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ABSTRACT
NOVEL MICRODEVICES TO ANALYZE TOXIC VOLATILE ORGANIC
COMPOUNDS

Sujoy Halder

April 12, 2023

There has been a growing interest to measure volatile organic compounds (VOCs)
in a range of environmental applications. The presence of toxic VOCs in the air has been
associated with serious health problems including asthma, central nervous system
dysfunction, cardiovascular disease and cancer, etc. Different analytical instruments such
as gas chromatography-mass spectrometry (GC-MS) and sensor systems, such as metal
oxide sensors are used to analyze VOCs. However, challenges still exist in the detection of
airborne VOCs because of their trace concentration and interference with complex gas

mixtures.

In this dissertation, two microfabricated devices, a sensor array and a
micropreconcentrator were investigated for both detection and quantitative analysis of
toxic VOCs in environmental air. First, the microfabricated sensor-array has been
developed for the simultaneous testing of multiple sensors. Alkali metal carboxylate-linked
gold monolayer protected clusters (Au MPCs) have been investigated to selectively sense
aromatic and chlorinated VOCs. Cation—= interaction towards the electron-rich aromatic

region and electron-deficient cations such as Li*, Na* and K* was explored to develop a

Vi



sensor for aromatic compounds. Furthermore, Cs*-linked Au MPCs were utilized to
develop a sensor for trichloroethylene because of Cs™ and Cl coordination. The nature of
the interaction of these sensors with humidity led us to design and use a preconcentrator to
trap the analyte of interest and to thermally desorb the captured compounds for producing

moisture-free concentrated target VOC samples.

Next, a microfabricated micropreconcentrator (uPC) was developed to enable the
detection of trace target VOCs by the sensor array and eliminate moisture interference.
Carboxen 1000 adsorbent was loaded inside the puPC to capture benzene, toluene,
ethylbenzene and xylene (BTEX) and trichloroethylene. The performance of the uPC has
been characterized and integrated with solid-phase micro-extraction (SPME) to improve
signals for GC-MS analysis. Furthermore, a novel dual-compartment pPC has been
developed to capture a wide range of VOCs. This microdevice contains two different
sorbents — Carbopack X for trapping aromatic VOCs and silica gel coated with O-2,3,4,5,6-
pentaflurobenzyl hydroxylamine (PFBHA) for capturing carbonyls via oximation. The
captured compounds were eluted with dichloromethane and analyzed by GC-MS. About

90% of recoveries have been achieved for BTEX, formaldehyde, acetaldehyde and acetone.

Finally, this microdevice was used for detecting BTEX and carbonyls at different
locations in Louisville, KY. The combination of this dual-compartment pPC with our
developed sensor-array could satisfy the demand for a portable system in the application

of air quality monitoring and disease diagnostics from exhaled breath.

Vii
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CHAPTER |

INTRODUCTION

1.1 Volatile Organic Compounds

Volatile organic compounds (VOCs) are referred to as chemicals that produce
vapors easily by evaporation from certain solids or liquids at ambient temperature [1].
VOCs are ubiquitous and present in indoor and outdoor air, human exhaled breath, e-
cigarette aerosol, drinking water, etc. [2-4]. U.S. Environmental Protection Agency (EPA)
defines VOCs as any carbon compounds, excluding carbon monoxide, carbon dioxide,
carbonic acid, metallic carbides, or carbonates and ammonium carbonate, which participate
in atmospheric photochemical reactions except those designated by EPA as having
negligible photochemical reactivity [5]. The volatility of an organic compound is related
to its boiling point. The European Union defines a VOC to be any organic compound with
a boiling point < 250 °C measured at a standard atmospheric pressure of 101.3 kPa [6].
World Health Organization (WHO) also describes VOCs as all organic substances made
up of predominantly carbon and hydrogen with boiling temperatures below 250 — 260°C,
excluding pesticides [7]. Generally, VOCs are recognized as a class of hydrocarbons with

a vapor pressure greater than 0.1 mmHg at 25 °C.



1.2 Classification of VOCs and Sources

VOCs are classified based on molecular structure or functional group. These

include aliphatic hydrocarbons, aromatic hydrocarbons, alcohols, ethers, esters, carbonyls,

etc. WHO categorizes indoor VOCs into three groups listed in table 1.1 [5].

Table 1.1: Classification of VOCs by WHO [5].

Description

Boiling Point (°C)

Example of Compounds

Very volatile organic

compounds (VVOC)

<0 to 50 — 100

Propane, butane, methyl

chloride

Volatile organic

compounds (VOC)

50 — 100 to 240 — 260

Formaldehyde, toluene,
acetone, ethanol, 2-propanol,

hexanal

Semi-volatile organic

compounds (SVOC)

240 — 260 to 380 — 400

Pesticides (DDT, chlordane),
plasticizers (phthalates), fire

retardants (PCBSs)

VOCs in indoor air are coming from personal products, household products,
building materials, body spray, cleaning agents, cooking oil, vapor intrusion from outdoor,
etc. [8]. In outdoor air, VOCs are released into the ambient air from both biogenic (mainly

vegetation) and anthropogenic sources (e.g. car exhaust, petroleum fuels, biomass burning,

industrial solvents, landfills, and sewage treatment plants) [9].




1.3 Effects of VOCs on human health

The health effects depend on the concentration and composition of the VOCs, and
the frequency and length of exposure [10]. Most VOCs are not intensely toxic but long-
term exposure may lead to chronic health effects. Some VOCs are harmful to human health
or cause harm to the environment too. The most common effects for humans include skin
and eye irritation, headaches, loss of taste, nausea, damage to the liver, kidneys, and central
nervous system, cardiovascular diseases, and some potential to cause cancer [11, 12].
Occupational Safety and Health Administration (OSHA) regulates the occupational
exposure limits (OELs) of VOCs. They set Permissible Exposure Limits (PELS), Threshold
Limit Values (TLVs), and Recommended Exposure Limits (RELS), respectively, to protect
the workers from the unpleasant health effects because of VOC exposure [13]. These
exposure limits vary from low ppb to high ppm levels based on the toxicity of these
compounds. Table 1.2 presents the health effects and PELs for 8-hour work shift of some

toxic VOCs [14-18].

Because of these adverse effects on human health, it is crucial to monitor these
compounds present in indoor and outdoor air. Also, VOCs are not only present in the air,
but also in the water, human blood, sweat, urine, and exhaled breath. Researchers found
VOCs in the urine that could be successfully used as the biomarker for lung cancer
diagnosis [19]. Also, diabetics patients produce a higher amount of acetone in exhaled
breath than healthy persons [20]. Researchers are using a non-invasive method of breath
analysis to diagnose the early stage of lung cancer [21]. Thus, the analysis of VOCs in
gaseous or liquid media facilitates assessments of air pollution, water contamination,

monitoring of exposures to toxic chemicals, and disease diagnosis.



Table 1.2: Human health effects due to VOC exposure and their PEL limits for an 8-hour

working period.

VOC Health effects PEL

Benzene Cancer, rapid or irregular heartbeat, leukemia, | 1 ppm

unconsciousness

Toluene Lethality, morbidity, liver and kidney damage, central | 200 ppm
nervous system dysfunction, narcosis, sore throat, dizziness,

headache, birth defect

Ethylbenzene | Skin, eye irritation, chest constriction, cardiovascular | 100 ppm

diseases

Xylene Eye and respiratory irritation, nerve problem, | 100 ppm

cardiovascular diseases, kidney diseases

Styrene dopaminergic, nerve conduction, neurobehavioral changes | 100 ppm

as well as ototoxicity and color vision impairment

Formaldehyde | Eyes, nose, throat irritation, skin rashes, shortness of breath, | 0.75

wheezing, changes in lung function ppm

Acetaldehyde | Eyes, skin, respiratory tract irritation, erythema, coughing, | 200 ppm

pulmonary edema, necrosis




1.4 Airborne VOCs analysis

Traditionally, collection of VOCs from the gaseous sample has entailed purge-and-
trap or headspace sampling followed by separation in chromatographic column and
analysis with a detector such as a flame ionization detector (FID), photoionization detector
(PID) or a mass spectrometer (MS) [22]. The quantitative determination of VOCs usually
involves the following major steps: sample collection, preconcentration and/or
derivatization of VOCs, extraction of concentrated VOCs, separation, and detection in the
detector, which is illustrated in Figure 1.1. The total volatile organic compound (TVOC)
is usually used to explore indoor and outdoor air quality [23]. The TVOC determination
method usually skips the separation process and directly measures the VOCs mixture
together by a PID or FID. It cannot differentiate the identity and quantity of each VOC
present in the environmental air. Also, the measurement is not accurate enough because
TVOC measurement is based on single calibration compound data to represent the whole
VOC complex [24]. So, individual VOC monitoring is essential to protect people from
toxic VOC exposure. The details of each step from VOC sampling to quantitative

measurements are presented below.

1.4.1 Sampling methods

The first step of measuring airborne VOCs is the collection of the environmental

air sample. There are several prevalent sampling methods have been used.
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Figure 1.1: A block diagram of a typical VOC analysis that involves sample collection,

extraction, separation, detection, and data acquisition.

Active sampling:

Active sampling is performed by drawing a certain volume of the air using a pump
through an adsorbent tube with a constant, generally low air flow rate. In some cases,

sampling can be done for a longer period to collect a large volume of the air sample [5].

Grab sampling:

Grab sampling is carried out for a very short period (10 — 30 seconds) generally
using evacuated stainless steel canisters. However, evacuated canisters can also be used for

time-integrated sampling over minutes to days using a suitable flow-restrictive inlet [5].



Passive sampling:

Passive sampling consists of adsorbents packed in a tube where VOCs are captured
on adsorbents diffusively. The cross-section of the tube and the distance between the
opening of the tube and the adsorbent surface determines the sampling rate of the passive
sampler [25]. The use of this sampling technique avoids the need to visit a sampling site
multiple times to collect repetitive air samples [26]. VOCs concentrate on the collecting
medium over time until they reach equilibrium with the surrounding medium. The use of
passive sampling provides time-averaged concentrations of VOCs over the deployment

period [27]. Figure 1.2 shows the commercial sorbent tubes for passive sampling [28].

Figure 1.2: (a) Sorbent tube with multiple adsorbents (graphitized carbon black, and
Carbosieve S-111) from SKC; (b) stainless steel tube packed with Tenax from Perkin Elmer

(copied from Ref. [28]).



1.4.2 Preconcentration techniques

Instruments with detectors such as MS or FID are often used for measuring VOCs.
However, the detection limits of these instruments are typically in the parts per million
range [29]. There are more sophisticated instruments in practice that measure chemical-
specific VOCs in the air sample. The primary step of detecting individual VOCs requires

preconcentration of the target VOCs.

Preconcentration on solid sorbents:

Enrichment of VOCs onto solid sorbents, either by active or passive sampling is a
well-established sample preparation technique for measurements of VOCs in the air.
Different types of materials including porous carbon, zeolite, carbon nanotube, Tenax,
metal-organic framework (MOF), and polymer have been used to trap VOCs [30-32].
Generally, the same adsorbent can be used for passive and active sampling for capturing
VOCs. The strength of interactions between the adsorbent and the analyte influences both
the sorption and desorption of the analytes from the trapping medium. An ideal candidate
for preconcentrating VOCs should also have a large breakthrough volume for the analytes
of interest, complete desorption of them at moderate temperatures, or use a suitable solvent.
However, no single available sorbent meets all of these criteria and therefore it was

recommended the use of multiple sorbents to detect a wider range of VOCs [30].

The main types of solid adsorbents used in air monitoring are porous polymers,
graphitized carbon blacks, carbon molecular sieves, and activated charcoal [30]. Table 1.3

shows the properties of adsorbent materials to capture different VOCs [30, 33].



Table 1.3: Characterization of adsorbents used for adsorptive enrichment in ambient air

analysis.
Sorbent Strength | Volatility | Surface | Maximum Target analyte
range area desorption
(m?/g) | temperature
(O
Tenax TA Weak Bp100- | ~35 350 Aromatics, non-polar
400°C compounds
(bp > 100°C), and less
volatile polar
compounds
(bp > 150°C)
Tenax GR Weak Bp100- | ~35 350 Alkyl benzenes, PAHS,
450°C PCBs, and as above for
Tenax TA
Chromosorb | Medium | Bp50—- | ~750 250 Wide range of VOCs
106 200°C including volatile
oxygenated compounds
Porapak N Medium | Bp50—- | ~300 190 Specific for volatile
150°C nitriles:  acrylonitriles,
acetonitrile, and
propionitrile. Also good
for pyridine, volatile
alcohols from ethanol,
and MEK (methyl-
ethyl-ketone).
Carbopack | Medium | n-Csgto | ~240 400 Hydrocarbon, BTEX
X n-Cs
Carbosieve | Very Bp (-30) | ~800 400 Very volatile
Sl strong —150°C compounds such as Co,
Ethane to Cz and C4 hydrocarbons
n-Cs
Carboxen Very Co—Cs >1200 | 400 Very volatile
1000 strong hydrocarbons
Active Very Bp (-80) |>1000 | 400 Very volatile
charcoal strong -50°C compounds, such as Cp,
Cs, and

C4 hydrocarbons

Bp: Boiling point




VOCs derivatization:

Derivatization is carried out to convert a chemical compound to another product of
a similar chemical structure which enhances detectability in the detector or improves the
chromatographic performance of the target analytes [34]. Some of the VOCs are too
volatile, showing less stability. So it is difficult to identify those using direct sampling and
analysis. For this reason, reacting with a suitable reagent to form a stable derivative would
promote better sensitivity for compound analysis [35]. For instance, aldehydes reacted with
2,4-dinitrophenylhydrazine (DNPH) followed by liquid extraction and liquid
chromatography for separation have been commonly used for the analysis of these
compounds [34, 36]. EPA TO-11A method determines formaldehyde in ambient air using
DNPH coated silica gel cartridge, and the adduct is analyzed by using high-performance
liquid chromatography (HPLC) with ultraviolet (UV) detection [37]. Another prevalent
derivatizing reagent is 0-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine hydrochloride
(PFBHA) which forms stable oximes and amenable for GC-MS or GC electron-capture
detector (ECD) analysis [38]. The reaction is swift, and the PFBHA derivatives are formed
quickly at ambient temperature [39]. EPA 556 method utilizes PFBHA to determine

carbonyls in drinking water using GC-ECD [40].

1.4.3 Extraction methods

After pre-concentration or derivatization of VOCs, these concentrated or

derivatized products need to be collected for further analysis. There are many extraction

10



techniques presently in practice such as chemical and thermal desorption, solvent

extraction, solid phase micro-extraction, etc. [5].

Chemical desorption:

After pre-concentration of VOCs on the solid sorbent, especially activated charcoal,
chemical desorption is performed using some organic solvent. Carbon disulfide (CS>) is
widely used for this purpose [41]. BTEX compounds were captured by activated charcoal

and subsequently desorbed by this solvent for further analysis [41].

Thermal desorption:

An effective method of extraction from solid sorbent is thermal desorption. In this
non-destructive method, the solid sorbent exposed to target analytes is heated at a high
temperature typically in the range of 150°C to 350°C depending upon the characteristics
of the solid sorbent [5, 42]. The desorbed VOCs from the sorbent surface are collected in
a smaller volume for further analysis. Alternatively, the desorbed sample can be sent to a

detector for detection and analysis [28].

Solvent extraction:

In this method, the trapped or derivatized VOCs are collected using an appropriate
liquid solvent. Sometimes derivatizing reagents can be added after extraction to convert

the analytes into products for more suitable subsequent separation and/or detection [34].
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This method is of particular use for the analysis of carbonyl compounds in the air with
DNPH, forming hydrazones that can be analyzed via HPLC and MS or UV detector [5,

34].

Solid phase micro-extraction technique

Solid phase microextraction (SPME) is one of the broadly used extraction
techniques to detect VOCs from gaseous and liquid mediums [43]. SPME typically consists
of a silica fiber coated with sorbent coating, for example, polydimethylsiloxane, divinyl
benzene, carboxen, polyacrylate [44]. The fiber is inserted headspace or directly into the
liquid medium to extract the VOCs. The fiber is left to become in equilibrium with the
surrounding medium for a period, usually, from minutes to hours [45]. Then the fiber is
thermally desorbed into the GC instrument injection port at a higher temperature for
subsequent analysis. SPME is widely applied in airborne VOCs measurement because of
its short extraction time, and solvent-free operation [46]. However, SPME has some
shortcomings including low sensitivity for incompatible compounds, sample loss, and
limited choice of fiber coatings [47, 48]. Figure 1.3 represents the SPME steps to capture

VOCs [49].
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Figure 1.3: SPME steps to capture analytes of interest from the sample matrix (copied from

Ref. [49]).

1.4.4 Separation and detection technique

Many advanced analytical techniques are used to analyze environmental VOCs
after sampling and extraction. Gas chromatography (GC) is the most widely used
separation technique to separate target compounds inside a column [50]. Generally, a
column contains a stationary phase adsorbed onto the surface of an inert solid packing. The
column temperature is regulated to achieve better separation and resolution of analytes [5].
Analytes are separated based on different physical properties such as polarity, molecular
weight, and structure [28]. Then the separated compounds enter the detector. There are
several commonly used detectors, such as FID, thermal conductivity detector (TCD), ECD,
and PID. All detectors have specific target compounds, but the most accurate and versatile

detector is the mass spectrometry detector (MSD) [51]. This detector is superior to other
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detectors because it can also identify unknown compounds using a mass spectral library

[52].
1.5 Gas chromatography-mass spectrometry (GC-MS) for VOCs detection

GC-MS technology provides a reliable and sensitive method for VOC analysis and
produces highly reproducible results [53]. Figure 1.4 shows a schematic diagram of GC-
MS [28]. A typical GC-MS system comprises of analytical component, external carrier
gas, detection, and data acquisition system [28]. The sample is first introduced into the GC
injection port by an injector or auto-sampler. The sample is vaporized and immediately
passed into the column with a carrier gas (such as nitrogen, or helium). In the column, the
compounds in the mixture are separated based on the difference in the chemical properties
between different molecules and their relative affinity to the stationary phase of the column
[54, 55]. MS breaks each molecule into ionized fragments and detects the fragments by
their mass-to-charge ratio. Molecules injected into mass spectrometry are subjected to trap,
ionize, accelerate, deflect, and detect ionized molecules [28]. However, the GC-MS
technique has some limitations. This instrument is expensive and requires skills to operate
effectively [56]. A good calibration is necessary for the quantitative analysis of VOCs.
Also, sample pre-concentration steps are required before injecting the sample into the GC
column for detecting trace airborne VOCs, which can lead to analyte loss and

contamination issues [57]. Therefore, real-time measurements are not possible.
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Figure 1.4: The diagram of a common GC-MS system with all required components for a

complete chemical analysis (copied from Ref. [28]).

1.6 Chemical sensor

Besides the traditional VOC detection methods, the application of chemical sensors
to identify VOC is more promising for sensitive and selective analysis. A chemical sensor
is a small device that detects and measures the chemical property of a compound and
provides the information by converting chemical information into an electrical signal [58].
A chemical sensor is composed of a sensing material and a transducer [59]. The sensing
material interacts with the target molecules in the sample matrix and the transducer
converts the chemical data into a measurable signal. The chemically selective sensing
material is coated on the surface of the physical transducer. Once the analyte is selectively
absorbed into the coating layer or film, the property of the material changes [60]. These

changes can be transformed into a measurable electronic signal by some form of
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transduction. Based on the principle of transduction, chemical sensors are divided into four
fundamental groups: thermal sensor, mass sensor, chemiresistor sensor, and optical sensor

[61-63]. Figure 1.5 shows a schematic diagram of a chemical sensor [61].

¢
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Figure 1.5: Schematic diagram of a chemical sensor (copied from Ref. [61]).
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The deviation of measurable properties such as mass, temperature, resistance, and
light absorbance is occurred because of the sorption of an analyte onto the surface of the
sensing material (adsorption), or into the bulk of a deposited thin film (absorption). Thus,
the sensor response contains a sorption step, involving phase transfer equilibria and
Kinetics, and a transduction step, leading to an electronic signal [64-66]. The absorption of
VOCs from the gas phase into a thin film on a sensing material is shown schematically in
Figure 1.6. In most sensor applications, the interaction between the analyte and the sensing

thin film is reversible. Among these four chemical sensors, the chemiresistive sensor is



extensively used because of its convenient operation and availability of a wide range of

sensing materials to detect VOCs.

Sorption Desorption

T

‘, ;
e !b:’:‘_ e

Sensor substrate

Figure 1.6: Reversible vapor-sensor interaction as a result of sorption of analytes in the thin

film of sensing material.

1.6.1 Chemiresistive sensor

Chemiresistor is one type of electrochemical sensor that responds to an analyte by
measuring the change of resistance or conductivity of sensing material. The chemiresistor
sensor consists of a chemically sensitive conductive film deposited onto the electrode [67].
A schematic of a chemiresistor is shown in Figure 1.7. When a potential is applied across
the thin film of sensing materials, there is a measurable current or resistance (Ro) across
the film that changes to R upon interaction with an analyte. Chemeresistors can be divided
according to the materials used for sensing the analyte of interest such as metal oxide,

carbon nanotube, graphene, conductive polymer, and metal nanoparticle [68-70].
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Figure 1.7: (a) A chemiresistor sensor resistance coated with sensing material having Ro

resistance (b) sensor resistance changes to R upon interaction with analyte.

1.6.2 Metal oxide-based chemiresistor

Metal oxide (MOx) based chemiresistive sensors have been widely studied for
VOC analysis and used in a variety of applications [71]. These sensors are mostly used for
reducing and oxidizing gases. These sensors can interact with the target VOCs whereby
the metal oxide undergoes reduction and oxidation reaction, leading to the exchange of
electrons, thereby changing the resistance of the sensor and yielding an electrical signal
[72, 73]. Zinc oxide (ZnO), iron oxide (Fe203), titanium dioxide (TiO2), nickel oxide
(NiO), tin dioxide (SnOz2), and others have been reported as electrochemical sensors [73-
75]. Sometimes, metal oxides are incorporated with other nanomaterials such as graphene
to increase sensitivity [75]. Zhang et al. used graphene/WOs in acetone analysis where
metal oxide is affected by temperature and forms ionized oxygen species such as O2™, O~
on the surface of metal oxide [76]. The formation of this species is predominant for the

performance of the sensor that occurs on the surface of the electrode, as shown in Figure
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1.8 [73, 76]. MOx sensors provide several advantages, such as low cost, portability,
measurement simplicity, ease of fabrication, and lower limit of detection [71-76].
However, one of the disadvantages of MOx sensors is that they do not operate at room

temperature as the high temperature is required to overcome the activation barriers [73].

CH;COCH, CO, + H,0
metal oxides

ionized oxygen species

> graphene

207 (ads)

CH,COCH, + 802 (ads) —»3CO, (gas) + 3H, (gas) + 16e-

Figure 1.8: Illustration of the MOXx sensor mechanism in response to acetone (copied from

Ref. [73]).

1.6.3 Conductive polymer-based chemiresistor

Conductive polymer materials of nanometer sizes have emerged as promising
candidates for electrochemical sensor applications [77, 78]. Polyaniline (PANI),
polypyrrole (PPy), and poly(3,4-ethylene dioxythiophene) (PEDOT) are mostly studied
conductive polymers as sensing materials [79-81]. Conductive polymers have several
benefits such as simple synthesis, structural diversity and flexibility, lightweight, and
inexpensiveness [80]. Surface functionalization of these nanomaterials can lead to a
significant improvement of properties relevant to their sensor applications. Covalent and

non-covalent interactions have been commonly used to functionalize these nanomaterials
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[82]. For covalent approaches, conducting-polymer nanomaterials can be altered by
grafting functional groups on the polymer backbone or by applying functionalized
monomers during polymerization. On the other hand, the non-covalent approaches can be
achieved during synthesis and the electrostatic adsorption of guest molecules on the

nanomaterial surface [82, 83].

1.6.4 Metal nanoparticle-based chemiresistor

Metal nanoparticles are an extraordinary candidate for gas sensing applications
because of their size, shape, morphology, chemical purity, and dispersity [84]. Metal
nanoparticles are dispersed in between electrodes and help to increase the surface area to
volume ratio, and favor the adsorption of the gases. Various metals such as Au, Pt, Pd, Ag,
and alloys of these metals have been reported for sensing gases [85, 86]. However, Au
nanoparticles with selective functional groups are the most familiar chemically modified
metal nanoparticles used in sensing applications [85]. When the analyte interacts with
tailored organic functional groups, it altercates the distance between the conductive metal
nanoparticles, or in some cases leading to a charge transfer between the organic functional

groups and the nanoparticles [87].

The interaction between the sensing material and the analyte occurs because of
covalent bonding, hydrogen bonding, or molecular recognition [88, 89]. An Analyte
diffuses into the films at a proportion described by its partition coefficient and this

identifies the sensitivity and selectivity of the sensing material. The conductivity of the
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films of Au nanoparticles has been reported as an activated core-to-core electron hopping

mechanism by the following equation:

E
OgL = O exp[—BdSedge] exp[_R_?‘] e e e (11)

o, = electronic conductivity (' cm™)
G, = pre-exponential constant
5, dge edge-to-edge distance
B, = electron tunneling coefficient (A

E, =activation energy (kJ mol™)

R = gas constant

T = temperature (K)

metal core organic shell (SAM)
dielectric between nanoparticles

Figure 1.9: Schematic representation of the film of metal monolayer-protected clusters

(MPCs) sensing material deposited in between electrodes (copied from Ref. [85]).
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The electron hopping mechanism that occurs through the self-assembled monolayer
(SAM) of gold nanoparticles is shown in Figure 1.9 [85]. The first part in Equation 1.1
shows that oeL is exponentially proportional to the nanoparticle edge-to-edge distance
(Oedge) and the tunneling coefficient (Bq). The value of dedge relates to the length or number
of carbons in the alkyl chain of the SAM. Bq is referred to as an attenuation factor that
depends on the structure and molecular configuration of the SAM. Also, the second part in
Equation 1.1 shows that conductivity is exponentially related to the temperature and the

energy of activation [85].

In general, when the film of metal nanoparticles interacts with an analyte, the
analyte diffuses into the film and causes to increase in the core-to-core distance through
film swelling. Thus, it changes the electronic conductivity of the film. Also, the dielectric
properties of the nanoparticle significantly affect the electron tunneling and the activation
energy, which tends to a change in the conductivity of the film. At a fixed temperature of
sensing experiments, the aforementioned variables influence the overall film conductivity.

Sometimes, it is hard to determine the dominant factor.

1.6.5 Sensor array

The biggest challenge of the chemical sensor is the presence of interference. All
chemical sensors suffer from a lack of selectivity which hinders getting detailed
information on the matrix composition of the sample [90]. Although extensive efforts have
been made to improve the selectivity of chemical sensors, the development of a single

sensor to distinguish different vapors is difficult. However, a sensor array with several
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sensor materials with different selectivity and sensitivity can be used to sense a wide
variety of vapors. Gas sensor array employs pattern recognition of combined responses of

cross-reactive sensing materials [91].

Sensor arrays have been used commercially and for real-world applications. Shan
et. al. utilized a sensor array device made with gold nanoparticles functionalized with
different organic ligands to detect COVID-19 from exhaled breath [92]. WOLF eNose is a
commercial sensor array device for the detection of VOCs, and it has been associated with

the detection of urinary tract infections [93].

1.7 Motivation of this work

Despite scientists’ dedication to improving different analytical techniques to detect
various VOCs, there are only a few inexpensive portable commercial devices available on
the market for analyzing a wide range of VOCs present in the air. The real challenges are

as follows:

1. Chemical sensors suffer from poor selectivity for a particular compound because a
sensor material shows interaction with a certain group of compounds.

2. Another challenge for the chemical sensor is the presence of interference as the
environmental air contains a mixture of different VOCs. The sensor response would
be significantly different for a mixture of compounds from a particular compound.

3. Most standalone chemical sensors and detectors are not sensitive or accurate for

quantitative analysis of airborne VOCs at trace levels due to their detection limits.
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4. Conventional detectors used for VOC analysis are expensive, bulky, consume a lot
of electric power, not suitable for field analysis.

5. There are GC-MS and LC-MS-based analytical techniques to detect a group of
compounds such as BTEX and carbonyl compounds, but there is no single sampling
technique to identify a wide range of VOCs. Detection of BTEX and carbonyls

separately is cumbersome and time-consuming.

Since a single sensor is not good to analyze target VOCs in the air because of
interference with other traces VOCs, a sensor array or an electronic nose containing
multiple sensing materials could overcome this problem. These sensor materials interact
selectively with a group of compounds that help to sense a wide variety of VOCs. In recent
years, microelectromechanical system (MEMS) technology has been widely used to
produce microdevices that have lower fabrication costs, thermal mass, portability, and less
power consumption. Also, using gold-thiolate monolayer-protected clusters (Au MPCs) as
a sensing material provides advantages over other materials such as room-temperature
operation, improving sensitivity and selectivity by changing the composition of the thiolate

monolayer.

Microfabricated devices can be used as a micropreconcentrator (uPC) or
microreactor to capture various compounds by using different sorbents, reagents, etc. for
sampling VOCs. Based on current challenges to detect airborne VOCs efficiently, we
proposed to develop a micro-sensor array and a new micropreconcentrator to fulfill the

goal of analyzing a wide range of VOCs.
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1.8 Objectives of this work

The overall objective of this work is to develop a sensor array and a
micropreconcentrator to detect airborne toxic VOCs. Four specific objectives are described

below:

1. Design and fabricate a microfabricated sensor array for detecting VOCs.

2. Develop thiol-functionalized Au MPCs for sensing aromatic and chlorinated
VOCs.

3. Develop a micropreconcentrator for increasing sensitivity and integration with
SPME for GC-MS analysis.

4. Develop a novel dual-compartment micropreconcentrator to detect BTEX and
carbonyls together by GC-MS with a single run and utilize it to measure the

concentrations of these VOCs in the environmental air.

1.9 Dissertation overview

This dissertation presents three projects concerned with determining VOCs using
micro-sensor arrays and micropreconcentrators. These projects involve the design,
fabrication, and characterization of silicon-based microdevices. The application of this

work includes VOC exposure assessment, air pollution monitoring, and disease diagnosis.

There are six chapters in this dissertation. The first chapter describes the
background of this study including VOCs, their types and health effect, VOCs sampling,
and analysis. The detection mechanism of VOCs by GCMS and chemical sensors is

described here. The motivation and objectives of this work are also stated in this chapter.
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Chapter 2 presents the design and fabrication of a micro-sensor array on a Si substrate. The
commercial thiol functionalized Au MPCs are used to characterize the sensor array. The
sensor measurement setup and the response calculation are explained. Chapter 3 introduces
new molecular recognition motifs to improve the sensitivity and selectivity of sensors to
detect BTEX and TCE. The response profile of different alkali metal ion-carboxylate
functionalized Au MPCs for several non-aromatic, aromatic and chlorinated VOCs are
explained in this chapter. The sensing material interaction with humidity suggests

developing a preconcentrator to produce moisture-free concentrated samples for the sensor.

In chapter 4, the development of a micropreconcentrator device to capture BTEX
compounds is presented. The relation of analyte recovery with important variables
including adsorption and desorption flow rate, desorption temperature are demonstrated.
Chapter 5 explores the development of a novel dual-compartment micropreconcentrator to
detect BTEX and carbonyls together in a single run. The optimized reaction conditions for
carbonyl derivatization are presented. Finally, the airborne VOCs are analyzed from
different locations in the Louisville area using this microdevice. Chapter 6 provides the

overall conclusion of this dissertation and recommendation for future research works.
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CHAPTER II

DESIGN AND FABRICATION OF A MICROSENSOR ARRAY FOR

SENSING VOCS

2.1 Introduction

Chemical sensors are utilized to detect hazardous VOCs because of their high
sensitivity, lower cost, less power consumption, portable size, and great potential to
combine into a sensor array for multi-component analysis [58, 63]. Chemical sensors can
be classified based on transduction methods, such as piezoelectric [94], colorimetric [95],
fluorescence [96], and chemiresistors [97]. Chemiresistor is a widely used chemical sensor
where the resistance is measured across the film of sensing material upon interaction with
the target analyte [85]. Carbon nanotubes [98], metal oxide nanowires and composites [99,
100], nanoparticles [101, 102], semiconductors [103], and polymer nanofibers [104] have
been studied for chemiresistor applications to detect different VOCs. Metal nanoparticles
functionalized with ligands are a well-suited candidate for room-temperature sensing
operation and can be modified to sense various analytes incorporating organic functional

groups [85].
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Nowadays, thiol-functionalized gold nanoparticles are well-studied because they
can be easily functionalized with various thiol groups. It improves the sensitivity and
selectivity for the specific detection of different target analytes by changing the
composition and surface chemistry of the thiolate monolayer [105]. Moreover, chemical
stability, higher surface area to volume ratio, size controllability, and surface tunability of
these nanoparticles provide an ideal platform for sensor applications [106]. The functional
groups on the surface of the gold nanoparticles can interact with target compounds, causing
a change in the electrical resistance of the thin film due to the adsorption or desorption of
the target compound, which can be measured using a simple circuit [107]. Ibanez et al.
prepared hexane thiolate-coated gold monolayer-protected clusters (Cs Au MPCs) and used
a thin film of these nanoparticles to sense toluene vapors [108]. Evans et al. synthesized
Au MPCs protected with thiol S—-CsHs—X, where X =—OH, -COOH, —NH>, and —CHs, for
sensing methanol, ethanol, 2-propanol, hexane, pentane, toluene, chloroform, and acetic

acid [109, 110].

However, these chemiresistor sensors have common challenges that include low
sensitivity, poor selectivity, and interference from mixtures of VOCs. Since the
environmental air contains various VOCs with different concentration levels and humidity,
it is hard to obtain all information on toxic VOCs using a single chemiresistor. A sensor
array containing multiple sensors responsive to different compounds is a promising tool
for environmental air monitoring [90, 111]. The basic components of a sensor array are
sensing materials, transducers, pattern recognition, and device [102]. Han et al. developed
a sensor array to detect and differentiate VOCs and nitro-aromatic compounds using thin

film assemblies of alkanethiol-capped Au MPCs. These nanoparticles were formed by
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molecularly mediated assembly using linkers of different chain lengths and functional

groups [102].

Miniaturization of devices is carried out to lower fabrication costs, minimal usage
of sensing material, faster response, and easy integration with microelectronics [112, 113].
Micro-electromechanical system (MEMS) technology is used to fabricate microdevices. In
this chapter, we describe the design and fabrication of a silicon-based microsensor array.
To characterize the microdevice, several commercial thiols functionalized Au MPCs were
synthesized. Thin films of the commercial thiols functionalized Au MPCs were applied on
interdigitated electrodes and resistance across the film was measured to calculate the

response.

2.2 Experimental
2.2.1 Microsensor array design

The microsensor array was designed using L-edit software. The dimension of the
sensor chip is 1 cm x 1 cm. Figure 2.1 shows the layout of a complete chip design. The
chip features four circularly shaped (diameter 2 mm) sensing areas of interdigitated
electrodes (IDE) (line width 20 um and spacing 10 pm) with contact pads. The area of the
contact pad is 6 mm?. The gap between each contact pad is 1 mm. The distance from the
contact pad to the IDE is 0.6 mm, which is connected by a 100 um wide metal line. Each

circular IDE edge-to-edge distance is 0.6 mm.
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Figure 2.1: Microsensor chip design: a) layout of each chip, b) zoomed view of IDE area.

A similar chip design was placed in an arrangement to fit onto a standard 4-inch
silicon wafer. A total of 52 pieces of the chip were obtained from this arrangement. The
wafer design was sent to the Micro/Nano Technology Center (MNTC) at the University of
Louisville to create a light field photomask. A Heidelberg DWL 66FS UV laser patterning
system was used for the generation of the photomask. Figure 2.2 represents the fabricated
photomask. The microfabrication steps to prepare this sensor substrate was carried out in

the cleanroom facility.
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Figure 2.2: Fabricated light field photomask.

2.2.2 Microsensor array fabrication

The microsensor array was fabricated on a single-side polished (diameter 4")
oxidized 500 um thick 1-10 ohm*cm resistive n-type silicon wafer. Silicon dioxide, on top
of the wafer, acts as electrical insulation. Shipley 1813 photoresist was used for patterning
and it also worked as a sacrificial layer that was eliminated by dissolving the wafer in
acetone. Pt/Cr metals were deposited for IDE and contact pads. The detailed fabrication

steps shown in Figure 2.3 are described in the following paragraphs.
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Figure 2.3: Fabrication process flow diagram: a) cleaning oxidized silicon wafer, b)
Photoresist coating, ¢) UV light exposure, d) Yes Image reversal, e) Development, f) Metal

sputtering, g) Lift-off process.
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Photolithography:

Photolithography is a technique to create patterns on a thin film or substrate using
light. Ultraviolet (UV) light is used to bring a design from a photomask to a light-sensitive
polymer photoresist [114]. Photoresists are classified into two groups: positive photoresists
and negative photoresists. The UV light causes a positive photoresist to decompose and be
washed away by a developer solution where UV light is exposed. A negative photoresist
has the opposite property, which becomes insoluble to the developer solution after

exposing to light [115].

In this step, the wafer was first cleaned with acetone, methanol, deionized (DI)
water, and nitrogen to get rid of any trace contaminations on the surface of the wafer such
as dust, organic, ionic, and metallic compounds (Figure 2.3a). A positive photoresist
Shipley 1813 was coated on the cleaned silicon wafer at a spin speed of 500 rpm for 1
second and a rotation speed of 4000 rpm for 30 seconds. The rotation caused the photoresist
to be spread uniformly across the surface of the wafer with the excess being spun off. The

thickness of the photoresist was around 1.3 um (Figure 2.3b).

Preparation of the photoresist is completed by soft bake, where the wafer was gently
heated at a moderate temperature to evaporate the solvent and partially solidify the
photoresist. The soft bake reduces the prevailing solvent content on the substrate to
promote photoresist adhesion. The wafer was soft-baked at 115°C temperature for two
minutes. The wafer was then patterned by contact exposure method using Karl Suss Mask
Aligner MAG/BA6. UV source was exposed on the wafer for 12 seconds at 12 W/cm?

through a clear field photomask (Figure 2.4c).
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YES Image Reversal:

This process reverses the action of a positive resist so negative images are often
formed with the identical resolution and processing that a positive resist allows. In addition,
image reversal helps to obtain higher resolution and improved lift-off profiles by permitting
variations of the slope of the photoresist sidewall. The key advantages of using image
reversal on positive resists rather than using negative photoresists or an opposite mask are
higher resolution, re-entrant sidewalls, and smoother sidewall edges to ease sputter

materials without bridging [116].

Ammonia was employed during this process. There are three steps in the image
reversal process: image exposure dose, ammonia exposure, and flood exposure. In
ammonia exposure, the main factor is the temperature of the exposure. In this experiment,
90 °C was maintained in the YES image reversal oven (Figure 2.3d). When the substrate
has been exposed to ammonia, the remaining photoactive compounds should be exposed
to UV and that was done by flood exposure. As the long bake was performed during the
ammonia step, the flood exposure should be 2-3 times higher than the normal imaging
exposure. Flood exposure was done for 25 seconds using Karl Suss Mask Aligner
MAG/BAG. After flood exposure, the photoresists of the initial UV light unexposed area

became soluble in the developer solvent.

Development:

The wafer was developed in Microposit MF319 solution for 90 seconds followed

by rinsing under a DI water bath and drying with N> (Figure 2.3e). The wafer was observed
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under an optical microscope to check the patterns. Then the wafer was hard-baked for 2

minutes using the hotplate at 115 °C.

Sputtering:

Before running metal sputtering, the wafer surface was treated with Oz plasma to
remove any organics, which promotes better adhesion of metal to the substrate surface.
March RIE CS1701 was used for this cleaning step and O> gas flowed for 15 seconds. The
wafer was then sputtered with Chromium (Cr) and platinum (Pt) metals using a Kurt J.
Lesker PVD 75 (Figure 2.3f). To promote the Pt adhesion to the SiO> layer, a thin layer of
Cr was deposited before sputtering the Pt. Cr and Pt were sputtered for 2 and 6 minutes

respectively in 300 W DC power, which results in a total of 185 nm thick metal layer.

Lift-off:

The wafer was placed in an ultrasonic bath with acetone to complete the lift-off
process. Frequent monitoring was carried out to check the complete removal of metals from
undesired areas. IDEs and contact pads became visible after 10 minutes (Figure 2.3g). The
wafer was placed in a DI water bath followed by drying in a spin dryer. The wafer was
checked under a microscope to ensure completeness. Then metal layer thickness was
measured by using the Dektak profilometer. Finally, the wafer was diced intoa 1 cm x 1

cm microsensor chip (Figure 2.4).
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Figure 2.4: A diced wafer containing 52 pieces of microsensor chips.

2.2.3 Chemicals

Hydrogen tetrachloroaurate (111) (HAuCls.3H20), tetraoctylammonium bromide
(TOAB), sodium borohydride (NaBH4), 1-dodecanethiol (DDT), 4-methoxy-a-
toluenethiol (MTT), 4-mercaptobenzoic acid (MBA), and 11-mercaptoundecanoic acid
(MUA) were obtained from Sigma Aldrich. Solvents such as ethanol, acetonitrile, and
dichloromethane were obtained from Sigma Aldrich. Synthetic air was purchased from

Welders Supply Co. of Louisville. Milli-Q® ultrapure water was used for synthesis.
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2.2.4 Synthesis of commercial thiol functionalized Au MPCs:

Thiol-functionalized gold nanoparticles were synthesized by a modified two-phase
method [117]. Aqueous Gold (I11) chloride (0.05 g of HAuCI4.3H.O was dissolved in 4 ml
ultrapure water) was transferred to a toluene solution containing phase transfer reagent
TOAB (dissolving 0.08 g of TOAB in 20 ml Toluene). The solution was stirred vigorously
until the organic phase was isolated; then the 1:1 molar ratio of thiol: HAuCl4.3H.O was
added to the solution. An aqueous solution of NaBH4 (0.056 g of NaBH4 dissolved in 4 mL
ultrapure water) was added dropwise to the solution. A rapid color change occurred after
adding NaBHj4 solution that indicated the formation of nanoparticles. The reaction occurred
by vigorous stirring at room temperature for at least 3 hours and produced a dark brown-
colored solution of the thiol-capped Au MPCs. The solvent was removed from the solution
by a rotary evaporator and followed by multiple washing using acetonitrile. Au MPCs were
dried at room temperature overnight to make a solid form. Four different Au MPCs were

synthesized using different functional motifs presented in table 2.1.

Table 2.1: Thiols used to functionalize Au MPC chemiresistors.

Thiol Symbol Structure

1-dodecanethiol DDT HS

4-methoxy-a-toluenethiol MTT HS\/Q—OCH
3

4-mercaptobenzoic acid MBA 0

11-mercaptoundecanoic acid | MUA HS
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2.2.5 Sensor characterization:

The microsensor chip was wire-bonded on a 24 Pin dual in-line pin (DIP) Round
Solder IC Socket by 200 um diameter Al wire. Four different thiol-functionalized Au
MPCs were dispersed in toluene in different vials by sonication for 5 min and then drop-
casted onto the four different IDE areas of the microchip by dropwise addition. The chip
was kept in an oven at 40 “C overnight to ensure the removal of solvent from the film. The

solvent was evaporated to afford a flat, roughly circular film of nanoparticles.

The microsensor chip carrier was placed in a 4-way standard cross stainless-steel
test chamber (C-0275, Kurt J. Lesker Company) fitted with inlet and outlet tubing. Sensing
film resistances were monitored and recorded by a multi-channel multimeter (Keithley
DAQ 6510) and a single-channel multimeter (Keithley 2400). In a typical experiment of a
particular gas sample, sensor response was measured over 5 min under a vacuum of 28
inches Hg to remove VOCs adsorbed on the Au MPCs sensor film, followed by gas sample
exposure at atmospheric pressure, and then again for 5 min under vacuum of 28 inches Hg.
The cycles were repeated at least three times to check reproducibility. Each sensor material
was exposed to 250 ppb, 500 ppb, 750 ppb, and 1 ppm of benzene, toluene, ethylbenzene,
xylene (mixture of m, p, and o — isomers), formaldehyde, acetone, ethanol, and pentane

gaseous samples.
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Figure 2.5: Laboratory setup for measuring chemiresistor sensor responses to VOCs.

All the gaseous analyte samples were prepared using Tedlar bags. A 1000 ppm
concentration of benzene vapor was produced by injecting 3.7 uL of benzene into a Tedlar
bag containing 1 L of dry air. Similarly, 1000 ppm of toluene, ethylbenzene, xylene,
formaldehyde, acetone, ethanol, and pentane were made by injecting corresponding
amounts of the solvents. Then, 100 mL of the above gas samples were removed from the
Tedlar bag using an air-tight syringe and injected into a new Tedlar bag containing 900 mL
of dry air, resulting in a concentration of 100 ppm. The 10 ppm samples were prepared
similarly and the 1 ppm, 750 ppb, 500 ppb, and 250 ppb of analyte samples were then
produced by dilution processes using the 10 ppm sample. A small KNF diaphragm vacuum

pump was used to evacuate the test chamber followed by an introduction of the analyte
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directly from the sample bag attached to the test chamber. All the experiments were
performed under ambient conditions (at 22 °C). Figure 2.5 represents the experimental

setup for VOC measurement.

2.2.6 Sensor data measurement:

The sensor response is defined by the following equation:

Response = Rgas/Ro— 1 ... con cin i o e i e e e e e e e e e e e (221)

where Ro and Rgas are the maximum resistances of the sensor in synthetic air and
the presence of the analyte, respectively. The response time is the time to get maximum
resistance change due to analyte exposure. Recovery time is defined as the time taken by

the sensor under vacuum to achieve 90% of the initial resistance.

2.3 Microsensor array characterization

In this section, the general response characteristics for the sensor array with various
thiol-functionalized Au MPCs tested to different vapors are described. Four different Au
MPCs were added onto the IDE areas of a sensor chip and tested for simultaneous
measurement using the aforementioned analytes. These sensing materials vary from each
other in terms of their chemical and physical properties, including morphology,
hydrophobicity, and chain length. Because of these dissimilarities, the film conductivity is

unlike each other. The variability in the conductivities is due to the result of combined
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factors, including core edge-to-edge distance, electron tunneling coefficient, and activation

energy of electron transfer [85].
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Figure 2.6: Resistance change of DDT functionalized Au MPCs with time upon exposure

to synthetic air, 250 ppb, 500 ppb, 750 ppb, and 1 ppm of benzene.

Figure 2.6 illustrates the resistance plot of DDT-functionalized Au MPCs at
different concentrations of benzene. The resistance of the sensing film increased when
benzene was introduced into the testing chamber and returned to baseline upon chamber
evacuation. The elevation of resistance indicates the film swelling effect that increases the

edge-to-edge distance upon diffusion of the analyte into the film [85]. Joseph et al.
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observed the same positive response or resistance increase upon exposure to toluene for
1,12-dodecanedithiol functionalized gold nanoparticles [118]. Resistance increased for
these four sensors in response to tested analytes similar to as reported results [102, 119].
Figure 2.7, 2.8 and 2.9 shows the resistance plot of DDT, MUA and MTT-functionalized

Au MPCs in response to xylene, acetone and pentane, respectively.
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Figure 2.7: Resistance change of DDT functionalized Au MPCs with time upon exposure

to synthetic air, 250 ppb, 500 ppb, 750 ppb, and 1 ppm of xylene.
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Figure 2.8: Resistance change of MUA functionalized Au MPCs with time upon exposure

to synthetic air, 250 ppb, 500 ppb, 750 ppb, and 1 ppm of acetone.
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Figure 2.9: Resistance change of MTT functionalized Au MPCs with time upon exposure

to synthetic air, 250 ppb, 500 ppb, 750 ppb, and 1 ppm of pentane.
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Figure 2.10: Sensor response profile for DDT functionalized Au MPCs in response to
benzene, toluene, ethylbenzene, xylene, formaldehyde, acetone, ethanol, and pentane vapor

at concentrations from 0.25 ppm to 1 ppm.

Equation 2.1 is used to calculate the response. The responses of DDT-
functionalized Au MPCs to tested analytes are shown in Figure 2.10. This sensor shows
linear responses to different concentrations of analytes, though the response profile varies
for different compounds. The VOCs present in environmental air are at sub-ppb level, so
we tested the responses at low concentrations of analytes. From the response profile, the
DDT sensor showed higher interaction for xylene and lower response to ethanol. Figure
2.11 to 2.13 shows the response plots of MUA, MBA, and MTT functionalized Au MPCs

tested on these eight analytes.
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Figure 2.11: Sensor response profile for MUA functionalized Au MPCs in response to
benzene, toluene, ethylbenzene, xylene, formaldehyde, acetone, ethanol, and pentane vapor

at concentrations from 0.25 ppm to 1 ppm.
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Figure 2.12: Sensor response profile for MBA functionalized Au MPCs in response to
benzene, toluene, ethylbenzene, xylene, formaldehyde, acetone, ethanol, and pentane vapor

at concentrations from 0.25 ppm to 1 ppm.
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Figure 2.13: Sensor response profile for MTT functionalized Au MPCs in response to
benzene, toluene, ethylbenzene, xylene, formaldehyde, acetone, ethanol, and pentane vapor

at concentrations from 0.25 ppm to 1 ppm.

To differentiate the sensitivity for different VOCs, here we plot the
responses of four sensors to individual compounds (1 ppm of benzene, toluene,
ethylbenzene, xylene, formaldehyde, acetone, ethanol, and pentane) in Figure 2.14. At a
first glance, all sensors are responsive to every analyte and individual thiols induce
different selectivity. DDT sensor shows higher interaction towards BTEX compounds than
other sensors as it contains a straight alkane carbon chain in the thiol ligand. MUA sensor
provides a higher response for formaldehyde, acetone, and ethanol because —COOH
functional group in this thiol can contribute hydrogen bonding toward these analytes. MTT

sensor shows a higher response to pentane.
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Figure 2.14: Responses of MTT, MBA, MUA, and DDT functionalized sensors to sense 1
ppm of individual benzene, toluene, ethylbenzene, xylene, formaldehyde, acetone, ethanol,

and pentane.

For a real-world application, the gas sensor array is exposed to a mixture of
compounds at different concentrations present in the environmental air. So, we tested this
sensor array containing DDT, MUA, MBA and MTT-functionalized Au MPCs to a mixture
of benzene, toluene, ethylbenzene and xylene (BTEX) at four concentration levels (each
compound concentration 0.25, 0.5, 0.75 and 1 ppm). In Figure 2.15, a comparison of DDT
sensor responses for the BTEX mixture and individual compounds is presented. It is
observed that the DDT sensor response for the BTEX mixture was higher than the
combined response of individual compounds. This could be the result of a synergistic effect
because the presence of multiple gases can lead to a synergistic effect that enhances the

sensitivity of the gas sensor [120]. Also, when a gas mixture comes in contact with the
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sensing material of a gas sensor, it results in an increased surface area available for the
adsorption of gas molecules which might lead to a higher response of the gas sensor to the

gas mixture as compared to a single compound [121].
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Figure 2.15: Sensor response for DDT functionalized Au MPCs in response to benzene,
toluene, ethylbenzene, xylene, and a mixture of these compounds at 0.25 ppm to 1 ppm

concentrations.

Overall, sensor films containing different chain lengths and functional groups show
variable sensitivities and selectivity and the response values are lower at these low
concentrations. These results guide us to improve selectivity for target analytes and to

obtain higher responses at lower concentrations.
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2.4 Conclusion

In conclusion, we demonstrated the characterization and functionality of a
microsensor chip that affords four different sensor materials as a sensor array and performs
simultaneous testing of analytes. The commercial thiol functionalized nanostructured
materials displayed linear responses to the analyte concentrations from 250 ppb to 1 ppm.
Sensor films with different chain lengths and functional groups showed variable responses
and sensitivities to VOCs. However, the overall selectivity of these sensors is low, which

requires the development of other ligands to improve the sensor selectivity.
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CHAPTER IlI

DEVELOPMENT OF METALATED GOLD MONOLAYER-

PROTECTED CLUSTERS FOR SENSING AROMATIC VOCS AND TCE

3.1 Introduction

The detection of toxic VOCs in the environmental air using a portable sensor is an
important research area because these sensors can be used for real-time analysis [122, 123].
BTEX (benzene, toluene, ethylbenzene, and xylenes) is a group of aromatic VOCs that are
considered harmful and are often measured as abundant in polluted air [124]. According to
the World Health Organization (WHO), exposure to BTEX can cause short and long-term
adverse health effects to the central nervous system, lungs, and liver as well as cause
diseases including leukemia and cancer [12, 125]. Also, Trichloroethylene (TCE) harms
the central nervous system, liver, kidney, immune and reproductive systems [126].
Therefore, it is important to rapidly detect these hazardous gases from indoor and outdoor

facilities to prevent exposure to high levels of these toxic compounds.

The use of nanomaterials in sensor development to detect VOCs at trace levels has
been widely reported [127, 128]. Metal oxides, graphene, carbon nanotubes, conductive

polymer, and thiolated Au MPCs have been studied for detecting VOCs in the environment
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[98-102, 129]. However, these gas sensors face challenges for real-world applications
because of low sensitivity, poor selectivity, and cross-sensitivity with humidity and air
matrix [106]. Over the past two decades, gold monolayer-protected clusters (Au MPCs),
where the metal nanoparticle core is surrounded by a self-assembled monolayer of organic
ligand, generally thiolate-based, have been studied for VOC sensing [130]. Thiol-
functionalized Au MPCs have unique properties such as high chemical stability, ease of
synthesis, distinctive optical properties, large surface-to-volume ratio, and a higher level
of conductivity which promote these as a better candidate for gas sensing applications [131-
133]. The electronic properties can be tuned by modifying the composition, morphology,
size, and surface chemistry of Au MPCs. A few chemiresistor sensors have been reported
for sensing BTEX and TCE using thiolate-coated Au MPCs. Wohltjen et al. synthesized
octanethiolate-coated Au MPCs and tested sensor responses to toluene, TCE, 1-propanol,
and water vapors [134]. They observed the increase in resistance of Au MPCs upon
interacting with toluene and TCE vapors, although the change of resistance was different
for each analyte. The film of Au MPCs swelled because of the diffusion of gaseous
molecules into the film and caused a decrease in electron hopping. Kim et al. explored
benzene and methyl ester-functionalized thiolate-coated Au MPCs for sensing benzene and
toluene vapors [135]. Joseph et al. used hexadecanedithiol functionalized Au MPCs to
study the response of toluene, TCE, 1-propanal, and water vapors at 5000 ppm
concentration [136]. They found a higher response for TCE than toluene using this sensor.
The concentration levels for these experiments were in the ppm range and the selectivity

and cross-sensitivity were not monitored. Thus, these sensors limit the application for
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environmental VOC analysis and inspire to development of a new sensor to selectively

detect aromatic VOCs and TCE.

Several research groups have explored the effect of polar-n and n-7 interactions for
sensing aromatic VOCs, but the use of cation-n interactions has not been reported yet [102,
137, 138]. Cation — & interaction is considered a strong attraction that can be explored to
make a notable contribution to molecular recognition phenomena [139, 140]. This
interaction is an electrostatic attraction between a quadrupole moment of the electron-rich
aromatic region and electron-deficient cation. Several characteristics including the nature
of the cation and & system, solvation, and geometry of interaction influence the strength of
this interaction [139, 141-143]. Our approach is to develop a new chemiresistor that
exploits the use of cation-r interactions using Au MPCs to achieve higher sensitivity and
selectivity for sensing BTEX [106]. Au MPCs are derived from a short-chain thiolate
ligand fitted with aminooxy functionality for the ready introduction of carboxylate salts.
Lithium, sodium, and potassium carboxylate-linked Au MPCs were examined for their
ability to sense BTEX vapors as well as in comparative studies to probe the role of the

cation-rt interaction.

Furthermore, cesium carboxylate-linked Au MPCs were tested for TCE sensing as
several X-ray crystallography studies show Cs metal ion coordination to vinyl-chlorides as
well as to other saturated chloro-substituted compounds [137, 139]. Cs*-saturated smectite
clay absorbs more TCE than the clays exchanged using the other metal cations [144]. This
study suggests that there is an interaction between the Cs ion and Cl atoms of

organochlorine compounds. Therefore, it could show differences in binding energy and the
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bond strength of the coordination based on how the Cs* is presented. Thus, we aimed to

explore the sensing application of cesium carboxylate-linked Au MPCs for TCE detection.
3.2 Experimental
3.2.1 Materials

All chemical reagents were purchased either from Millipore Sigma, VWR
International, or Fisher Scientific International and used as received. All solvents and
analytes were freshly distilled before use. Synthetic air (<4 ppm of moisture) was
purchased from Welders Supply Company, Louisville, KY, USA. Tedlar bags, acquired

from Supelco (Bellefonte, PA, USA) were used to prepare the analyte samples.
3.2.2 Synthesis of metal-ion functionalized Au MPCs

Dr. Adhihetty (from Dr. Nantz's research group at the University of Louisville)
synthesized and characterized all thiols and metal ion-functionalized Au MPCs described
in this chapter. The experiments to test the sensor response for these synthesized Au MPCs
were performed in our experimental setup (shown in Figure 2.5). The synthesized
aminooxy Au MPCs were characterized using *H NMR, **C NMR, FT-IR, TEM, and UV-
visible spectroscopy and reported elsewhere [106, 145]. Figure 3.1 shows the synthesis
steps of metal-ion functionalized Au MPCs. Aminooxy-functionalized Au MPCs 2 were
prepared by the reaction of thiol 1 under two-phase Brust-Shiffrin conditions [106].
Aminooxy Au MPCs 3 can serve as a platform for incorporating a wide variety of surface
functionality by reaction with aldehydes, a convenient synthetic approach to be highly
useful when seeking to tailor Au MPCs. To introduce surface carboxylic ester

functionality, Au MPCs 3 were reacted with methyl 4-formylbenzoate. Ester hydrolyses
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using alkali metal hydroxide salts afforded the target metal ion-carboxylate linked Au

MPCs 5-M*, where the M* studied included Li*, Na*, K*, and Cs".

S,

HS .NHBoc DAL
\Ms/\o — mAU ONHBoc

e

1
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a b Au _SWONHZ C . Au _S,\MON_
3 4
d Au S vaON— COQMe
5
CO, M”

Figure 3.1: Synthesis of metal-ion functionalized Au MPCs. Only one ligand is emphasized
in MPCs 2-5. Legend: a) 50% CFsCOzH, CH2Cl>, 0 °C, 15 min; b) EtsN, MeOH:CHCl,
(2:1), rt, 3 h; c) methyl 4-formylbenzoate, CH:Cly, rt, 17 h; d) M* OH~ (LiOH, NaOH,

KOH or CsOH), MeOH:CH:Cl. (1:9), 0 °C to rt, 17 h.
3.2.3 Sensor evaluation and data acquisition

Li, Na, K, and Cs metal ion-carboxylate linked Au MPCs were deposited on IDEs
by the drop-cast method. The sensor response was measured over 5 min under a vacuum
of 28 inches Hg to remove VOCs from the testing chamber and adsorbed on the Au MPCs
sensor film, followed by gas sample exposure at atmospheric pressure, and then again for
5 min under a vacuum of 28 inches Hg. The cycles were repeated at least three times to
check reproducibility. The film resistances were measured and recorded by a single-

channel multimeter (Keithley 2400). Benzene, toluene, ethylbenzene, Xxylene,
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nitrobenzene, cyclohexane, ethanol, acetone, trichloroethylene, perchloroethylene, 1,2-
dichloroethane, chloroform, DCM, 1,2-dichlorobenzene, cyclohexene, 1,1-
dichloroethylene, trans-1,2-dichloroethylene, cis-1,2-dichloroethylene, and 1,1-
dichloroethane were used as the vapor analytes. All the analytes were purified by molecular
sieves before analysis. The target concentrations were prepared the same as described in

chapter 11 (section 2.2.5).
The sensor response is calculated by the following equation:
Response = Ro/Rgas — 1 .. cee vt it e v e et e e e e e e e e e e e (BUD)

where Ro and Rgas are the resistances of the sensor in synthetic air and the presence
of the analyte, respectively. The response time is the time to get maximum resistance
change upon analyte exposure. The recovery times are defined as the time taken by the

sensor under vacuum to achieve 90% of the initial resistance.
3.3 Results and discussion
3.3.1 Sensor development for aromatics VOCs

Figure 3.2A presents the resistance changes of the chemiresistor 5-K* for sensing
benzene at the concentration range of 100 ppb to 100 ppm. With an increasing
concentration of benzene, the resistance deviation from the baseline increased. The
resistance changes were rapid and reversible. From the resistance profile, it is found that
the resistance of this sensor decreases in the presence of benzene, which can be the result
of analyte diffusion into the organic matrix surrounding the metal cores or due to analyte

surface binding, as with postulated cation—= interactions. Using equation 3.1 for response
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Figure 3.2: Plots of A) resistances of chemiresistor 5-K* and B) responses of chemiresistor

5-K* on exposure to 100 ppb to 100 ppm of benzene at 22 °C.
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calculation, the response for benzene increased with higher concentrations (Figure 3.2B).
The increase of resistance from the minimum point indicates an equilibrium process of
analyte diffusion and interaction with ligands on the surface of the gold nanoparticles. The
increases in resistance from the minimum points are similar for all tested benzene
concentrations. The increase of resistance from the minimum point took about 10 min to

reach a plateau resistance (Figure 3.3).
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Figure 3.3: Resistance plot with the time of chemiresistor 5-Na* on exposure to 100 ppb of

benzene at 22 °C.

To further examine the dominant factor of cation—= interactions between thiol and
aromatic compounds, sensor responses to other aromatic and non-aromatic compounds
were measured. Figure 3.4 shows the responses of Li*, Na*, and K*-functionalized sensors
on exposure to a panel of aromatic VOCs as well as nitrobenzene, cyclohexane, ethanol,

and acetone. The Au MPCs 5-M* show a linear relationship between the response and
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Figure 3.4: Sensor responses of Au MPCs 5-M*, where M* = Li*, Na*, or K*. Each point

indicates the average of n = 3 measurements.
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analyte concentration in the range of 100 ppb to 5 ppm. The slope of the linear regression
curve is a direct measurement of sensitivity. The sensors show higher sensitivity for
analytes containing a 7 system (benzene, toluene, ethylbenzene, and xylene), a result that
IS consistent with a sensing mechanism elicited by cation-r interactions. Further support
for the involvement of cation-nt interactions is noted by the higher sensitivity toward the

aromatic VOCs containing alkyl substitution.

Alkyl substituents increase m-electron density in the ring via induction, which in
turn can be expected to promote a greater association of the m system with an electron-
deficient metal ion, a relationship that has been previously reported [146]. Indeed, the
alkyl-substituted analytes toluene, ethylbenzene, and xylene (commercial mixture of
isomers) elicited greater sensor responses than benzene. Furthermore, the highest responses
observed for the Na™ and K™ bound sensors were for xylene, the most electron-rich aromatic
VOC examined. The Li* bound sensor was overall less sensitive than the Na* and K* bound
sensors since lithium is more tightly bound by carboxylate anion than either sodium or

potassium, thus decreasing its electrostatic potential for engaging in cation-x interactions.

Of particular interest for the analytes examined are the relatively flat slopes
obtained for cyclohexane, ethanol, and acetone. Cyclohexane and ethanol cannot engage
in cation-n interactions, and cation-m interactions of nonaromatic m-Systems, such as in
acetone, are little known and limited to the complex of ethylene-ammonium cation,
acetylene-calcium cation, and intramolecular complexation of carbonyl n-systems [147,
148]. Cation-r interactions often must compete with polar M*-hydrophilic interactions, but
with the present sensors, the polar substrates did not elicit significant responses, suggesting

the dominant response for the synthesized chemiresistors corresponds to cation-n
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interactions and not to hydrophilic interactions or analyte permittivity into the hydrophobic

monolayer core.
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Figure 3.5: Chemiresistor response to VOCs at a concentration of 5 ppm. Sensors were

prepared from Au MPCs 5-M*, where M* = Na* or K*.

Although nitrobenzene contains an aromatic m-system, the response curves of the
three chemiresistors examined to nitrobenzene also are flat. The lack of response of the
Na* and K*-functionalized chemiresistors to nitrobenzene at a concentration of 5 ppm is
shown in Figure 3.5, which compares sensor responses to the BTEX VOCs and
cyclohexane, ethanol, and acetone at the same concentration to represent the sensitivity of
the sensors toward electron-rich aromatic VOCs. A reasonable interpretation of this result

is that the nitro group diminishes the n-electron density of the aromatic ring via a resonance

60



withdrawing effect to substantially reduce the ability for metal ion coordination via cation-
n interactions. Also, both the Na® and K'*-functionalized chemiresistors show a low
response to cyclohexene, in which the alkene-m bond does not coordinate alkali metals as

well the m-systems of aromatic substrates.

The response times for Li*, Na" and K* sensors were around 10s, 8s, and 8s,
respectively. The recovery times for the Li*, Na* and K* sensors were 60 s for most of the
analytes. Table 3.1 shows the response and recovery times for all tested VOCs. The limit
of detection (LOD) was calculated from the response curve for these tested analytes using
linear regression according to the formula: LOD = 3.3 (Sy/S) [Sy = the standard deviation
of the response and S = the slope of the response curve]. The calculated LOD ranges from

0.1 to 3 ppb for these compounds.

Table 3.1: The response and recovery times for the Li*, Na*, and K* sensors.

Sensor response time (s) Sensor recovery time (s)
Analyte

Li* Na* K* Li* Na* K*
Benzene 10 8 7 60 60 60
Toluene 10 8 7 60 60 60
Ethylbenzene 10 8 8 60 60 60
Xylene 10 7 7 60 60 60
Nitrobenzene 10 7 7 60 50 40
Cyclohexane 10 7 7 60 40 50
Ethanol 8 7 60 60
Acetone 7 7 60 60
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To further validate that sensor resistance changes are due specifically to cation-n
interactions of carboxylate-linked metal cations, we examined sensor responses to both the
structurally analogous methyl ester functionalized Au MPCs 4 and to potassium hydroxide-
treated Au MPCs. No significant changes in resistance were observed by introducing
BTEX at different concentrations to Au MPCs 4, which do not contain bound alkali metal
ions. To eliminate the possibility that the ester hydrolysis procedure in which 4 is treated
with metal hydroxide can deposit metal ions onto Au MPCs other than as a metal ion-
carboxylate, dodecane thiolate-coated Au MPCs were reacted with 0.1 M KOH in the same
manner as in the synthesis of Au MPCs 5-K*. The response of the resultant KOH-treated
Au MPCs to benzene then was examined. We did not observe any notable response to
benzene at all concentrations examined. These results underscore that the attachment of
metal ions to the Au MPCs monolayer in the form of metal carboxylates is crucial for

sensor recognition of aromatic VOCs.

To examine if the cation-r sensing mechanism can be extrapolated to carboxylate
salts of other thiol-acids, Au MPCs-based sensors using commercially available thiols were
prepared for comparison with the 5-K* sensor. The initial resistances and structures of these
sensing materials are given in Table 3.2. The 5-K* chemiresistor showed the highest initial
resistance compared to the other films examined. Figure 3.6 shows sensor responses to
benzene at a concentration range from 100 ppb to 5 ppm. The sensor prepared from 4-
mercaptobenzoic acid (4-MBA) responds a little to benzene vapor at high concentrations.
However, the same sensor fitted with K* ions (4-MBA-K™) did respond to benzene vapor,
albeit not at the level of the 5-K* sensor. The Au MPCs chemiresistor prepared from 16-

mercaptohexadecanoate potassium salt (16-MHDA-K") also responded to the benzene
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vapor concentrations examined, but at much lower response values than the 4-MBA-K*

sensor. The data show that metal ion incorporation via carboxylate salt formation elicits

Table 3.2: Commercially available thiols used to prepare Au MPCs chemiresistive films

for benzene sensing studies.

Coated thiol Au MPCs chemiresistive film Initial
film
resistance

4-mercaptobenzoic acid Au —SOCOOH 17 x
(4-MBA) 10°Q
4-mercaptobenzoate, Au —SOCOO_ K 15x 10°Q
potassium salt

(4-MBA-K*)
16-mercaptohexadecanoate, Au —S/\M?COO_ K 0.8 x
potassium salt 1060

(16-MHDA-K")

5.0 x
5-K* 10°0Q

responses to benzene, with the hydrophobic nature of the organic matrix of the sensor
influencing the degree of the response. The oxime ether linkage (-ON=C-) in the 5-K*
sensor forms a conjugated © system with the aromatic ring. This arrangement, especially
given the para-substitution of the oxime ether to the carboxylate salt, can be expected to

electronically influence the carboxylate substituent and the extent of K™ coordination.
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While more studies are needed to fully understand the role of ligand structure and
substitution on metal ion-based interactions with aromatic VOC:s, it is clear that these K*
functionalized Au MPCs sensors exhibit a higher response to benzene than the responses

of previously studied thiolate-coated Au MPCs sensors mentioned in the introduction.
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Figure 3.6: Responses of Au MPCs chemiresistors prepared from commercial thiols in

comparison with the 5-K™ chemiresistor response to 0.1 — 5 ppm benzene.

In regards to the long-term stability of metal ion-functionalized chemiresistors, we
studied the responses of sensor 5-Na* toward exposure to 1 ppm benzene at different times.
The response of this sensor was measured on the day it was prepared, after 30 days, and

after 180 days. The response value was reduced by 30% after one month and 63% after six
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months. We also tested 5-Na* and 5-K* gold nanoparticles that had been stored in the
refrigerator for more than one year. The corresponding chemiresistors prepared from these
nanoparticles had similar levels of responses as chemiresistors prepared from freshly
synthesized thiol-functionalized gold nanoparticles. This result indicates that new sensors
can be prepared by removing the previous sensing film from the IDEs and adding a new

layer of the same sensing material.

3.3.2 Sensor development for chlorinated VOCs

In this study, the influence of morphology, hydrophilic-hydrophobic character, and
ionic strength of the metalated Au MPCs for TCE vapor sensing was examined. First, the
5-Cs* sensor was tested for different analytes including chlorinated, aromatic, polar, and
non-polar compounds. Figure 3.7 shows the 5-Cs" sensor response for these analytes at 0.1
ppm, 0.5 ppm, 1.0 ppm, 2.5 ppm, and 5.0 ppm vapor concentrations. We observed a similar
response profile of other cation-functionalized Au MPCs. 5-Cs* sensor interaction towards
benzene is mainly due to the cation-mt interaction and the response is higher than
cyclohexene, which has a lower r-electron density than benzene. Among the chlorinated
analytes, the highest response was observed for TCE at high vapor concentrations than
DCM. TCE contains three high electronegative chlorine atoms and those atoms pull ¢ and
7 electrons toward themselves and create a high electron density around the Cl atoms. Due
to the presence of high electronegative chlorine atoms (chloro substituents are an electron-
withdrawing group), TCE has a low & electron density relative to benzene and cyclohexene

which makes it less suitable for cation-m interaction. So, it is rational to expect that TCE
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does not interact with the cesium cation at the surface of the Au MPCs through the =
electron density of alkene functionality. However, TCE interacts with the sensor film,
presumably through cesium-chlorine coordination. The strength of cesium cation—chlorine
coordination in TCE and DCM is higher than the cation-rt interaction in benzene.
Furthermore, the 5-Cs* sensor responded to gaseous methanol (polar) which might be due

to the methanol oxygen coordination to the cesium cation which is known [149, 150].
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Figure 3.7: Response of Au MPCs Cs* sensor to different VOCs. (Chlorinated vs aromatic

vs polar vs non-polar).

66



To further investigate the interaction of the 5-Cs* sensor towards chlorinated
analytes, different analytes of chlorinated alkanes were exposed to the sensing film. Figure
3.8 represents the comparison of sensor responses for chlorinated alkane vapors with TCE
vapors. Interestingly, TCE still exhibits a higher response for this sensor. TCE and 1,2-
dichloroethane feature vicinal dichloride whereas chloroform, DCM, and 1,1-
dichloroethane contain geminal chlorides. So, it can be suggested that analytes with vicinal
chloro units might have the affinity to develop a metallocycle via coordination of dichloro
unit to cesium cation as proposed by Smith et al. [151] and this formation is stronger for
TCE due to the high electron density distributed around the chlorine atoms. Also, the
cesium attracts more favorably with chlorine due to its Lewis acid—base nature. It has been
observed that the electronegativity is more in DCM than in chloroform. The larger the
difference in electronegativity, the higher the dipole moment and that could be the reason
for the higher response for DCM than chloroform. Although, a lower response was
obtained for 1,1-dichloroethane which has a higher dipole moment than DCM and
chloroform. It could be a reason for the geminal structure of the analyte or steric hindrance

to interact.
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Figure 3.8: Response of Au MPCs 5-Cs* sensor to chloroalkanes.
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Figure 3.9: Response of Au MPCs 5-Cs* sensor to chloroalkenes.
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To understand this specific coordination interaction for TCE and other chlorinated
compounds, a list of chlorinated alkenes was tested (Figure 3.9). The 5-Cs* sensor shows
higher responses for the vicinal 1,2-dichloro unit containing alkenes than geminal 1,1-
dichloroethylene. This observation suggests that the previously explained metallocycle
formation via vinyl 1,2-dichloro unit coordination to cesium cation is prominent and can
be harnessed as a recognition element for TCE sensing. The net molecular dipole moment
is an important factor to enhance cesium-chlorine coordination. Among analytes from
Figure 3.9, 1,2-dichlorobenzene features vicinal dichloride with the highest net dipole
moment. Cation-r interaction is also possible between the cesium cation and = electron.
Due to the combination of all the factors, the 5-Cs* sensor exhibits the highest sensor
response for 1,2-dichlorobenzene. Also, a higher response was observed for cis 1,2-
dichloroethylene than TCE due to the high electron density around the chlorine atoms. cis-
1,2-dichloroethylene, trans-1,2-dichloroethylene, and 1,1-dichloroethylene are isomers,
but they differ significantly in dipole moments. The net dipole moments of all tested
analytes are presented in table 3.3 [145]. The sensor response was lower for
perchloroethylene (PCE) than TCE and this might be due to the lower electron density
around the chlorine atoms in PCE than TCE. This observation suggests that the analyte
with low electron density around the chlorine atom promotes less Cs-Cl interaction and
produces a lower sensor response. Furthermore, 1,1-dichloroethylene containing geminal
dichlorides produced a lower response. This observation supports the previous explanation

of sensor responses for analytes with vicinal and geminal chlorines.
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Table 3.3: Dipole moments p (D) of analytes utilized in this experiment.

Analyte Net dipole moment u/ D
1,2-Dichlorobenzene 2.54
1,1-Dichloroethane 2.35
cis-1,2-dichloroethylene 1.9
1,2-Dichloroethane 1.86
Methanol 1.70
Dichloromethane (DCM) 1.55
1,1-dichloroethylene 1.3
Chloroform 1.02
Trichloroethylene (TCE) 0.88
Cyclohexene 0.33
Benzene 0
trans-1,2-dichloroethylene 0
Perchloroethylene (PCE) 0

To explore the interferences of 5-Cs* sensor with other VOCs, a gaseous mixture
of TCE, DCM, benzene and methanol was prepared in Tedlar bags containing 1L synthetic
air where TCE amounts varied (100 ppb, 500 ppb, 1 ppm, 2.5 ppm and 5 ppm) but DCM,
benzene and methanol amounts were fixed (100 ppb of each compound) in five Tedlar
bags. Figure 3.10 shows a comparison of 5-Cs* sensor responses for the mixture with
individual compounds. It is observed that the response was higher for the mixture and
maintained a parallel distance at higher concentrations (1 ppm — 5 ppm) with the response
curve for TCE vapor. In the mixture, the interaction with DCM, benzene and methanol

vapors might increase the response for the mixture more than individual TCE. This
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phenomenon could be helpful to distinguish TCE with high concentration from other VOCs

that present at trace levels.
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Figure 3.10: A comparison of 5-Cs" response curve for a mixture of TCE, DCM, benzene,
and methanol vapor with individual compounds. In the mixture, TCE concentration varied
from 1 ppb to 5 ppm but DCM, benzene and methanol amounts were fixed (100 ppb of

each).

3.3.3 Sensor response to humidity

Apart from cation-n interactions, these sensor materials also show strong
interaction with water. To examine the effects of hydration, the responses of the sensors to
water spiked into synthetic air were studied. In this study, predetermined amounts of water
were injected into 1 L Tedlar bags containing synthetic air to achieve the desired relative
humidity (RH). Theoretically, 1% RH is equivalent to 312 ppm water at 25 °C. For

71



instance, 29 pL of water was injected into a 1 L Tedlar bag to make 25% RH and heated
until the water was evaporated. The same procedure was carried out to prepare 50%, 75%,
and 100% RH. Figure 3.11 shows the responses of Li*, Na*, K*, and Cs™ functionalized Au
MPCs sensors to relative humidity (25-100%) at 22 °C. The interaction of Au MPCs 5-M*
to water moisture shows the order K* > Na* > Cs" > Li*. The large responses of Na* and
K™ functionalized Au MPCs to humidity cause significant interference in measuring BTEX

in the environmental air.

400 -

w
=
=]

Response

200 A

100

0 25 50 75 100
Relative humidity (%)

Figure 3.11: Au MPCs 5-M" sensor responses to relative humidity (25-100%).
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Figure 3.12: A comparison of 5-Cs* sensor response profile of different amounts of water

vapor with and without 1 ppm TCE.

Figure 3.12 presents the response of 5-Cs* sensor to water vapor with and without
1 ppm TCE. The difference between the responses at each humidity point indicates the
response for 1 ppm TCE. This difference is close to the response value of 1 ppm TCE. One
way to eliminate the effect of humidity is to use a sorbent tube to absorb water from
environmental air samples. Another approach is to use a preconcentrator with selective
sorbents to capture and concentrate BTEX target analytes and then to use synthetic air for
the elution of the preconcentrator. The preconcentration process will not only eliminate
humidity but also concentrate target compounds for more accurate analysis. Further study

using these sensors for the detection of BTEX in environmental air after a preconcentration
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process is needed. The development of a micropreconcentrator is described in the next

chapter.

3.4 Conclusion

The sensor response depends on the morphology of the sensing materials and non-
covalent interactions with the vapor analytes such as cation-n interactions, halogen
bonding, metal ion coordination, VVan der Waals, and hydrogen bonding. We reported here
that linking alkali metal ions to the surface of Au MPCs-based chemiresistors results in
sensors with demonstrated sensitivity and selectivity toward aromatic and chlorinated
VOCs. The trends in the observed response data for the Li, Na, and K ion chemiresistors
toward aromatic and non-aromatic VOCs, both in terms of metal ion composition and
aromatic ring n-electron density, support cation-n interactions as a dominant mechanism
among many possible interactions to develop a selective sensor for detecting aromatic
VOCs. Furthermore, cesium ion chemiresistor responses toward chloro hydrocarbons are
greatly affected by the morphology, hydrophilic-hydrophobic nature, and the dielectric
constant of the sensing film. The net molecular dipole moment and the presence of a vicinal
dichloro unit in the analyte can form a stable metallocycle that influences the selectivity
and sensitivity of the Au MPC Cs* chemiresistor for TCE detection. Further studies are
required to examine the robustness of the stable metallocycle complex formation with
cesium cation. However, the present results point toward metalated Au MPCs as a

promising sensing material to explore for selectively sensing aromatic VOCs and TCE.
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CHAPTER IV

DEVELOPMENT OF A MICROPRECONCENTRATOR FOR

ANALYZING TRACE VOCS IN ENVIRONMENTAL AIR

4.1 Introduction

The analysis of toxic volatile organic compounds (VOCs) in environmental air is
important because toxic VOCs induce adverse effects on human health including cancers
and cardiovascular diseases [11, 152]. Among the wide spectra of VOC pollutants,
significant attention has been given to benzene, toluene, ethylbenzene, and xylene (BTEX)
and trichloroethylene (TCE) not only because of their toxicity and/or carcinogenic nature
for chronic exposure but also for their involvement in atmospheric photochemical reactions
[12, 153, 154]. BTEX exposure has been responsible for numerous health conditions, such
as skin and eye irritation, headache, neurological dysfunctions, and cardiovascular disease
[125, 152, 155]. The sources of BTEX in environmental air include industrial emissions,
automobile exhaust, petroleum products, and solvent usage [156-159]. Indoor BTEX
sources are mostly cleaning products, paints, adhesives, cooking oil fumes, and vapor
intrusion [153, 160]. The US Occupational Safety and Health Administration (OSHA) set
a short-term exposure limit of 5 ppm of BTEX over 15 min as a Permissible Exposure

Limit (PEL) [161].  Trichloroethylene (TCE) harms the central nervous system, liver,
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kidney, immune and reproductive systems [126]. Chronic exposure to toxic BTEX at
concentrations below their PEL causes cardiovascular disease and cancers [11, 12, 152,
153]. Thus, there is still a need to develop convenient, rapid, and accurate analytical
methods for periodically monitoring toxic VOCs in both indoor and outdoor air and to alert

people and prevent their exposure to high levels of these VOCs.

Gas chromatography-mass spectrometry (GC-MS) is the golden standard tool for
the analysis of trace VOCs in environmental air, but this approach requires a long
preconcentration time and large volumes of air samples [162]. The GC-MS method
requires a special instrument for the preconcentration and thermal desorption of VOCs.
Simultaneous on-site quantification of VOCs in both indoor and outdoor air demands a
highly sensitive instrument for lower concentration VOCs [163]. Several types of sensors
including electromechanical sensors, metal oxide sensors, electronic nose, and gold
nanoparticle-based sensor arrays, have been developed for detecting target VOCs in the air
[164]. Some of these techniques provide high sensitivity and lower detection limits toward
target compounds, less power consumption, accurate and repeatable results; however, these
sensors suffer significant interference by other VOCs in the air matrix [152]. Hence, the
development of inexpensive, real-time, portable analytical methods with sensitivity,

repeatability, and accuracy is a substantial challenge.

Solid phase microextraction (SPME) is a prominent sampling technique that uses
coated fiber to extract analytes from different kinds of media such as liquid or gas phases.
The quantity of analyte extracted by the SPME fiber depends on the type of fiber and is
proportional to the analyte concentration [44, 165-167]. The solventless SPME technique

provides a linear response over an extensive range of analyte concentrations. SPME has
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been widely used for the determination of VOCs in environmental air [44, 162, 165, 166];
however, the analysis of sub-ppb levels of VOCs in the air by SPME in conjunction with
GC-MS is challenging because the limit of detection (LOD) of the instrument is

approached at these levels [46, 167-171].

Many miniaturized preconcentration and detection systems have been developed
for the portable analysis of toxic VOCs in environmental air which are summarized in
Table 4.1. These include small-diameter tube and needle extraction, SPME, and
microfabricated preconcentrators. Most of the reported preconcentrators are fabricated
using micro-electro-mechanical system (MEMS) technology to reduce the volume of the
sorbent. These micropreconcentrators (LPC) have been primarily used as an integral part
of micro-gas chromatograph (uGC) systems for field detection [172-176] or monitoring
target VOCs in environmental air [177-180]. Micropreconcentrators can be loaded with
different adsorbent materials to tailor affinities for target VOCs. Furthermore, uPCs can
enhance the LOD and also improve selectivity by reducing interfering compounds or
filtering undesirable compounds from a sample matrix [181]. In a recent publication, a uPC
was mounted on an unmanned aerial vehicle to collect and concentrate VOCs in the air at

different altitudes for subsequent analysis by GC-MS [182].

Although both microfabricated pPC and SPME methods have been used for the
analysis of VOCs in indoor and outdoor air, there is no study in which these two methods
have been combined for the analysis of trace VOCs by GC-MS. Both methods face
challenges for accurate analysis of sub-ppb level VOCs in the air by GC-MS because of
the constraints of the detection limits of GC-MS for using SPME and large sample volume

for using uPC. In this study, a MEMS-fabricated uPC was integrated with SPME to create
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a two-stage concentration process for analysis of BTEX and TCE in environmental air by
GC-MS [124]. Integration of these methods provides the advantages of using a smaller
sample volume (less than a 2-liter sample) for preconcentrator and avoiding sample
dilution on thermal desorption by SPME. The microfluidic channel of the pPC device was
filled with Carboxen 1000 to selectively trap gaseous BTEX and TCE. The adsorbed VOCs
then were thermally desorbed to a small volume for extraction by SPME. This two-stage
preconcentration method provides higher amounts of VOCs for GC-MS analysis than using
either a uPC or SPME alone. The performance of the uPC device was characterized based
on adsorption and desorption flow rates, recovery percentage, and thermal desorption
efficiency. The two-stage preconcentration method was also examined for measurements

of BTEX and TCE in the environmental air.

4.2 Materials and method

4.2.1 Chemicals and materials

Benzene, toluene, ethylbenzene, xylene (a mixture of o-, m-, and p-xylene), and
TCE (analytical standard purity) were purchased from Sigma Aldrich. Tedlar bags, SPME
holders, and fibers coated with Carboxen/polydimethylsiloxane (Car/PDMS) (75 pm)
coating, and Carboxen 1000 adsorbent were obtained from SUPELCO. Tedlar bags were
cleaned by filling them with synthetic air and then evacuating and repeating the process
three times. All chemicals used in this work were analytical grade and were used without
further purification. Initially, a mixture of BTEX and TCE (1000 ppm) was prepared by

injecting predetermined amounts of the chemicals into a Tedlar bag containing 1L synthetic
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air. A serial dilution of this mixture was performed to achieve target concentrations for
making calibration curves using SPME for extraction and GC-MS for analysis. Air-tight
glass syringes were purchased from RESTEK. Freshly prepared standards were used for
each experiment. Synthetic air (moisture < 4 ppm) was purchased from a local company

(Welders Supply, Louisville, KY).
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Table 4.1: Summary of miniaturized preconcentrator used to detect BTEX.

Ref uPC Adsorbe | Adsorption | Desorption | Heating | Separation | Detection | LOD
Device | nt parameter parameter system | Column, system
size material | (sample (flow rate, stationary

volume, Temperatur phase &
flow rate) e) thickness

[181, | Borosil | TENAX | 180 mL, 25 sccm Cr/W DB-VRX | GC (HP 22

182] icate TA (=7 | 90 sccm 260 °C metal capillary 5890)/FID | ppb
glass mg) For column
2.54 environme (20 m x
cm X nt analysis: 0.18 mm
2.54 3.6L,30 x 1 um,
cm X sccm Agilent)
14cm

[183] | AI3 Carbopa | 20 mL 2.5scecm Ceramic | capillary | eVxBlue | 0.06—
cm X ckB 5 sccm 330 °C heater column mini PID | 0.42
1.5cm | (=5 mg) (20 m x (Baseline | ppb
x 0.5 0.18 mm MOCON,
cm x 1 pum, Lyons,

RXi-624 CO, USA)
stationary

phase, 1

um film

thickness

(Restek)

[184] | Glass TENAX | 1L 4 min Alumin | 15m PID <1
tube GR 1.75 min 180 °C um MXT-5 (Andrews | ppb
6.35x | (0.50) block (0.53 mm | Glass)

114.3 with a ID x 0.25
mm 100 pm) and
watt 30m
cartridg | MXT-
e heater | 1301
columns
(0.53 mm
IDx0.3
pHm)
(Restek)

[153] | Al 40 Basolite | 20 mL 150 °C Three 20mlong | eVxBlue | 0.2-
mmx | C300 5 scem heating | capillary mini PID | 1.7
40 mm cartridg | column (Baseline | ppb
x12.3 es (i.d. 0.18 | MOCON,

mm (Watlo | mm, RXi- | Lyons,
w, St. 624 CO, USA)
Louis, stationary
MO, phase, 1
USA) pum,
Restek

[172] | Tube Restek | Upto4 L 180 °C Cartridg | MXT -1 PID 1-5
ID: Res-Sil | 100 — 300 e (Restek) (Alphasen | ppt
0.065” | B (75 sccm heaters se)

mg) (McMas
ter)
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[185] | Stainle |C-B(8 | 1L 0.18 L/min | Ptwire | Two Polymer <10
ss steel | mg), for 5.5 min, | coil columns: | coated ppb
tube C-X 300 °C Rtx-1, 0.5 | surface
(ID: (2.5 um acoustic
1.32 mg), thickness, | wave
mm) Carboxe Rtx-200, (SAW)

n 1000 thickness | sensor
(1.8 0.25 um array
mg) (Restek,

Bellefonte

, PA).

[186] | Si136 |[C-B(2 |5-10mL | 3sccm Ti/Pt Two Thiolate- | 0.42 —
mm x | mg), 5 sccm 225 °C micro- pcolumn monolayer | 3
4.1 C-X heater chips, protected | ppm
mm (2.3 PDMS gold

mg) thicknes nanopartic

0.20 pm le coated

Sensor
array, FID
(7890
Agilent,
Santa
Clara, CA,
USA)

[180] | Si25 quinoxa | 50 sccm 100 °C TiN/Pt | pcolumn Metal 0.1
mm X line micro- chip, oxide ppb
12 mm | bridge heater Carbograp | semicond
x1.3 cavitand h2+ uctor
mm 0.2% (MOX)

Carbowax | gas
™ Sensors

[187] | Stainle |C-B(3 |1L 1sccm Ni/Cr Silica PID (PID- | 0.02-
ss steel | mg), 100 sccm 320 °C wire capillary AH, 0.07
tube C-X (2 coil column, Alphasens | ppb
(ID: mg), 0.25mm |e
1.2 Carboxe i.d., DB-1
mm, n 1000 stationary
length: | (1 mg) phase, 0.5
8-cm pm

thickness)

[57] Si metal 10 min 0.3 sccm Ti/Pt silica FID (YL <1
Glass organic | 5sccm 150 °C micro- capillary 6100, ppm
3cmx | framew heater column Young
1.5cm | ork Lin

(MOF- Instrumen
5) 20 t)
mg

[173] | Si- Tenax 10 min 3scem Cr/Ni pcolumn Micro- ~25
Glass | TAfilm | 10 mL 200 °C micro- chip, OV- | thermal ppb
13 mm | (thickne | 1sccm heater 1, ~250 conductivi
x 13 Ss: nm ty
mm ~200 detectors

nm) (LTCD)
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[188] | stainle | Carbopa | 200 mL 2.1 sccm Cr/Ni pcolumn uPID 0.14 -
sssteel | ck B 20 sccm NA wire chip, OV- 0.23
tube (0.75 coil 1 ppt
(length | mg),

4.5 Carbopa

cm) ck X
(0.75
mg)

[189] | stainle | porous | NA NA Coil UAC-CW | Microfabr | ~1
ss steel | graphiti 300 °C wire (carbowax | icated ppb
tube zed coated quartz
(1/16- | carbon column, tuning
inch black Quadrex) | fork
diamet and UAC- | detector
er and 502
1-inch (cyanopro
length) pylphenyl

silicone
coated
column,
Quadrex)

[190] | Si Coated | 50 mL 40 3scem Cr/Au Capillary | FID NA
Glass | carbon | sccm 320 °C column (Agilent
4mm | flim (DB-5, 5890)

x 14 (thickne 0.32 mm
mm ss 10 i.d.,15m
pum) 2 long,
mg Supelco)

[191] | Si Carbopa | 5-10mL | 2—3sccm | Ti/Pt uSC chip, | pCR array | 16 -
Glass ck B 5-10 225 °C micro- PDMS 0.2 | chip 600
1.4 x (2.0 sccm heater um ppb
4.1cm | mg),

Carbopa
ck X
(2.3
mg)

[192] | Glass | Carbon | 90 mL 1.8 sccm NA MXT-1 PID 0.13-
tube (4 | nanotub | 90 sccm 250 °C (Restek), 0.28
mm e dimethylp ppb
1.D., sponge olysiloxan
40 mm | (5 mg) e film
length) thickness

1 um
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4.2.2 MEMS preconcentrator fabrication procedure

Micropreconcentrator (14 mm x 8.5 mm x 1 mm) devices (Figure 4.1) were
fabricated using a 0.5 mm thick 4-inch diameter double-side polished (DSP) silicon wafer.
There are two main parts in the uPC, namely the cavity area which contains adsorbent
material and microheater. Two photomasks were used for the fabrication of uPC. One
photomask was for patterning the topside cavity and flow channel and another photomask
was for designing the backside microheater. Figure 4.2 shows the two prepared photomasks
used for uPC fabrication. All the microdevices were fabricated using the microfabrication
technique in the University of Louisville cleanroom facility (class 100/1000). Detailed

fabrication steps (Figure 4.3) are discussed below.

(a)

Cover glass plate

Micropillar

————Silicon wafer

.\ Micro-heater

RTD 2 -y Heater +
Micro fluidic port RTD 2 +

Figure 4.1: Micro gas preconcentrator (uWPC). (a) Three-dimensional view of layers. (b)
Image of front faces of the uPC containing cavity and micropillars. (c) Image of backside

heater and RTD of the uPC.
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Figure 4.2: (a) Fabricated dark field photomask for creating cavity and flow channel in

uPC, (b) Fabricated light field photomask for microheater fabrication on the backside of

uPC.
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Thermal oxidation:

The silicon dioxide layer was grown on both sides of the wafer because on one side
SiO> served as a sacrificial layer for buffer oxide etch and on the other side it acts as an
insulation for the microheater. First, the wafer was cleaned and dried using acetone,
methanol, DI water, N2 respectively to remove any trace contaminants on the surface such
as dust, organic, ionic, and metalic compounds (Figure 4.3A). Then it was placed in a trash
furnace to grow around 400 nm thick SiO> (Figure 4.3B). Wet thermal oxidation was run
for 1.5 hours at 1000°C. 430 nm oxide layer thickness was measured on both sides of the

wafer using a filmetrics system.

Photolithography:

A positive photoresist Shipley 1827 was coated on one side of the oxidized wafer
at a spin speed of 500 rpm for 1 second and a spread speed of 4000 rpm for 30 seconds,
causing the photoresist thickness of around 2.7 um. The wafer was soft-baked at 90 °C for
2 minutes. The same steps were done for the other side of the wafer. Both sides were coated
with photoresist as the photoresist on one side was patterned for cavity design by
photolithography and the photoresist on another side prevented the SiO. layer from

buffered oxide etchant.

One side of the wafer was then exposed to UV light using Karl Suss Mask Aligner
MAG6/BAG6 which uses the contact exposure method. UV source was exposed on the wafer
for 22 seconds at 12 W/cm? through a dark field photomask (Figure 4.3C). The UV-

exposed area became soluble in the developer solvent. The wafer was then developed in
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Microposit MF319 solution for 90 seconds followed by rinsing under a DI water bath and
drying with N». The wafer was observed under an optical microscope to check the patterns.

The wafer was hard-baked for 2 minutes using the hotplate at 120°C.

A. Start DSP silicon wafer |

B. Growth SiO, on both sides _

C. Photolithography to pattern _
cavity and flow channel

D. BOE to open SiO, H

E. DRIE to create micropillars M

and cavity

F. BOE toremove residual Si0, .t |
G. Anodic bonding to glasswafer |

H. Photoresist patterning to ----

deposit Cr/W/Cr metals

I. Sputtering of Cr/W/Cr metals H
). Liftoff  mm mm o mm |

Figure 4.3: Schematic illustration of the uPC fabrication steps.
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Silicon dioxide etching:

The thermal oxide in the patterned area was etched by a buffered oxide etching
(BOE) solution. BOE solution is a wet etchant comprised of a 6:1 volume ratio of 40%
ammonium fluoride (NH4F) in water to hydrofluoric Acid (HF). The etch rate of BOE at
22 °C is 120 nm/min. The thickness of SiO2 was 430 nm, so the wafer was immersed in
BOE solution for 5 minutes to make sure that the SiO layer under the UV patterned area
was completely etched which opened the path for deep reactive ion etching (DRIE). After
BOE, the wafer was rinsed for 2 minutes in a DI water bath, and dried with N2 (Figure
4.3D). The coated photoresist on the other side of the wafer protected the SiO. layer from

being etched away.

Deep reactive ion etching:

DRIE is a common tool for controllable anisotropic etching of MEMS devices to
form high aspect ratio features. Sulfur Hexafluoride (SFe) and Oxygen (O2) plasma are
used to etch through the silicon wafer. An STS MESC Multiplex ICP machine was used
for DRIE. Before putting the wafer into the chamber, a 500 pm thick handle wafer was
attached at the backside of the wafer to protect it from being raptured as our target depth
of cavity was around 400 um. An adhesive glue was applied between these two wafers and
heated up to 120 °C. After 20 min, the wafers were cooled and stuck together. Wafers were
placed in a DRIE chamber and run for 120 minutes which created a 400 um depth cavity
with designed micropillars (Figure 4.3E). The depth was measured using a Dektek

profilometer. Figure 4.4 shows the optical image of the wafer after DRIE.
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Then the wafers were put in N-Methyl-2-pyrrolidone (NMP) bath at 60°C to strip
the photoresist followed by oxygen plasma cleaning in the March RIE CS1701 for 10
minutes to completely remove any photoresist residues at a condition of 300 watts, Pressure
300 mTorr and O flow (20% sccm). Sacrificial SiO- layers were completely cleaned by
placing the wafers in BOE solution for 5 minutes (Figure 4.3F). After BOE, wafers were

washed in a DI water bath and dried with N2 flow.

Figure 4.4: Optical image of the cleaned wafer before anodic bonding.
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Anodic bonding:

The wafer was sealed by anodic bonding with a 500 um thick glass wafer (Pyrex
7740 glass) using a Suss SB6e bonder. Before anodic bonding, the backside handle wafer
was removed by applying heat at 150 °C. Then backside photoresist was removed by
putting the wafer in the NMP bath at 60 °C for 10 minutes followed by rinsing in a DI
water bath and drying with N2. Pyrex 7740 glass wafer was also cleaned by placing it in an
NMP bath, rinsed in a DI water bath, dried by N2 and hard-baked at 150 °C for 5 minutes.
Then Si wafer and glass wafer were bonded by applying 1200 DC voltage at 450 °C (Figure

4.3G).

Photolithography with backside alignment:

The backside of the glass-bonded wafer was coated by Shipley 1827 photoresist at
a spin speed of 500 rpm for 1 second and a spread speed of 4000 rpm for 30 seconds. The
wafer was soft-baked at 90°C for 2 minutes. The wafer was placed in Karl Suss Mask
Aligner MA6/BAG6 and appropriate alignment was done by using the backside aligner and
adjusting x, y, and theta orientation error between the alignment marks of the photomask
and wafer. Then UV source was exposed on the wafer for 22 seconds at 12 W/cm? through

a clear field photomask (Figure 4.3H).
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YES Image reversal:

YES Image reversal was done to alternate the action of the photoresist. Also, this
process improves the profile for the lift-off step by providing higher resolution, re-entrant
sidewalls. The wafer was treated with ammonia exposure at 90°C and then flood exposure
for 25 seconds using Karl Suss Mask Aligner MA6/BA6 which made photoresists in UV
unexposed area soluble to the developer solvent. The wafer was developed in Microposit
MF319 solution for 90 seconds followed by rinsing under a DI water bath and drying with
N2. The wafer was observed under an optical microscope to check the patterns. The wafer

was hard-baked for 2 minutes using the hotplate at 130 °C.

Sputtering:

Before metal sputtering, the wafer surface was treated with O, plasma to remove
any organics to promote better adhesion of metals to the wafer. March RIE CS1701 was
used for this cleaning step and O2 gas flowed at 20% sccm for 25 seconds. The wafer was
then sputtered with Chromium (Cr) and Tungsten (W) metals for 2 minutes and 35 minutes
respectively using a Kurt J. Lesker PVD 75 (Figure 4.31). 550 nm thick metal layer was

measured by Dektek profilometer.

Lift-off:

The undesired metal layers were removed by the lift-off process using acetone.

Acetone was sprayed on the wafer and consequently, contact pads and microheater parts
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on the wafer became visible. The wafer was then cleaned with methanol, DI water and

dried with a spin drier and N2 (Figure 4.3J).

The wafer was diced to get a complete uPC which contains a flow channel and
cavity with micropillars and at the backside of it, a microheater and RTD temperature
sensors. The inlets and outlets of the uPCs were connected with deactivated silica tubes
(355 um O.D., 255 um 1.D., Polymicro Technologies, AZ, USA) and secured with silicone
adhesive (Duraseal®1531, Cotronics, NY, USA). 4.5 £ 0.1 mg of Carboxen 1000 adsorbent
(surface area 1200 m?/g) was loaded into uPC with the assistance of an applied vacuum.
After filling with adsorbent, the port for loading the adsorbent was sealed with Duraseal
1531. The volume filled by the adsorbent was around 10 x 10 cm3. The packing density

is 0.45 g/cm?.

4.2.3 Standard sample preparation and Calibration curves

The amounts of individual compounds of BTEX and TCE measured by GC-MS
were calculated based on individual calibration curves. Different concentrations of
standard analytes ranging from 1 to 50 ppb were prepared and transferred to a 50 mL air-
tight glass syringe. A Car/PDMS SPME fiber was inserted into the glass syringe for a 15
min sampling time and then manually inserted into the GC-MS injection port for analysis.
The 15 min sampling time was maintained for each concentration. The SPME fiber was
thermally desorbed for cleaning before sampling and confirmed as VOC-free by the
absence of any signals by GC-MS. Analyte peaks were well separated and less peak

broadening was noticed. The xylene isomer sample showed two peaks corresponding to
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m/p-xylene and o-xylene isomers, respectively and the peak area ratio of m/p-xylene to o-
xylene was about 4:1. The total xylene peak area was counted by combining the areas of
the m/p-xylene and o-xylene peaks. A calibration curve (Figure 4.5) was obtained by
plotting the peak areas from GC-MS response versus concentrations for each analyte. The
coefficient of determination (R?) is higher than 0.99 for all analytes as shown in Table 4.2.
The slopes of calibration lines are significantly different among the analytes because of
differences in molecular weight and interaction between SPME surface coating and

individual analytes.
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-B- Benzene

=+~ Toluene

{| * Ethylbenzene
6.E+06 1| ¢ Xylene

i TCE

5.E+06 A

4. E+06 A

Peak Area

3.E+06 A
2.E+06 -
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0 50 100 150 200 250 300
Concentration (ng/m?)

Figure 4.5: Calibration curves for BTEX and TCE analysis using SPME-GC-MS.
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4.2.4 L.OD, LOQ of GC-MS with SPME sampling

The LOD and limit of quantification (LOQ) for the SPME process were calculated
from the calibration curves using a linear regression model. LOD = 3.3 * (Sy/S) and LOQ
= 10 = (Sy/S), where Sy is the standard deviation of the response and S is the slope of the
calibration curve. Sy is acquired by multiplying the square root of sample numbers with a
standard error obtained from regression analysis. The calibration equations, LOD, and
LOQ are presented in Table 4.2 for all analytes. The LODs of all compounds were a few
ng/m3. Because concentrations of BTEX and TCE in environmental air are at the levels of
these LOD and LOQ when using SPME in conjunction with GC-MS, there is a need to
increase the analyte concentrations to increase the amounts extracted by SPME for accurate

quantitative analysis.

Table 4.2: Calibration equations, LOD and LOQ obtained for BTEX and TCE.

Compound Calibration R? LOD (ug/m® | LOQ (ug/md)
equation
Benzene Y =10,326 * X 0.9963 2.66 8.07
Toluene Y =19,690 * X 0.9966 2.46 7.46
Ethylbenzene Y =29,891 * X 0.9985 1.67 5.04
Xylene Y =23,349 * X 0.9957 2.88 8.72
TCE Y =7843.8* X 0.9985 1.63 4.95

Y and X correspond to the detector signal (peak area) and analyte concentration (ug/m®),

respectively.
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4.2.5 Analytical procedure

Figure 4.6 shows a schematic of the experimental setup for the integration of pPC
and SPME as a two-stage preconcentration process. The overall process of analyzing
standard BTEX and TCE samples includes four steps. The first step is to preconcentrate
VOC analytes using the uPC. The uPC device was heated and flowed with synthetic air at
320 °C for 20 min to remove contaminants. A mixture of 1 ppb of each BTEX analyte and
TCE was prepared from a 1000 ppm sample by dilution with synthetic air. Different
volumes of this mixture were passed through the conditioned uPC where the analytes were
adsorbed on adsorbent at room temperature. Adsorption was examined at different
sampling flow rates (20, 30, 40, and 50 mL/min) and an optimized flow rate was selected.
The second step is the thermal desorption process of VOCs from the pPC. The pPC was
placed on a preheated hotplate. The top surface of the uPC reached 320 °C within 1 min.
For these experiments, the microheater on the uPC was not used due to high resistance and
a maximum temperature of about 150 °C. A thermometer (Omega, model hh806au) with a
K-type thermocouple was used to measure the temperature on the surface of the yPC. When
the temperature reached 320 °C, synthetic air from the cylinder was passed through the
uPC at an optimized flow rate of 40 mL/min. The first 50 mL of the desorbed sample was
collected in a clean glass syringe. The third step is to utilize SPME extraction from the
desorbed sample. The SPME fiber was conditioned before extraction to remove any
background contaminants. The SPME fiber (Car/PDMS) then was inserted into the glass
syringe with a short silicon rubber tube with a septum (RESTEK Septa
Thermolite®Shimadzu Plug) to capture the analytes at room temperature. The last step is

to analyze compounds from the SPME by GC-MS. The SPME fiber was immediately
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transferred to the injection port of the GC. Thermal desorption of the analytes from the

fiber was performed at 300 °C for 1.5 min.

Step 1: Preconcentration of VOC analytes
Exhaust

Micropreconcentrator

Tedlar bag — @I
]

\ Flow meter

Step 2: Thermal desorption process

Glass syringe to collect
desorbed sample

Synthetic air

Step 3: SPME extraction Step 4: GCMS analysis

SPME holder GC injection port

()

————3
- Computer

———————————————————

Fiber

GCcolumn | Spectrometry ]

___________________

Figure 4.6: Scheme of the analytical procedure from adsorption of samples to GCMS

analysis.

4.2.6 GC-MS parameters

Analysis was performed by a GCMS (Agilent 7820A GC system, 5975 Series
MSD) equipped with an HP-1 column (30 m x 0.25 mm id, 0.25um thickness). GC oven
temperature was programmed to 40 °C, 3-min hold, then ramped to 120 °C at a rate of 10

°C/min following a 1-min hold. Helium was used as a carrier gas with a flow rate of 1
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mL/min and split injection mode (split ratio 5:1) was used. The injection port temperature

was set at 300 °C.

4.3 Results and discussion

4.3.1 Characterization of the preconcentrator—-SPME for analysis of VOCs

The performance of a pPC is determined by several variables including the device
structure, types of adsorbents, adsorbent capacity, porosity, selectivity, power
consumption, flow dynamics, and pressure drop across the device [193]. A
preconcentration factor (PF) has been used to evaluate the performance of a uPC. There is
no standard definition of PF as researchers have used different criteria to calculate it. In
general, PF is the ratio of the concentration of analytes after thermal desorption to the initial
concentration of a gas sample [57]. Since the concentration of analytes after a
preconcentration process depends on the initial sample volume and sampling conditions
including sample flow rate and time, the PF depends on these variables. Alfeeli et al.
defined PF as the ratio between peak areas generated by the detector (FID) with/without
the uPC [194]. Tian et al. used the ratio of volume in which gas is occupied initially to the
volume after thermal desorption [195]. McCartney et al. used a correlation with flow rate
and sampling time of adsorption and desorption to calculate PF [181]. In this study, we
used the recovery percentage (%) of target analytes to measure the device performance
instead of PF. The recovery percentage was determined by (Cx x Vx)/(Ci x Vi) x100%,

where Cx and Vx were the analyte concentration and volume after thermal desorption. C;
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and Vi were initial analyte concentration and volume before concentration process by the

puPC.
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Figure 4.7: The effect of extraction time on GC-MS peak areas of 50 ppb BTEX & TCE

mixture produced by SPME at room temperature.

To determine recovery percentages, different concentrations (0.5, 1, 2, and 3 ppb)
of BTEX and TCE in 5 L synthetic air were passed through the device. The adsorption
flow rate was set to 50 mL/min. The captured analytes then were collected by thermal
desorption directly into a 50 mL air-tight syringe. The desorption flow rate and temperature
were fixed at 40 mL/min and 320 °C, respectively. The optimization of desorption
temperature and the flow rates for adsorption and desorption are discussed in later sections.
The concentrations of the collected samples were measured after the SPME concentration
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process and analysis by GC-MS using calibration curves. The SPME extraction time was
fixed at 15 min based on our experimental data of optimized extraction time in Figure 4.7.
Figure 4.8 represents the calculated recoveries for different analyte concentrations at a
fixed sample volume of 5 L. The average recoveries were 99.6%, 98.8%, 69.6%, 66.5%,

and 81.2% for benzene, toluene, ethylbenzene, xylene, and TCE, respectively.
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Figure 4.8: Recovery percentage of BTEX and TCE for a combination of uPC and SPME

at different initial concentrations (0.5, 1, 2, and 3 ppb) in 5 L samples.

For benzene and toluene, high recovery percentages were achieved, which indicates
that most of these compounds adsorbed in the pPC and then were collected after thermal

desorption. Relatively lower values were observed for ethylbenzene, xylene, and TCE. One
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possible reason could be related to the adsorbent property as the trapping capacity can vary
with different compounds based on volatility. Also, some residues might not be desorbed
completely. Nevertheless, similar recovery percentage results were acquired by using
different concentrations of these analytes. The relative standard deviation in recoveries for

these four different concentrations was lower than 8%, showing very good reproducibility

for analysis.
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Figure 4.9: A comparison of detector signals for SPME of 1 ppb and 40 ppb BTEX TCE
of 50 mL samples (without uPC) with 1 ppb BTEX TCE of 2L concentrated by the uPC

and then thermally desorbed to 50 mL for SPME analysis.
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Furthermore, SPME was carried out for 15 min on two 50 mL samples, one
containing 1 ppb and the other containing 40 ppb of BTEX compounds and TCE. The GC—
MS chromatograms for these analyses are shown in Figure 4.9. For comparison purposes,
1 ppb of BTEX and TCE in a 2 L sample was passed through the uPC at a flow rate of 50
mL/min and then thermally desorbed at 320 °C. The desorbed sample was collected in 50
mL using a desorption flow rate of 40 mL/min. The desorbed sample was then extracted
by SPME for 15 min and analyzed by GC-MS. Figure 4.9 shows the signals of BTEX and
TCE from preconcentrated 2 L of 1 ppb using a combination of the yPC and SPME. The
results indicate that the pPC with Carboxen 1000 adsorbent could concentrate 2 L of 1 ppb
to 50 mL of 40 ppb for benzene, TCE, and toluene, but there was some loss for ethylene
and xylene. According to SPME theory, the amounts of extracted analytes are proportional
to the sample concentrations for the same SPME and sample volumes [44, 46]. Thus,
increasing sample concentration by the uPC is important for increasing the extracted
amounts of analytes by SPME and consequently enhancing GC-MS signals. The results
show the advantage of combining the uPC with SPME for two-stage concentration and
extraction to significantly increase GC-MS detection signals for accurate measurements of

trace VOCs.

4.3.2 The effect flow rates for adsorption/thermal desorption of the pPC

The flow rates for adsorption and thermal desorption are important parameters to
characterize the uPC device performance. A higher sample flow rate affects adsorption
capacity. The packed adsorbent bed residence time is determined by the sample flow rate

of the adsorption process. When the residence time is shorter than the critical residence
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time, the adsorption capacity decreases and causes a breakthrough earlier. The maximum
flow rate achieved for the uPC was 50 mL/min using a KNF diaphragm vacuum pump. An
optimized adsorption flow condition was determined using a range of adsorption flow rates
(20 to 50 mL/min) for 4 ppb of BTEX and TCE in 2 L. Desorption flow rate and
temperature for these experiments were set at 40 mL/min and 320 °C, respectively. After
SPME, GC-MS chromatograms were obtained. There were no significant changes in
recovery (%) for BTEX and TCE with increasing adsorption flow rate, as shown in Figure
4.10. The relative standard deviation (RSD, %) of recoveries for the above-mentioned flow
ranges was lower than 5%. An optimum adsorption flow rate of 50 mL/min was chosen for

the sample concentrations of BTEX and TCE less than 4 ppb for further experiments.
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Figure 4.10: Recoveries obtained at different adsorption flow rates for 4 ppb of 2 L BTEX

TCE preconcentrated into 50 mL samples.
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The results in Figure 4.11 show the recoveries (%) at different desorption flow rates
(10 to 40 mL/min) using 1 ppb of BTEX and TCE in 5 L. A constant adsorption flow rate
of 50 mL/min and desorption temperature of 320 °C were maintained in this study.
Desorbed analytes were collected to a volume of 50 mL of desorbed air from the uPC. The
results show that recoveries were lowest for the 10 mL/min desorption flow rate which
indicates the lowest desorption efficiency. The recoveries were improved with higher flow
rates of 20 to 40 mL/min. So, 40 mL/min was used in the desorption step for the next
experiments. Also, desorption efficiency was checked by eluting all adsorbate inside the
uPC using a long thermal desorption process. The collected second 50 mL from thermal

desorption was analyzed. It yielded no detectable BTEX and TCE peaks.
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Figure 4.11: Recoveries obtained at different thermal desorption flow rates for 1 ppb of 5

L BTEX TCE preconcentrated into 50 mL samples.
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4.3.3 The effect of thermal desorption temperature of the pPC

Desorption temperature is another important parameter that influences puPC
performance. Heat is applied to the device to increase the temperature to rapidly release
any adsorbed analytes. However, increasing temperature above certain levels can cause a
decomposition of captured analytes, which results in inaccurate sensing for analytes in the
detection step. In this study, detector responses were measured at different desorption
temperatures (200, 250, 280, 320, and 360 °C) with fixed preconcentration conditions
(initial BTEX and TCE concentration of 2 ppb, sample volume of 2 L, adsorption and
desorption flow rates at 50 mL/min and 40 mL/min, respectively, and a thermally desorbed
sample volume of 50 mL). The desorption step started by keeping the uPC device on a
preheated hotplate and heated to gain the desired temperature. Within 1 min the
temperature of the device reached the desired point. The temperature on the top surface of
the device was measured by a K-type thermocouple. Then synthetic air was flowed at 40
mL/min and collected into a glass syringe. SPME and GC-MS analysis was performed to
measure the analytes. Figure 4.12 shows the values of recoveries as a function of desorption
temperature. The effect of desorption temperature on the recovery is obvious for all
compounds. At 200 °C, low recoveries were observed for all analytes, indicating
incomplete desorption of these analytes. Recoveries increased with higher temperatures;
benzene and TCE reached maximum recovery at 280 °C. Similarly, toluene, ethylbenzene,
and xylene recoveries increased with temperature up to 320 °C. Recoveries were observed
to decrease at 360 °C desorption temperature. The recommended desorption temperature
for the Carboxen-1000 adsorbent is 330 °C. Increasing the temperature beyond this

temperature can cause the decomposition of analytes to result in a lower recovery. So, 320
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°C was chosen for the desorption step to produce reliable and repeatable results for the

analysis of environmental air samples.
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Figure 4.12: Recoveries obtained at different desorption temperatures for 2 ppb of 2 L

BTEX and TCE preconcentrated into 50 mL samples.

4.3.4 Method precision

The reproducibility of different devices was tested to ensure reliable results in the
long term. To evaluate reproducibility, three different uPC devices were used to analyze 5
L of 2 ppb BTEX and TCE samples using the same experimental conditions of adsorption
flow rate: 50 mL/min, desorption flow rate: 40 mL/min, desorption temperature of 320 °C,

the desorbed volume of 50 mL for SPME extraction. These three devices yielded nearly
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identical peak areas (RSD < 10%) for all target analytes which indicates the repeatability
among different devices. Furthermore, 2 L of 1 ppb and 1 L of 2 ppb BTEX and TCE
gaseous samples were analyzed using the two-stage preconcentration process using the
same experimental conditions. The peak areas for all analytes were very close as shown in

Figure 4.13.
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Figure 4.13: Comparison of GC-MS peak areas between 2 L of 1 ppb and 1 L of 2 ppb of

BTEX and TCE samples using the two-stage preconcentration using uPC and SPME for

GC-MS analysis.
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4.3.5 Application for real-world samples

This two-stage preconcentration approach was applied to detect BTEX and TCE in
the environmental air. Air samples of 1 L were collected from a gas station near an exit of
an interstate highway and a city roadside in Louisville, Kentucky at different times using
cleaned Tedlar bags. Three air samples were taken from each location and each air sample
was processed with different uPCs. Table 4.3 shows the results obtained from a gas station
near an interstate highway and a city roadside at two different times. All compound
concentrations are in the ranges of the same compounds collected with passive sampling
devices every two weeks for one year in Louisville, Kentucky in a recent publication [196].
The GC-MS chromatograms for the roadside are given as an example in Figure 4.14. Air
samples with only SPME extraction were also tested by GC—-MS for comparison and very
tiny peaks were detected. The results show the advantage of the integration of the uPC and

SPME for increasing the GC-MS signals for quantitative analysis.

Toluene was found as the most abundant compound of BTEX in the environmental
air. The mean levels of benzene and toluene were higher during the afternoon rush hours
than in the morning as their source was principally car exhaust. The mean concentration of
toluene near the gas station during rush hour was 1.731 pg/m® while the mean
concentration of this compound at the roadside during rush hour was 1.886 pg/m®. Other
unknown peaks were obtained with different retention times, but because this work focused
on method development and analysis of BTEX and TCE, these compounds are presently

unidentified.

106



Table 4.3: Average concentrations (ug/m®) and standard deviations (n = 3) of BTEX and

TCE in ambient air with 1 L samples preconcentrated by the uPC and SPME.

Compound Gas station Gas station Roadside Roadside
(ug/md) (10 AM) (5 PM) (10 AM) (5 PM)
Benzene 0.495+£0.019 0.48 £0.028 0.418 £ 0.026 0.483 +£.042
Toluene 1.162 +£0.034 | 1.731+0.138 1.667 £ 0.062 1.886 £ 0.164

Ethylbenzene | 0.451+0.033 | 0.55+0.009 | 0.182+0.005 | 0.599 +0.039
Xylene 0.576 £0.012 | 0.918 +£0.003 0.417 £0.024 0.689 £+ 0.048
TCE 0.303 £0.006 | 0.287+0.001 | 0.322+0.026 | 0.384+0.011
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Figure 4.14: GC-MS spectra for environmental air sample; (a) red line: SPME for 15 min
extraction in the open air (b) blue dash line: SPME for 15 min extraction in 2 L air collected
in a Tedlar bag (c) black line: SPME for 15 min extraction of 50 mL sample

preconcentrated from 1 L air using the pPC.
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4.4 Conclusion

In this study, a MEMS preconcentrator was developed to integrate with SPME to
significantly increase the amounts of extracted analytes for GC-MS analysis which in turn
enables reliable measurements of VOCs at a few pg/m? levels in the environmental air. The
performance of the uPC was characterized based on the optimized operation parameters of
adsorption and thermal desorption for BTEX and TCE gaseous mixtures, which are toxic
pollutants in the environmental air. Reproducible measurements were demonstrated with
different uPCs and SPME. The optimized method has been applied to analyze trace BTEX

and TCE in environmental air samples.
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CHAPTER V

DEVELOPMENT OF A DUAL-COMPARTMENT

MICROPRECONCENTRATOR TO DETECT AIRBORNE VOCS

5.1 Introduction

Rising worldwide concern about the adverse effects of both indoor and outdoor air
pollution on human health has promoted the development of innovative techniques for
detecting toxic volatile organic compounds (VOCs) in the air. VOCs produce
photochemical oxidants by participating in atmospheric photochemical reactions and
possess boiling points from 50 °C to 260 °C at a standard atmospheric pressure of 101.3
kPa [7, 197]. VOCs are ubiquitous, generated from natural and anthropogenic sources.
Biogenic VOCs contribute 60 — 70% of total VOCs emission, which are produced from
vegetation, tropical woodlands, croplands, etc. [198, 199]. Most anthropogenic emissions
are toxic, and these VOCs come from industrial solvents, cleaning agents, petroleum fuels,
cooking oils, body spray, paint, automobile exhaust, etc. [9, 159, 200]. The severity of
unpleasant health effects depends on the VOC types, concentration level, and exposure
time. Aromatic compounds including benzene, toluene, ethylbenzene, and xylene (BTEX),
are the prevalent VOCs present in urban and industrial areas [11, 12, 201]. Exposure to

BTEX causes skin and eye irritation, leukemia, heart and kidney diseases, nervous system
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dysfunction and cancer, etc. [11, 106, 124] while aldehydes including formaldehyde,
acetaldehyde, and acrolein result in cardiovascular diseases, lung cancer, and chronic
obstructive pulmonary diseases (COPD) for chronic exposure at high concentrations of
these VOCs [36, 202]. Consequently, periodic monitoring of these toxic VOCs is required

to prevent people from exposure to high levels of these toxic VOCs.

Gas chromatography (GC) coupled with different detectors such as mass
spectrometry detector (MSD), flame ionization detector (FID), and photoionization
detector (PID) are commonly used for VOC detection [203]. Because of trace levels of
VOCs present in the air, a preconcentration process is required to increase the
concentrations of target VOCs [124]. The quantification of VOCs first requires air
sampling using sorbent tubes or cartridges, then elution of the target compounds followed
by separation of compounds from the sample matrix and detection of each compound in a
detector [204]. For trapping BTEX compounds on sorbents, several adsorbent materials,
including porous carbon, polymeric Tenax, etc. were used [181, 205, 206]. In recent years,
microfabricated preconcentrators are used for collecting airborne BTEX, which are suitable
for onsite sampling and requires a small amount of sorbents [57, 124]. Moreover,
micropreconcentrators (UPC) fabricated by microelectromechanical system (MEMS)
technology can afford lower fabrication costs, mass production, and high aspect ratio
microdevices with low power consumption [57, 197, 207]. In addition, uPC is filled or
coated with suitable sorbents based on target analytes of interest. Tenax TA sorbent was
used for air sampling during wildfires and analysis of BTEX compounds by gas
chromatography-mass spectrometry (GC-MS) [182]. uPC filled with carbopack B

adsorbent was used for trapping BTEX and detection by GC-PID [183]. Besides thermal
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desorption, solvents such as dichloromethane were also used for BTEX elution from
adsorbents [41, 208]. Environmental Protection Agency (EPA) has a passive sampling
technique (EPA method 325 A/B) to detect BTEX and other VOCs using a passive sampler

packed with carbopack X [196].

The derivatization technique is used to transform a compound into a new compound
by chemical reaction to promote better separation and detection [209]. Small aldehydes
like formaldehyde and acetaldehyde are very volatile and difficult to use physical sorbent
for capture. To measure carbonyl compounds in the air, derivatization before elution and
analysis with GC or liquid chromatography (LC) is typically used. For instance, aldehydes
reacted with 2,4-dinitrophenylhydrazine (DNPH) followed by liquid elution and then
liquid chromatography for separation have been commonly used for the analysis of these
compounds [34, 37, 210]. EPA TO-11A method is used for the analysis of formaldehyde
in ambient air. The method involves DNPH coated silica gel cartridge for capturing
formaldehyde and analysis of DNPH adducts by high-performance liquid chromatography
(HPLC) with ultraviolet (UV) absorption for detection [37]. Another prevalent derivatizing
reagent is 0-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine hydrochloride (PFBHA) which
forms stable oximes and amenable for GC-MS or GC electron-capture detector (ECD)
analysis [38]. The reaction is swift, and the PFBHA derivatives form in seconds at ambient
temperature [39]. EPA 556 method utilizes PFBHA to capture carbonyls in drinking water

and GC-ECD for analysis [40].

Until present, BTEX and aldehydes in environmental air have been separately
concentrated and analyzed by different methods. For example, EPA TO-15, and TO-14A

methods were used for BTEX analysis and TO-11A method was applied for aldehyde
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analysis separately [29, 33-37]. Passive sampling tubes containing activated charcoal were
also used to capture BTEX and passive sampling tubes containing DNPH-coated silica
were used for the derivatization of aldehydes [38-40]. Sampling environmental air for
capturing BTEX or derivatizing carbonyls separately and detecting those in particular
detectors is cumbersome and induces errors. Currently, there is no single sampling device

and no single analytical method for analysis of BTEX and aldehydes together.

In the present work, a novel micropreconcentrator device is developed to capture a
broad range of VOCs including BTEX and carbonyls, and analysis by GC-MS. The
micropreconcentrator with a microfluidic channel has the advantages of faster reaction
rates with an improved mass transfer rate that enables a short time for analysis, and a few
microliters of solvent to elute captured compounds [36, 209]. The micropreconcentrator
can be fabricated on silicon wafers by microelectromechanical system (MEMS)
technology, which requires less power to operate [124, 202]. The micropreconcentrator
contains two compartments, a set of micropillars for separating and fixing sorbents. One
chamber is loaded with adsorbent carbopack X for trapping BTEX compounds, and the
other is filled with silica gel particles. The silica gel particles are coated with PFBHA for
capturing and derivatizing carbonyls. Dichloromethane (DCM) is used to elute all the
captured compounds and analyzed by GC-MS, which takes less than 30 min to separate
and detect BTEX and carbonyl compounds with a single GC-MS analysis. The
micropreconcentrator provides an innovative approach for concentrating BTEX and

carbonyls together and analysis by GC-MS.
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5.2 Materials and Method

5.2.1 Chemicals and materials:

Benzene, toluene, ethylbenzene, xylene (a mixture of o-, m-, and p-xylene),
formaldehyde, acetaldehyde, acetone, propanal, 2-butanone, butanal, 2-pentanone,
pentanal, 2-hexanone, hexanal, and acrolein were purchased from Sigma Aldrich.
Deuterated compounds acetone (de), propanal (d2), 2-butanone (ds), butanal (d2), 2-
pentanone (ds), hexanal (di2) were purchased from Sigma Aldrich. Tedlar bags were
obtained from Supelco. PFBHA, carbopack X (60 — 80 mesh), silica gel (60 — 100 mesh),
DCM, methanol, and hexane were bought from Sigma Aldrich. Septa and limited-volume
inserts were bought from Restek. Synthetic air (moisture < 4 ppm) was purchased from a

local gas company (Welders Supply, Louisville, KY).

5.2.2 Preparation of standards and calibration curve:

Deuterated propanal, 2-butanone, butanal, 2-pentanone and hexanal were diluted
with methanol to prepare 100 mM concentration samples. A predetermined amount of these
five samples were mixed to prepare a 1 mM concentration of each compound. Also, a 1
mM concentration of each deuterated carbonyl was prepared as standard. These samples
were then reacted with PFBHA solution (PFBHA to carbonyl molar ratio 1.2: 1 to ensure
all carbonyl reacted) to form PFBHA-carbonyl adducts. These standard solutions were
stored at 4 °C. Calibration curves were prepared for investigation and characterization of a
silica-loaded microdevice (Device A), carbopack X loaded microdevice (Device B) and

both silica and carbopack X loaded dual-compartment microdevice (Device C). Deuterated
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carbonyl compounds were used to characterize the capture efficiencies of Device A.
Calibration curves (Figure 5.1a) for quantitative analysis of captured deuterated carbonyls
by silica-loaded Device A were prepared by injecting 1-12 nmol of PFBHA adducts of
propanal-dz, 2-butanone-ds, butanal-d», 2-pentanone-ds, hexanal-di> into methanol (total
volume 50 puL) and 5 nmol of PFBHA -acetone-ds was added into all samples as an internal
reference (IR). Similarly, calibration curves (Figure 5.1b) for quantitative analysis of
BTEX captured by carbopack X filled Device B was made by injecting 2 — 10 nmol of
BTEX mixtures into methanol with 5 nmol of heptane-dis as an IR to estimate. Calibration
curves were prepared (Figures 5.1¢ & 5.1d, separated in two figures to show all analytes)
to analyze carbonyls (non-deuterated) and BTEX together using the Device C dual-
compartment microfluidic device only for environmental air analysis. 0.25 — 1.25 nmol of
BTEX and PFBHA adducts of formaldehyde, acetaldehyde, propanal, acetone, butanal, 2-
butanone, pentanal, 2-pentanone, hexanal, 2-hexanone, and acrolein were mixed in a total
volume of 50 uL methanol and 0.5 nmol of heptane-dis was added to each solution as an
IR. PFBHA solutions were prepared by dissolving the required amount of PFBHA adducts

in 1 mL of methanol. These solutions were prepared every week and stored at 4 °C.
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Figure 5.1: (a) Calibration curves for PFBHA-deuterated-propanal, 2-butanone, butanal, 2-

pentanone, hexanal with IR PFBHA-acetone-de to characterize device A; (b) Calibration

curves for benzene, toluene, ethylbenzene and xylene with IR heptane-dis to characterize

device B; (¢) & (d) Calibration curves for benzene, toluene, ethylbenzene, xylene, PFBHA-
(formaldehyde, acetaldehyde, acetone, propanal, acrolein, 2-butanone, butanal, 2-

pentanone, pentanal, 2-hexanone and hexanal) with IR heptane-dis to characterize device

C.
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Figure 5.3: A GC-MS chromatogram of a standard sample containing 5 nmol of each
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5.2.3 Design and fabrication of micropreconcentrator devices:

Two different designs of micropreconcentrators (Figure 5.4) were fabricated using
single-side polished 1 mm thick 4-inch diameter silicon wafers. These
micropreconcentrators are 14 mm x 8.5 mm x 1.5 mm. First, the cleaned wafer (Figure
5.5A) was placed in a furnace to grow around 400 nm thick SiO (Figure 5.5B). Next, a
positive photoresist was coated and exposed to UV light using a dark field photomask. The
wafer was then developed in Microposit MF319 solution (Figure 5.5C). The thermal oxide

@) o ©
— 4y,

Carbopack X

(b)

'\ « Glass wafer .
© 0 — Cavityarea sliaigel
‘\\’ ~—— Flow channel
oz ™~ Micro-pillar

~ Silicon substrate

Figure 5.4: (a) Schematic of the single-compartment microdevice, (b) Schematic of the
dual-compartment microdevice, (c) Optical pictures of silica gel and carbopack X loaded

single and dual-compartment microdevices.

in the patterned area was removed by buffered oxide etchant (BOE) for deep reactive ion
etching (DRIE) (Figure 5.5D). After BOE, DRIE was performed to create a flow channel,

a central cavity with a set of micropillars near the inlet and outlet section to retain
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adsorbents (Figure 5.5E). The depth (400 um) was measured by a Dektek profilometer.
Then, the wafers were put in N-Methyl-2-pyrrolidone (NMP) bath followed by oxygen
plasma cleaning. Sacrificial SiO2 layers were entirely removed by placing the wafer in a
BOE solution (Figure 5.5F). Later, the wafer was sealed by anodic bonding with a 0.5 mm
thick glass wafer (Pyrex 7740 glass) using a Suss SB6e bonder (Figure 5.5G). Finally, the
wafer was diced to obtain individual microdevices. The fluidic channels were connected
with deactivated fused silica tubes (355um O.D., 255 pm LD., Polymicro Technologies)

and sealed with silicone adhesive (Duraseal® 1531, Cotronics, NY USA).

A. Start SSP silicon wafer

B. Growth SiO, on both sides

C. Photolithography to pattern
cavity and flow channel

_ | | .
D. BOE to open SiO,

E. DRIE to create micropillars and =7 B9 === &=
cavity

F. BOE to remove residual SiO,

G. Anodic bonding to glass wafer

Figure 5.5: Schematic diagram of the microdevice fabrication steps.

5.2.4 Preparation of micropreconcentrator devices:

Micropreconcentrator device A and B (Figure 5.4a) contain a single cavity where

device A was packed with silica gel (4.2 + 0.2 mg), and device B was loaded with
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carbopack X (4 £ 0.2 mg) by applying a vacuum. After filling with adsorbent, the loading
port was sealed with Duraseal 1531. Device C (Figure 5.4b) contains two cavity
compartments for filling silica gel (2.2 mg) & carbopack X (2 mg) separated by two parallel
lines of micropillars with 50 um in diameter and a gap of 50 pum between the closest
micropillars. Since the amounts of sorbents in device C were less than that in devices A
and B, device C was tested using similar VOC concentration levels present in the
environmental air. Using trace concentration facilitates avoiding breakthroughs for
sorbents. Recovery experiments for device C guide the evaluation of a breakthrough.
Recovery (%) was defined as the percentage of a measured amount in eluate relative to the
amount spiked into a Tedlar bag. Figure 5.4c shows these three types of microdevices
loaded with adsorbents. Before all experiments, microdevices were cleaned by flushing
with 1 mL of DCM and then dried by applying heat and flowing synthetic air. For carbonyl
analysis, the silica gel of the micropreconcentrator was coated with 64-500 nmol of
PFBHA. Afterward, both ends of the device were capped by septum to prevent background

contamination.
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Figure 5.6: Schematic illustration of the experimental setup to capture or derivatize VOCs.
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5.2.5 Experimental setup and analysis:

Figure 5.6 shows a schematic illustration of the experimental setup for capturing
gaseous VOC samples. One end of the microdevice was connected with a Tedlar bag
containing a gaseous sample, and the other end was connected with a diaphragm pump
(KNF Neuberger Inc). A digital flow meter (Masterflex® 32908-55, Cole-Parmer
Instrument Company) and a mechanical valve were connected to measure and adjust the
flow rate. The sampling through the micropreconcentrator was performed at ambient
temperature. For trapping carbonyls through Device A, gaseous mixtures of deuterated
propanal, 2-butanone, butanal, 2-pentanone, and hexanal in 1L synthetic air were passed
through the microdevices at different flow rates. After the evacuation of gaseous mixtures,
the device was disconnected from the setup, and one end was connected with a collection
vial containing a 200 uL volume insert. The reacted PFBHA adducts and unreacted PFBHA
were eluted with 50 uLL of DCM and collected in a sample vial. 5 nmol of PFBHA-acetone-
ds was added as an IR in the eluted sample and later analyzed by GC-MS. The peak area
ratio of analyte to IR was used and compared with calibration curves to calculate amounts
in eluted samples. Similarly, for capturing BTEX through Device B, a gaseous mixture of
BTEX compounds flowed through the device at different flow rates. After
preconcentration, the captured compounds were eluted with 50 uLL of DCM and 5 nmol of
heptane-dis was added in it as an IR. The collected sample was used for analysis by GC-
MS. For Device C loaded with two sorbents to capture BTEX and carbonyls, a mixture of
BTEX and target carbonyls (formaldehyde, acetaldehyde, propanal, acetone, butanal, 2-
butanone, pentanal, 2-pentanone, hexanal, 2-hexanone, and acrolein) in air sample was

passed at an optimized flow rate of 50 mL/min. Then, the trapped compounds were
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collected with an optimized amount of DCM, 0.5 nmol of heptane-dis was added as an IR
and analyzed by GC-MS. The eluted amounts were calculated similarly by using the peak

area ratio of analyte to IR compared with calibration curves.

5.2.6 GC-MS parameter:

Analyses were performed by a 7820A GC (Agilent Technologies, USA) coupled
with a 7975 series MSD (Agilent Technologies, USA). The column used was an HP-1
column (30 m x 0.25 mm id, 0.25 um thickness) with Helium as a carrier gas. A split
injection mode of a 10:1 ratio was used. The injection port temperature was set at 250°C.
The injected volume was 2 pL. Selected ion monitoring (SIM) mode with ions 78, 91, 106,
116, and 181 m/z was applied. As the PFBHA derivatization process forms E and Z isomers
from carbonyl compounds, both peaks were used for quantification. The GC oven

temperature profile was different for analyzing samples from these device A, B and C.

Device A: initial 60 °C with 1 min hold, then ramped to 90 °C at 10 °C/min rate
with 5 min hold, then ramped to 180 °C at 8 °C/min rate following a 1 min hold and finally

raised to 250 °C at a rate of 20 °C/min with 1 minute hold.

Device B: initial 35 °C with 4 min hold, then ramped to 90 °C at 10 °C/min rate

with 5 min hold, then ramped to 150 °C at 8 °C/min rate with a 1 min hold.

Device C: initial 35°C with 4 min hold, then raised to 90°C at a rate of 10°C/min
with 5 min hold, then raised to 180°C at a rate of 8°C/min with 1 min hold and finally raised

to 220°C at a rate of 20°C/min with 1 min hold.
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5.3 Results and Discussion

5.3.1 Characterization of Device A for capturing carbonyl compounds:

Device A contains a single cavity that was loaded with silica gel. Different amounts
of PFBHA solution were used to coat the silica gel. The effects of sampling flow rate,
coating amount, reaction temperature, humidity, etc. on vapor—solid derivatization reaction

were studied.

5.3.1.1 Solvent selection for PFBHA adducts elution

Both PFBHA and its carbonyl adducts are water-soluble compounds. However,
water is not an appropriate solvent to elute these compounds for this study because aqueous
solutions cannot be injected into GC-MS [209]. Instead, several organic solvents, including
hexane, DCM, chloroform, acetonitrile, ethanol, ethyl acetate, and methanol have been
studied to elute PFBHA carbonyl adducts [209, 211-215]. In this experiment, we tested
DCM, methanol, and hexane solvent to elute PFBHA carbonyl adducts from the
microdevice loaded with silica gel particles. Device A was coated with 250 nmol of
PFBHA. 5 nmol of each deuterated propanal (d2), 2-butanone (ds), butanal (d2), 2-
pentanone (ds), and hexanal (di12) were injected into 1L synthetic air in Tedlar bags. After
complete evaporation, the gaseous samples were passed through micropreconcentrators at
a 40 mL/min flow rate. Then, the derivatized adducts were collected with the first and
second 50 pL of these three solvents. 5 nmol of PFBHA-acetone-ds was added to each
sample as an internal reference to calculate the eluted amounts of injected compounds.

Figure 5.7 shows the influence of solvent elution on the recovery (%) of collected
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derivatized carbonyl compounds. The results indicate that DCM was the most efficient
solvent for eluting carbonyl adducts using only 50 pl. compared with the other two
solvents. Since PFBHA dissolves more in methanol than hexane due to its polar properties,
methanol can elute PFBHA-carbonyl adducts easily from silica gel. DCM eluted most of
the adducts using a small volume of 50 uL. Also, DCM contained fewer adducts detected
than other solvents in the second 50 pL of eluted solvent. So, DCM was chosen for the

optimum elution. The results are consistent with reported studies [211, 214].
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Figure 5.7: Comparison of recovery (%) for target deuterated carbonyls using 250 nmol of
PFBHA coated on silica gel loaded (4.2 + 0.2 mg) single-compartment microdevices

extracted with 50 pL of three different solvents.
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5.3.1.2 Effect of Flow rate on derivatization

The flow rate is an essential parameter for the reaction of gaseous carbonyl
compounds with PFBHA on silica particles. The mass transfer rate is significantly low at
a lower flow rate, and it limits the reaction and capture of the carbonyl compounds. As the
flow rate is increased, the mass transfer rate will increase and the reaction rate becomes to
limit the reaction [216]. If the flow rate is too high, the bed residence time is too short to
retain the reactants in the reaction chamber [217, 218]. Therefore, both low and very high
sampling flow rates affect the recovery (%) of derivatized adducts of carbonyl compounds

from silica-loaded microdevices.

Different flow rates of carbonyl compounds varying from 2 to 120 mL/min were
evaluated for the recovery. 5 nmol of each deuterated propanal (d2), 2-butanone (ds),
butanal (dz), 2-pentanone (ds), hexanal (di2) were injected into 1L synthetic air. The
mixture of these gaseous samples was evacuated at room temperature of 22°C through
microdevices that were coated with 250 nmol of PFBHA. Then the derivatized adducts
were collected with 50 uL of DCM. 5 nmol of PFBHA-acetone-ds was added to each eluate
as IR and analyzed in GC-MS. As shown in Figure 5.8, at a low flow rate from 2 to 10
mL/min the recovery was lower for these compounds. The recovery was increased higher
than 95% for propanal-d> and butanal-d> when the flow rate exceeded 10 mL/min and
remained the same until the flow rate of 80 mL/min. The maximum recovery for hexanal-
di> was 90%. The recovery increased gradually with an increasing flow rate of up to 20
mL/min for 2-butanone-ds and 2-pentanone-ds and reached a plateau in the flow rate range
of 20 — 80 mL/min. The maximum recovery observed for 2-butanone-ds and 2-pentanone-

ds were around 85% and 65%, respectively. The recovery decreased likewise after 80
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mL/min flow rate. The degree of maximum recovery was compound-dependent. Shen et
al. tested recovery at a sample flow rate of 10, 50, and 100 mL/min for carbonyl
derivatization with PFBHA coated on Tenax TA in tube cartridges and observed reduced
recovery with a higher flow rate of 100 mL/min [215]. Also, Ho et al. obtained decreased
recovery as the flow rate increased from 20 to 100 mL/min flow rate with PFBHA coated
on Tenax TA [218]. Our results followed a similar pattern for 20 — 120 mL/min flow rates.
However, both groups did not test recovery below 10 mL/min flow rate even though lower
flow rates are not desirable or favorable. The low recovery of carbonyl adducts at a flow
rate below 10 mL/min in this work indicates the mass transfer rate limit region and above

a flow rate of 80 mL/min flow rate for the reaction limit region.
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Figure 5.8: Recovery (%) for target deuterated carbonyls using 250 nmol PFBHA coated
silica gel loaded (4.2 £ 0.2 mg) single-chamber microdevices at different flow rates (2 —

120 mL/min) extracted with 50 uL of DCM.
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5.3.1.3 Effect of PFBHA coating amount on recovery

The amount of PFBHA coated into the micropreconcentrator affects the reaction
kinetics. The capture efficiency of carbonyl compounds is lower if the coating amount is
insufficient for vapor-solid reaction at a specific flow rate [219]. However, coating too
much PFBHA results in a higher amount of unreacted PFBHA in eluate and causes lower
GC peak resolution with a higher baseline. Notably, a higher amount of PFBHA in the GC
column could cause the shoulder peak or even unresolved PFBHA-acetaldehyde
derivative, which elutes right after PFBHA, making acetaldehyde quantification inaccurate
or even impossible [218]. Microdevices were coated with different amounts of PFBHA

ranging from 64-500 nmol of PFBHA. The gaseous mixture of five tested deuterated
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Figure 5.9: Recovery (%) for target deuterated carbonyls using different amounts (64 — 500
nmol) of PFBHA coated silica gel loaded (4.2 + 0.2 mg) into single-chamber

preconcentrator extracted with 50 uL of DCM.
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carbonyls (5 nmol of each in 1L synthetic air) were evacuated through microdevices with
a 40 mL/min flow rate and eluted similarly described before. Figure 5.9 represents the
effect of PFBHA coating on the recovery. The recovery was lower when the PFBHA
coating amount was 64 nmol, and the corresponding molar ratio of PFBHA/total carbonyls
was 2.56. The recovery was increased with a higher amount of PFBHA coating. When
PFBHAV/total carbonyl molar ratio was larger than 10 (coated with 250 nmol of PFBHA),
more than 95% of propanal-d> and butanal-d> were recovered. Also, in this condition, 2-
butanone-ds and 2-pentanone-ds recoveries were 82% and 65%, respectively. The lower
recoveries of ketones are related to the lower reaction kinetics of ketones in comparison
with aldehydes. The recovery was similar for aldehydes but increased slightly for ketones

after PFBHA/total carbonyl ratio exceeded 10.

5.3.1.4 Humidity effect

The effect of moisture was investigated at different humidity levels. The
microdevices were coated with 250 nmol of PFBHA.. Predetermined amounts of water were
injected into Tedlar bags containing 1L synthetic air to prepare 25%, 50%, 75%, and 100%
relative humidity (RH). In those bags, 5 nmol of each tested deuterated carbonyl was
injected and evaporated. The gaseous mixture of water vapor and carbonyls were passed
through the microdevices at 40 mL/min, and derivatives were eluted by 50 pL of DCM.
Similarly, 5 nmol of PFBHA-acetone-ds was added as IR in there for quantitative analysis
and analyzed by GC-MS. Figure 5.10 depicts the outcome of humidity on recovery. There
was no noteworthy difference in recovery at different humidity levels. Also, compared with

the dry VOCs mixture, recovery values were almost similar, consistent with those by Shen
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and Ho [215, 220]. So, the environmental air containing relative humidity ranging from 65

— 95% does not affect recovery.
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Figure 5.10: Recovery (%) for target deuterated carbonyls at different humidity levels (25
— 100 % RH) using 250 nmol of PFBHA-coated silica gel loaded with 4.2 + 0.2 mg single-

compartment microdevices extracted with 50 pL of DCM.

5.3.1.5 Temperature effect on derivatization reaction

Temperature influences the equilibrium and reaction rate [221]. Both high and low
temperatures may affect the reaction kinetics and sampling efficiency. Shen et al. tested
PFBHA-coated Tenax TA sorbents to capture formaldehyde at three different temperatures
(7, 25, and 40 °C) at a 50 mL/min flow rate [215]. They observed no significant differences

(p < 0.05) among the recoveries of oxime products. Ho et al. achieved > 92% collection
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efficiency of five tested carbonyl compounds using PFBHA-coated Tenax TA that
sampling were carried out at room temperature (~22 °C). Also, Lomonaco et al. used
PFBHA-coated Tenax GR sorbents to detect carbonyl compounds in exhaled breath and
reported that derivatization temperature was non-significant for their experiments [222].
So, based on their studies, we did not expect a significant temperature effect on the

recovery of carbonyls and thus ran our experiments at ambient temperature (~22 °C).

5.3.2 Characterization of Device B for capturing BTEX:

Device B contains one cavity that was loaded with carbopack X. The gaseous
mixture of BTEX was passed through the microdevice at different flow rates, and a suitable
solvent with an optimized amount was used to elute captured compounds. Cucciniello et
al. observed higher than 97% of recovery of BTEX from charcoal in optimized conditions
using DCM [41]. As carbopack X is a carbon-based adsorbent, we used this solvent to

assess the performance of this device on trapping BTEX with the highest recovery.

5.3.2.1 Adsorption flow rate effect

These microdevices were evaluated to analyze BTEX compounds at different flow
rates (20 — 80 mL/min). A slower flow rate takes a longer time for sampling. However, a
higher evacuation flow rate affects adsorption capacity. When the residence time is shorter
than the critical bed residence time, the adsorption capacity decreases and causes
breakthroughs earlier [124]. BTEX mixture with 5 nmol of each compound was injected

into 1L synthetic air. The gaseous mixture of BTEX flowed through device B at a room
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temperature of 22 °C. The captured BTEX were eluted with the first and second 50 pL of
DCM. After elution, 5 nmol of heptane-dis was added as an IR to calculate the amounts in
the eluate. From Figure 5.11, the recovery remained almost similar (relative standard
deviation (RSD) < 5%) for these compounds at different flow rates. This result suggests
that adsorption flow rates in these ranges did not impact recovery. Also, this outcome is
consistent with our previous study of using carboxen-1000 adsorbent to capture BTEX
[124]. Therefore, benzene and toluene were eluted more than 90% in the first 50 pL, and
ethylbenzene and xylene amounts were higher than 85%. So, we used 50 uL. of DCM for

further experiments for this microdevice B.
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Figure 5.11: Recovery (%) for BTEX compounds at different flow rates (20 — 80 mL/min)

using single-chamber microdevices loaded with 4 + 0.2 mg of carbopack X adsorbent.
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5.3.2.2 Humidity effect

Carbopack X is a hydrophobic carbon adsorbent barely affected by moisture [223,
224]. We studied the effect of moisture on capturing BTEX. Different amounts of water
were injected into Tedlar bags containing 1L of synthetic air to prepare 25 — 100% RH,
and 5 nmol of each compound of BTEX was added to it. Then gaseous mixture passed
through device B at a 40 mL/min flow rate. After evacuation, the captured BTEX were
collected with 50 pL of DCM. Figure 5.12 represents the calculated recovery at different

RH. There was no impact on recovery after increasing the moisture levels.
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Figure 5.12: Recovery (%) for BTEX compounds at different humidity levels 25 — 100%

Relative humidity (RH) using single-compartment microdevices loaded with 4 + 0.2 mg of

carbopack X adsorbent.
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5.3.3 Characterization of device C with dual compartments for capturing both BTEX

and carbonyls

Device C contains two compartments loaded with carbopack X and silica gel for
capturing BTEX and carbonyls. Only silica gel was coated with PFBHA solution for
capturing carbonyl compounds via oximation. Carbopack X adsorbent captures BTEX by
physical adsorption. A gaseous mixture of standard BTEX and target carbonyls
(formaldehyde, acetaldehyde, propanal, acetone, butanal, 2-butanone, pentanal, 2-
pentanone, hexanal, 2-hexanone, and acrolein) was passed through the
micropreconcentrator at the room temperature of 22 °C. The captured BTEX on carbopack
X adsorbent and PFBHA-carbonyl adducts on silica gel were eluted by elution with DCM
solvent. Heptane-dis was added to the eluate as an IR. The samples were analyzed by GC-
MS in a single run. The peak area ratio of analyte to IR was used to calculate the amounts

in the eluate compared with calibration equations presented in Table 5.1.

5.3.3.1 Calibration Curves and Limit of Detection

Calibration curves in Figure 5.1c & 5.1d and Table 5.1 for target compounds were
prepared by taking three replicates of 5, 10, 15, 20 and 25 uM concentration levels where
IR heptane-die concentration was fixed (10 uM) in all samples. Figure 5.13 represents a
GC-MS chromatogram of a standard sample (concentration 10 uM). Calibration equations
were determined from ratios between peak areas of analyte and heptane-dis (Y-axis,

Annayte/ AIR) Vversus the concentration ratio (X-axis, Canayte/Cir). Table 5.1 presents the
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calibration equation, coefficients of determination (R?), and limit of detection (LOD). The

linearity was observed in these compounds with the R? ranging from 0.9883 to 0.9986. The

Table 5.1: Retention time of analytes in GC-MS, calibration equation, coefficient of

determination (R?), limit of detection (LOD), and calculated (%) recovery of these VOCs.

Compound Retention Calibration R? LOD Recovery
time (min) equation (ng/m®) (%)
Benzene 2.55 Y =12.691* X | 0.9949 0.11 88 +2
Heptane-dis 3.16
Toluene 4.82 Y=22*X 0.9986 0.69 90 +2
Ethylbenzene 7.16 Y =39.931* X | 0.9957 0.07 89+ 2
Xylene 7.37,7.87 | Y=32.605* X | 0.9945 0.07 88+ 2
Formaldehyde- 10.2
PFBHA Y =80.479 * X | 0.9902 1.29 93+2
PFBHA 12.15
Acetaldehyde- 12.71,
PFBHA 13.02 Y =36.475* X | 0.9914 0.11 92 +2
Acetone- 15.25
PFBHA Y =71828* X | 0.9952 0.39 89+15
Propanal- 15.9, 16.18
PFBHA Y =30.01*X | 0.9943 0.08 84+15
Acrolein- 15.95, 16.4
PFBHA Y =22.131* X | 0.9948 0.07 84+25
2-Butanone- 17.73,
PFBHA 17.84 Y=2216*X | 0.9962 0.35 68 + 2
Butanal- 18.5, 18.69
PFBHA Y =18.179 * X | 0.9907 0.22 73+2
2-Pentanone- 19.56,
PFBHA 19.74 Y =59.61*X | 0.9938 0.18 50+ 2
Pentanal- 20.61,
PFBHA 20.74 Y =21.594* X | 0.9955 0.06 68 + 3
2-Hexanone- 21.31,
PFBHA 21.51 Y =32.063* X | 0.9883 0.03 53+4
Hexanal- 22.44,
PFBHA 22.54 Y =7.8091* X | 0.9901 0.03 62 + 3

X represents the concentration ratio of the analyte to IR heptane-dis

Y represents the peak area of the analyte to IR heptane-die
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LODs for analytes were calculated in accordance with International Union of Pure and
Applied Chemistry (IUPAC) guidelines as three times the standard deviation of blank
samples [222, 225]. A total of six blank samples were analyzed. The LOD values were
0.11, 0.69, 0.07, 0.07, 1.29, 0.11, 0.39, 0.08, 0.07, 0.35, 0.22, 0.18, 0.06, 0.03, 0.03 pg/m?
for benzene, toluene, ethylbenzene, toluene, Formaldehyde, Acetaldehyde, Acetone,
Propanal, Acrolein, 2-Butanone, Butanal, 2-Pentanone, Pentanal, 2-Hexanone, Hexanal

adducts, respectively.
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Figure 5.13: A GC-MS chromatogram of a standard sample containing 0.5 nmol of each
compound (benzene, toluene, ethylbenzene, xylene, PFBHA adducts of formaldehyde,
acetaldehyde, propanal, acetone, butanal, 2-butanone, pentanal, 2-pentanone, hexanal, 2-
hexanone, acrolein) and 0.5 nmol of heptane-dis as an IR in a total volume of 50 uL

methanol.
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5.3.3.2 Optimization of operation conditions for device C

Since target VOCs are present in environmental air at trace levels, standard gaseous
samples with low concentrations were prepared to characterize the device that requires less
amount of solvent to elute captured compounds. The compartment dimensions and loaded
sorbent amounts in micropreconcentrator C were different from devices A & B. Therefore,
an experimental design was performed to obtain optimum conditions and compare them
with single-compartment device performances. It is observed from the characterization of
Devices A & B that the flow rate and PFBHA coating amount were important variables in
determining device performance. As the objective was to maximize the recovery, a
response surface design for two factors was designed. Response surface methodology
(RSM) is used to obtain a large amount of information from a limited number of
experiments by studying the main effects of factors and their interaction with the response
[226]. The objective of using RSM is to optimize operating conditions with an increasing
yield at a low cost or run fewer experiments [227]. We used a 10-run central composite
design for two factors: sampling flow rate and PFBHA coating amount. Factor levels for
flow rate were 20 & 80 mL/min and for PFBHA coating amounts were 100 and 300 nmol
with two replicate center points (flow rate 50 mL/min and PFBHA amount 200 nmol). A
total of 10 experiments were performed in random order. The recoveries of benzene and

formaldehyde were the response variables. Results were analyzed by JMP®16 software.

A gaseous mixture of benzene and formaldehyde (0.25 nmol of each compound in
1L synthetic air) was formulated for this experiment. For the first run, a dual-compartment
microdevice was prepared by coating the silica gel loaded into one compartment with 100

nmol of PFBHA and a 50 mL/min evacuation flow rate was used. 300 nmol of PFBHA
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coating amount and 20 mL/min sampling flow rate were used for the second run. Similarly,
a total of 10 runs were carried out varying the PFBHA coating amounts and sampling flow
rate in random order. All experiments were performed at a room temperature of 22°C. 25
uL of DCM was used to elute captured compounds from sorbents in the microdevices. 0.5
nmol of heptane-dis was added to the eluted samples and analyzed by GC-MS. The peak
area ratio of analyte to IR was used to calculate the recovery. The model was run to fit
benzene and formaldehyde separately. A prediction profiler was performed for both
variables and hit maximum desirability. The analysis results are presented in Figure 5.14
& 5.15. This model had two main effects, the interaction between the flow rate and PFBHA
amount, and two quadratic effects. The model was significant (p < 0.05 for both benzene
and formaldehyde) and there was very little unexplained variation (from analysis of
variance results, the sum of squares for error was very small than the model). Most of the
variation in benzene and formaldehyde recovery was explained by the model. The lack of
fit test showed the model fit adequately (p > 0.05) to describe the relationship between
factors and responses. Rsquare aNd Rsquare,adj Values were close to 1. The root-mean-square
error was less than 0.5. The predicted plot and the residual plots did not show any unusual
patterns or outliers. So, this model was used to find the optimum factors settings that
provided the most desirable values for maximizing recovery. It was found that the desired
flow rate should be around 50 mL/min and the PFBHA coating amount should be about
250 nmol (Figure 5.15). Therefore, these optimized conditions were used for further

experiments for device C.
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Figure 5.14: Actual by predicted plot
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Max RSq
0.9992
Effect Summary
Source LogWorth PValue
PFBHA amount (nmol)(100,300) 5.712 i 0.00000
PFBHA amount (nmol)*PFBHA amount (nmol) 5.006 i 0.00001
Flow rate (mL/min)*Flow rate (mL/min) 4.763 0.00002
PFBHA amount (nmol)*Flow rate (mL/min) 2.949 0.00112
Flow rate (mL/min)(20,80) 2.086 0.00821 A
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
Model 5 611.29762 122.260 696.2576
. Error 4 0.70238 0.176 Prob>F
C. Total 9 612.00000 <.0001
90 95

, lack of fit, a summary of fit, analysis of variance,

effect summary, and residual by the predicted plot for (a) benzene and (b) formaldehyde;
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Figure 5.15: Prediction profiler to obtain maximum desirability.

5.3.3.3 Recovery (%) of analytes for device C

0.25 — 0.5 nmol of each gaseous BTEX and target carbonyls in 1L synthetic air
were passed through 250 nmol PFBHA-coated dual-compartment microdevices at 50
mL/min at room temperature of 22°C. Then microdevices were eluted with the first and
second 25 uL of DCM. 0.5 nmol of heptane-dis was added to the eluted samples and

analyzed by GC-MS. The recovery was measured similarly. Table 5.1 represents the
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calculated recovery of the BTEX and target carbonyls in the first 25 pL. DCM eluate
amounts. Most of the compounds were eluted in the first 25 uL of DCM, and less than 5%
of these captured compounds were obtained in the second 25 pL. Thus 25 uL of DCM was

used for the elution of device C for environmental air analysis.

5.3.3.4 Method Precision

Three replicate gaseous samples of BTEX and target carbonyls (0.25 nmol of each
compound in 1L synthetic air) passed through 250 nmol of PFBHA-coated device C at a
50 mL/min flow rate. After elution with 25 uL of DCM and the addition of IR (0.5 nmol
of heptane-dis), the peak area ratios of analyte to IR of individual compounds in different
samples were compared. The relative standard deviation (RSD, %) of the ratio for each
compound was less than 4% which is the measure of method precision. In addition, six
replicate gaseous samples containing 0.1 nmol of each compound of BTEX and target
carbonyls in 1L synthetic air flowed at a 50 mL/min flow rate through device C coated
with 250 nmol of PFBHA for three consecutive days to test reproducibility. The calculated
recoveries of these compounds were in the same range presented in table 5.1 with a 4%
maximum RSD. These results indicate that the steps of coating, sampling, elution and

analysis are reproducible.

5.3.3.5 Effect of background contamination

A PFBHA-coated dual-compartment micropreconcentrator prepared within 24

hours without any active flow of environmental air was eluted with DCM and analyzed in
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GC-MS. A few compounds were detected in a noticeable range, including toluene,
formaldehyde, acetone, etc. because these compounds are ubiquitous in environmental air,
even in lab air. However, the peak areas of these compounds were less than 10% of that of
the detected same compounds from 5L environmental air samples. These results indicate
that background contamination of the microdevices can be neglected because of relatively

low levels of background VOC contamination.

5.3.3.6 Application for analyzing environmental air samples

The optimized experimental condition was applied for analyzing VOCs in the
environmental air. 5L air samples were collected in Tedlar bags from a city roadside and
Rubbertown area in Louisville, Kentucky. Rubbertown area is a neighborhood of chemical
industries, a power plant, and a toxic landfill site. Figure 5.16 shows three sampling
locations in the Rubbertown area (site 1, 2, and 3) and a Superfund site (Lee’s Lane, site
4). Air samples were collected from the Rubbertown area during 1 — 2 pm on three different
days (8/22/2022, 10/27/2022, and 12/10/2022). Also, air samples were collected from a
city roadside at 10 am and 5 pm on the same day (9/14/2022). Triplet air samples were
collected from each location. The weather conditions are mostly sunny, sunny, and cloudy
days in the summer, autumn, and winter season, respectively. Detailed weather conditions
are reported in Table 5.2. First, dual-compartment microdevices were prepared by coating
silica gel with 250 nmol of PFBHA. The collected air samples were passed through devices
at a 50 mL/min flow rate. The captured and derivatized VOCs were eluted with 25 pL of

DCM. 0.5 nmol of IR heptane-dis was added to all eluted samples and analyzed by GC-
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MS. The amounts of VOC:s in the eluted samples were determined using the peak area ratio

of analyte to IR compared with calibration curves.

Table 5.2: Weather condition, season, ambient temperature (°C), UV index, wind speed,

direction and humidity of the environmental air sample collection dates with sampling

time.

Date Sample Weather Season Ambient | UV Wind Humi
collection | condition Temperat | index dity
time ure (°C)

8/22/2022 | 1 PM Mostly Summer 28 10 | SSW 4 76%
Sunny mph

9/14/2022 | 10 AM, 5 | Mostly Autumn 25 7 | NNE 4 63%
PM Sunny mph

10/27/2022 | 1 PM Sunny Autumn 10 4 | NE8 69%
mph

12/10/2022 | 1 PM Cloudy Winter 2 1| ENE2 53%
mph

Figure 5.16: Air samples collection sites in the Rubbertown area, Louisville, Kentucky.
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Figure 5.17 shows a typical chromatogram of well-separated peaks of detected
BTEX and PFBHA-carbonyl derivatives. Table 5.3 represents the average amounts of
target VOCs present in these locations on different dates. The total BTEX concentrations
insites 1, 2, 3, and 4 were 7.66, 6.88, 6.73, and 5.83 ug/m?, respectively for a mostly sunny
day in the summer season (08/22/2022). It is observed that the total BTEX amounts in sites
1, 2, and 3 were higher for that mostly sunny day with higher ambient temperature (28 °C)
than other sampling days in the autumn and winter season. This could be the indication of
higher evaporation of aromatic VOCs from their sources at a higher temperature.
Mohammadi et al. obtained a higher amount of total BTEX in the summer season than in
winter in their study of analyzing VOCs in Urmia, Iran [228]. However, Jiang et al.
observed a higher concentration of BTEX in the winter season than in summer at a semi-
urban site in Orleans, France from October 2010 to August 2011 [229]. In the summer
season, the BTEX concentration could decrease due to photochemical degradation that
breaks down BTEX into less harmful substances. So, it is noteworthy to mention that the
levels of BTEX in the environment air can be affected by many factors, including weather

conditions, wind speed, direction, humidity, traffic patterns, and industrial emissions.
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Figure 5.17: A GC-MS chromatogram of 5L environmental air sample analyzed by a dual-

compartment microdevice loaded with carbopack X and 250 nmol PFBHA coated silica

gel.

In comparison with BTEX, the amounts of carbonyls detected in these locations
showed a complex relationship with weather conditions. The concentration of carbonyl
compounds could increase in sunny weather due to photochemical reactions that occur in
the atmosphere. Sunlight can promote the formation of ozone, which can react with other
pollutants to form carbonyl VOCs. The three most abundant carbonyl compounds in these
sites were formaldehyde, acetone and acetaldehyde. The concentrations of these

compounds were at the same levels as previously measured levels although the
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environmental air samples were collected from the same city, but different sites and dates
[13]. The concentrations of acrolein are very similar to that of propanal. As a comparison
of VOC levels among four different sites, site 1 contained higher amounts of BTEX than
the other 3 sites which are consistent with the reported data [196]. There are several
petrochemical storage tanks near site 1. Mukerjee et al. used a passive sampling technique
to detect BTEX at similar locations in the Rubbertown area from September 12, 2017 to
September 12, 2018. The values of BTEX in Table 5.3 were in these ranges of their
reported concentrations [196]. Carbonyl compounds such as formaldehyde and
acetaldehyde were higher in site 2. Site 4 is away from the chemical industries near sites 1
and 2, it showed less amount of VOCs than the other sites. But, site 4 presented a higher
amount of toluene and formaldehyde on 10/27/2022 (autumn season, sunny day) which
might be a reason for a wind flowing from the northeast direction (NE 8 mph). Also, BTEX
and carbonyl amounts are presented in Table 5.3 for comparing VOC exposure on a
roadside during rush hour and off-rush hour. It is obvious that the total VOCs amount
(46.79 pg/m®) during rush hour (5 pm) was higher due to car exhaust than the total VOCs
amount (34.48 ug/m?®) at off-rush hour time (10 am) which was consistent with published

results [202].
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Table 5.3: Average concentrations (ug/m3) (N=3) of BTEX and carbonyl
compounds detected from 5L ambient air samples collected from four different locations
in Rubbertown industrial areas on three different seasons and a city roadside at two
different times on the same day, Louisville, Kentucky using the dual-compartment
microdevices loaded with 2 mg carbopack X and 2.2 mg silica gel coated with 250 nmol

of PFBHA.

Site 1 Site 2 Site 3 Site 4 Roadside

Compound | 8/22 | 10/2 | 12/1 | 8/22 | 10/2 | 12/1 | 8/22 | 10/2 | 12/1 | 8/22 | 10/2 | 12/1 | 9/14 | 9/14
(ng/md) /202 | 7/20 | 0/20 | /202 | 7/20 | 0/20 | /202 | 7/20 | 0/20 | /202 | 7/20 | 0/20 | /202 | /202
2 22 22 2 22 22 2 22 22 2 22 22 2 2

(off | (rus
- h
rush | hou
hou | 1)

n

Benzene 0.86 | 1.06 | 1.19 | 0.83 | 0.85 | 0.75 | 0.76 | 0.59 | 0.81 | 0.78 | 0.84 | 0.66 | 0.64 | 0.98

Toluene 3.86 | 3.16 | 3.52 | 3.45 | 2.99 | 2.93 | 3.27 | 3.31 | 3.43 | 2.75 | 3.08 | 2.80 | 3.22 | 4.05
Ethylbenze | 1.15 | 0.94 | 0.91 | 1.08 | 1.22 | 0.92 | 1.11 | 0.99 | 0.94 | 1.08 | 1.19 | 1.11 | 1.24 | 1.66
ne

Xylene 179 | 142 | 1.70 | 1.52 | 1.55 | 149 | 159 | 1.31 | 1.27 | 1.22 | 1.30 | 1.29 | 1.09 | 1.40
Formaldeh | 12.0 | 11.7 | 13.2 | 13.0 | 13.8 | 12.2 | 126 | 116 | 10.2 | 11.2 | 142 | 106 | 7.90 | 11.3
yde

Acetaldehy | 3.79 | 3.50 | 3.54 | 3.60 | 421 | 3.02 | 3.40 | 3.27 | 3.50 | 3.31 | 3.46 | 3.74 | 3.20 | 4.90
de
Acetone 6.38 | 5.41 | 4.88 | 543 | 6.90 | 5.58 | 5.64 | 552 | 6.13 | 6.53 | 6.18 | 6.16 | 5.55 | 6.97

Propanal 091081097 | 086 | 102 | 0.63 | 0.86 | 0.83 | 0.92 | 0.84 | 0.94 | 0.89 | 0.70 | 0.96
Acrolein 081|088 | 093 | 087|088 |087|0.76 075 | 081|085 098|081 |0.71 | 0.96
2-butanone | 2.75 | 2.66 | 2.70 | 3.06 | 2.88 | 2.88 | 3.11 | 3.08 | 3.24 | 2.92 | 3.06 | 3.17 | 247 | 3.31

Butanal 427 | 5.09 | 534 | 440 | 5.06 | 491 | 3.95 | 426 | 440 | 491 | 3.84 | 462 | 413 | 5.30
2- 085|086 | 095|092 |085|084 |086 |084|085|0.79|0.86 |09 |0.65]|0.80
pentanone

Pentanal 0.55 | 0.46 | 0.53 | 0.56 | 0.56 | 0.46 | 0.45 | 0.46 | 0.56 | 0.51 | 0.57 | 0.47 | 0.41 | 0.54
2-hexanone | 0.28 | 0.28 | 0.18 | 0.23 | 0.21 | 0.24 | 0.15 | 0.21 | 0.25 | 0.23 | 0.26 | 0.19 | 0.18 | 0.26
Hexanal 3.15 | 315 | 3.08 | 296 | 3.16 | 3.22 | 3.40 | 3.12 | 3.31 | 3.37 | 3.28 | 3.04 | 2.38 | 3.44
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5.4 Conclusion

A simple, unique, and rapid technique has been developed to detect BTEX and
carbonyls together using a dual-compartment microfluidic device loaded with carbopack
X and PFBHA-coated silica gel. The captured and derivatized compounds were analyzed
in a single run by GC-MS. The optimized conditions for carbonyl derivatization reaction
in amicrodevice were explored. Evacuation flow rate, PFBHA coating amount, and solvent
amount affect the capture efficiencies of these compounds. Similarly, favorable conditions
for capturing BTEX in microdevices loaded with carbopack X were examined. This dual-
compartment microdevice demonstrated good reproducibility, reusability, and stability.
This method was applied to detect BTEX and carbonyls in the environmental air. These
results are very promising for future applications to monitor VOCs in environmental air,

exhaled breath, and e-cigarette aerosols.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

This dissertation has described three research projects relating to the development
of microsensor array and micropreconcentrators for detection and quantification of

airborne toxic VOCs.

6.1 Conclusion

Thiol-functionalized gold nanoparticle-based sensing materials provide a new
opportunity to develop a gas sensor array with enhanced sensitivity and selectivity. The
device is portable, inexpensive and convenient to use for real-time analysis. In this
dissertation, a sensor array was fabricated on a silicon substrate to accommodate and test
four sensing materials simultaneously. MEMS technology was used to fabricate the sensor
array on a silicon chip which affords lower fabrication cost, less usage of materials and
faster sensing response. Thiol-functionalized Au MPCs were characterized to develop a
sensor array for aromatic and chlorinated VOC detection. Different alkali metal ions such
as Li, Na and K were integrated onto the surface of Au MPCs to explore the cation-n
interaction for sensing aromatic VOCs. Several aromatic and non-aromatic VOCs were
exposed to these sensors for testing selectivity and sensitivity toward electron-rich aromatic

compounds. Also, Cs-linked Au MPCs were tested for gaseous chlorinated compounds
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because of the coordination between Cs* and Cl". Cs* sensor response towards gaseous
chlorinated, polar, and non-polar compounds was analyzed to understand the sensing
mechanism. All these sensors showed linear and reversible responses with increasing
concentrations of analytes. The interference of these sensors with humidity was
investigated and suggested to use of a sorbent tube or a preconcentrator to eliminate
moisture and to trap target compounds and thermally desorbed to produce a moisture-free

concentrated VOCs mixture.

A micropreconcentrator (uWPC) was designed and fabricated using microfabrication
techniques. This device was developed to capture benzene, toluene, ethylbenzene, xylene,
and trichloroethylene with Carboxen 1000 adsorbent. The adsorption and thermal
desorption flow rates and desorption temperature were optimized to obtain the maximum
recovery of the analytes from the uPC. The uPC was integrated with solid-phase
microextraction (SPME) to increase the sensitivity and improve the detection limit for the
detector of GC-MS. The combination of uPC with SPME was applied for analyzing
airborne VOCs using GC-MS. This microdevice would facilitate to increase the sensitivity

of our developed sensor array containing metalated carboxylate-linked Au MPCs.

Further, a dual-compartment micropreconcentrator has been developed to
preconcentrate and detect a wide range of VOCs using a single analysis with GC-MS.
Currently, there is no analytical sampling technique to analyze BTEX and carbonyls
together which promotes quick detection of a large group of compounds. Carbopack X and
silica gel were loaded into the two separate compartments of the uPC. Physical adsorption
of BTEX was carried out on the surface of carbopack X and derivatization of carbonyls

was performed via oximation reacting with 0-(2,3,4,56-pentafluorobenzyl)
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hydroxylamine (PFBHA) reagent that was coated on the surface of silica gel.
Dichloromethane solvent was used to elute all captured compounds from the pPC. The
reaction parameters for carbonyl derivatization such as sampling flow rate, PFBHA coating
amount, and humidity effect were investigated using single-compartment pPC loaded with
silica gel. Similarly, the effects of adsorption flow rate and humidity to capture BTEX were
examined for carbopack X loaded single-compartment pPC. Finally, the sampling flow
rate, PFBHA coating amount and solvent elution amount were optimized for dual-
compartment pPC to obtain maximum recovery. The optimized conditions were applied
for environmental air analysis using a 5L air sample. These results are very promising for
future utilizations to detect a wide range of VOCs for biomedical applications and

hazardous gas monitoring.

6.2 Future work and recommendation

This dissertation identifies the following five potential areas for further
investigation to develop a portable device for real-time analysis of airborne VOCs. This

includes:

1. Design asensor array chip that could accommodate 8 sensing materials and perform
simultaneous testing. 8 different sensors with different selectivity could be used for
real-time analysis of target airborne VOCs including BTEX, TCE and
formaldehyde. The application of machine learning or principle component

analysis (PCA) can distinguish analytes of interest using sensor response patterns.
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2.

Integration of the micropreconcentrator with the existing sensor array can be
utilized for detection of trace target VOCs. The thermally desorbed sample from
the micropreconcentrator can be exposed to a sensor array containing metalated Au
MPCs because this sample does not contain any moisture. This approach not only
prevents the interferences coming from humidity but also screens and increases the
concentration of target analytes.

Different sorbents can be investigated to select a suitable one for target VOCs.
There are several polymer-based porous sorbents such as Hayesep® which can be
conveniently used for a wide range of compounds and thermally desorbed at a lower
temperature (below 200 °C).

The dual-compartment micropreconcentrator can be used for frequent monitoring
of airborne VOCs in particular regions such as industrial areas, airports, gas
stations, etc. in different weather conditions, and seasons. As indoor air contains
higher amounts of VOC:s, this device can be used for indoor air quality assessment
too.

The dual-compartment uPC can be integrated with a portable detector such as a
photo-ionization detector for field application. This will provide on-site sampling

and analysis by saving time on sample collection.
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