11 workplace in Switzerland (24-h TWA) 13 034 NA 0.12 NA NA
Nonsmoking household and smoking
11  workplacein Switzerland (24-h TWA) 42 026 NA 0.16 NA NA
Nonsmoking household and nonsmoking
11 workplace in Switzerland (24-h TWA) 27 013 NA 0.09 NA NA
MDL =method detection limit.
VPN of area samples
Concentration Range (ug/m?®)
Ref. Environment N M ean SD  Median Min. Max.
Smoking Offices
Cubicles and officesin unrestricted
1  smoking office building, USA (8-h TWA) 72 299 NA 1.83 NA NA
Smoking Restaurants, etc.
Smoking section of arestaurant, Canada 8 122 193 NA NA NA
Smoking section of arestaurant, Canada 12 044 0.76 0.00 NA NA
Bar areain unrestricted smoking
4 restaurant and tavern, USA 53 144 169 580 000 613
Non-bar area in unrestricted smoking
4 restaurant and tavern, USA 32 601 119 0.818 0 49.3
Smoking-permitted medium-priced
5  restaurant in France 15 303 211 24.1 000 716
Smoking-permitted medium-priced
5  restaurant in Japan 16 11.7 535 111 337 224
Smoking-permitted medium-priced
restaurant in Korea 47 572 413 395 160 188
Smoking-permitted medium-priced 32 781 107 3.98 0.08 39.6
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restaurant in Switzerland

Smoking-permitted medium-priced

5  restaurantin UK 20 978 692 101 080 276
Smoking-permitted medium-priced
5  restaurantin USA 18 303 336 152 004 943
Smoking permitted disco, nightclub in
Finland 43 422 63 NA 20 183
6  Smoking permitted pub in Finland 12 8.2 20 NA 1.0 25
Smoking permitted dining restaurant in
6 Finland 28 7.0 23 NA 040 46
7 Smoking billiard hall USA NA 259 NA NA 132 376
7  Smoking casinoin USA NA 118 NA NA 82 186
7  Smoking gourmet restaurant in USA NA 31 NA NA 13 4.7
7  Smoking theme restaurant in USA NA 45 NA NA 16 7.1

Nonsmoking Environments
7  Nonsmoking gourmet restaurant in USA NA 11 NA NA 0.1 16
7  Nonsmoking theme restaurant in USA NA 0.5 NA NA 0.1 12

VPN of personal exposure samples

Concentration Range (ug/m°)
Ref. Environment N M ean SD  Median Min. Max.

Unrestricted smoking office building,

1 USA (8-hTWA) 72 1.56 1.24
Smoking and nonsmoking (not specified) <M

8  Korean home 120 0.12 016 0.07 DL 082
Bartender in unrestricted smoking 0.00

4 restaurant and tavern, USA 80 141 209 4.45 0 116
Wait staff in unrestricted smoking

4 restaurant and tavern, USA 83 583 119 1.16 0.00 679

Smoking away-from work and smoking
work environment in 16 cities, USA (24-h

9 TWA) 122 327 NA 1.72 NA NA
Smoking away-from work and
nonsmoking work environment in 16
cities, USA (24-h TWA) 149 140 NA 0711 NA NA
Nonsmoking away-from work and 154 0686 NA 0161 NA NA
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2. Corrélations of different markers

3-EP and nicotine concentrations were well correlated.*®#"® At lower smoke
level, nicotine to 3-EP trends to be lower.> In one correlation analysis, 3-EP
concentrations were | ess than half of those of nicotine.™*

And also concentrations of the trace markers of ETS measured by area samples
and personal exposure samples are in good agreement.*

3-EP has several advantages over nicotine when it is used an ETS marker, such as
(1) Its concentration correlates better with ETS particle concentrations™ and other gas-

phase ETS components;***°

(2) It only exists in gas phase, while nicotine exists in both
gas and particle phases;® (3) Nearly first-order kinetics can be applied to its decay;’ (3)
Its concentration increases linearly with the number of cigarettes smoked.™®
3. Sampling methods

XAD-4 resin cartridge (SKC, Inc) is popularly for nicotine and 3-EP sampling.**
>71L19 \With this method, sample is extracted with ethyl acetate which contains guinoline
as internal standard and trimethylamine (TEA) to prevent adherence of the compounds.
Other methods include using SS tubes packed with a single adsorbent, such as Tenax-TA
35/60 mesh,® or multi-adsorbent, such as Tenax-TA followed by Carbosieve S-111 60/80
mesh,?’ 300 mg of Tenax GR 60/80 mesh followed by 600 mg of Carbotrap 20/40 mesh,?
160 mg of Tenax TA 60/80 mesh followed by 160 mg of Carbotrap 20/40 mesh.
Thermal desorption is used if the vapors are collected with these adsorbent tubes. TEA
was added to help the desorption.?? 3M organic vapor samplers were used with a passive
sampling method.?®
4. Analysis methods

GC is used for separation. Detectors include nitrogen-selected detector,
NPDlZ and MS.2’6’19_21’23

5. Commercial availability of compounds

1,3-5,8-11

Nicotine is commercially available, while 3-EP is not. Instead of using 3-EP for
calibration, 4-EPis use 22123
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Appendix 4. Calibration Data of 16 Compoundsin Chapter 3
(diamond: C8, square:OPH, triangle: HME, open circle: CCN)
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Appendix 5. Calibration Curves of Biomarkersof Lung Cancer in Chapter 4
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