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ABSTRACT
Microelectromechanical systems (MEMS) technology allows the realization of mechanical
parts, sensors, actuators and electronics on silicon substrate. An attractive utilization of MEMS is
to develop micro instruments for chemical analysis. An example is gas chromatography (GC)
which is widely used in food, environmental, pharmaceutical, petroleum/refining,
forensic/security, and flavors and fragrances industries. A MEMS-based micro GC (uGC)
provides capabilities for quantitative analysis of complex chemical mixtures in the field with very

short analysis time and small amounts of consumables.

The aim of this research effort is to enhance the sensitivity and selectivity of uGC instruments
by implementing chemical amplification method known as preconcentration. A micro
preconcentrator (LPC) extracts the target analytes from the sample matrix, concentrates them, and

injects them into the separation column for analysis.

This work resulted in the development of silicon-glass bonded chips consisting of 7 mm x 7
mm x 0.38 mm multiport cavity with thousands of embedded 3D microstructures (to achieve high
surface-to-volume ratio) coated with polymeric thin film adsorbents. Deep reactive ion etching
(DRIE) was the enabling technology for the realization of uPCs. Several coating methods, such
as inkjet printing of polymers and polymer precipitation from solution have been utilized to coat
complex geometrical structures. One major outcome was the development of cobweb adsorbent
structure. Moreover, the porous polymeric adsorbent Tenax TA in the film form was
characterized, for the first time, for pPC application and shown to have similar properties to that

of the granular form.

Several uPC designs were experimentally evaluated for their performance in concentrating
volatile organic compounds, including cancer biomarkers, Propofol (anesthetic agent),
environmental pollutants, and chemical warfare simulants. The possibility of utilizing the pPCs in

practical applications such breath analysis was also demonstrated.
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Chapter One: Introduction

1.1 Overview

Gas phase chemical analysis plays an important role in environmental monitoring, public
safety, and process control in manufacturing [1]. Several gas analysis technologies such as
spectroscopy, mass-spectrometry, and chromatography have been developed to identify chemical
species (analytes) and quantify their concentration. The performance of a chemical analysis is
usually evaluated in terms of reversibility, sensitivity, selectivity, response time, and
reproducibility [1]. It is necessary to make trade-offs among these various factors when
designing an analytical system. While the performance of the detection method is critical to the
performance of the complete system, the system itself makes a substantial contribution to the
final results obtained. Sensitivity and selectivity, in particular, can be greatly enhanced by a
system approach [2]. In this work, we undertake such an approach to enhance the performance of

the micro gas chromatography under development.

1.2 Gas Chromatography

Gas chromatography (GC) is a popular analytical chemistry tool commonly employed in the
laboratory setting to analyze volatile and semi-volatile organic compounds in the gas phase [3].
GC is a physical method of separating a gaseous mixture without decomposition of the separated
analytes. In GC, a moving gas (referred to as mobile phase or carrier) sweeps through a tube
(known as separation column) containing an immobilized solid or liquid phase material (referred
to as stationary phase). Solid phase material could be inorganic or polymeric material, whereas,
liquid phase is gum or gelatin like polymeric material. In the separation column, the mixture is
distributed between two phases (mobile and stationary). The part of the mixture in the mobile
phase is transported by a carrier gas through the column and the other part of mixture is adsorbed
onto the stationary phase. Based upon the kinetics of the adsorption-desorption process in the
gas-solid interface in the column, different analytes achieve different moving speeds in the
carrier gas to become separated from one another and their matrix. Within a column length, the
chemical mixture can be separated into its various analytes and recorded by the detector. The
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analytes are identified through their retention times, the traverse time for each of them as they
pass through the separation column [3]. GC systems typically include the following key
components: flow controller, a sample introduction device (injector), separation column, oven,

detectors, and data handling system.

Gas chromatography utilizes a wide variety of detectors. The selection of a detector depends
on the target analytes, concentration range and whether qualitative identification or quantitative
analysis is desired. Flame ionization detector (FID), mass spectrometer (MS), and electron
capture detector (ECD) are the most popular GC detectors with approximate percent uses of
37%, 27% and 21%, respectively [4]. While traditionally ECD has been the method of choice for
halogenated compounds, FID is the predominant method for light hydrocarbon analysis. MS is a
universal organic compound detector that positively identifies the actual presence of a particular
substance in a given sample. Such capability has led to the gradual increase of MS detection in
this field [4].

Conventional GC systems are heavy, power-hungry, table-top instruments preventing their use
for on-site analysis. Moreover, long analysis time is a major disadvantage of these systems which
makes real-time analysis unattainable. Furthermore, there exists a risk of contamination,
decomposition, degradation, and loss of analytical sample during storage and transport from the
collection site to the laboratory for analysis. This has initiated growing efforts to bring the lab to
the sample instead of taking the sample to the lab [5]. The concept of GC miniaturization was
introduced in late 1970s [6]. However, it should be noted that only recent advancements in
microfabrication technologies have enabled significant development towards realizing micro

GCs (uGC) as sophisticated handheld chemical analyzers.

The function of a uGC is to provide capabilities for quantitative analysis of complex chemical
mixtures in the field with very short analysis time and small amounts of consumables. For
example, in environmental applications, portable pGCs can be used in monitoring process
emissions from incinerators and strippers and for detecting emissions that can migrate off site.
MGC can also be used during chemical emergencies to provide data for effective public safety
decisions. As the threats from terrorists grow, uUGC can find applications in detection of

explosives and chemical agents in various public facilities and buildings. Noninvasive medical



diagnostic testing can employ uGC systems for the detection of metabolites, such as breath
volatiles. Similar handheld systems may find application in medical screening for certain
diseases like cancer or diabetes. Moreover, as the petrochemical industry strives to be more
efficient and gain competitive edges, rapid process monitoring and early detection of deviations
from normal compositions in feed streams can be used in a plant operational feedback control
system. Thus, HGC can become an integral part of the plant control system, providing higher
operating efficiency that requires analyses of samples at the process stream rather than in a
centralized laboratory [7].

1.3 Micro Gas Chromatography

The pGC system consistent with a conventional GC system consists of three main components
(shown in Figure 1) which enables the capture, injection, separation, and detection of gaseous

mixtures.

Sample caiig @ Detection of the
Collection & P Seperated
Preconcentration Analytes

Seperation

"

Figure 1 Block diagram of the main components of microfabricated gas chromatography system

The first component serves as the sample collection and injection device, commonly referred
to in the uGC community as the preconcentrator, which is the focus of this dissertation. The
second component is the separation column which is responsible for the separation of the
chemical mixture to be analyzed. The last component is the detector, which could be a single or
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an array of detectors that would resolve the eluted analytes. Through the utilization of silicon
micromachining technology, preconcentrators [8-21], separation columns [22-32], and detectors,
such as micro thermal conductivity detector, micro flame ionization detector, surface acoustic
wave, chemiresistors, and micro differential mobility spectrometer [33-40] for chromatographic

gas analysis have been developed.

Although substantial reduction in size has been achieved, the potential for increases in analysis
speed and detection performance have not yet been fully realized. Attempting to analyze
concentration levels in the parts-per-billion (ppb) to parts-per-trillion (ppt) range of the target
analytes in a matrix is difficult regardless of the analytical method used. Thus, to achieve
detection limits in this concentration range, preconcentration is required. Preconcentration
methods do not only improve the limits of detection of the system, thereby facilitating analysis of
trace compounds, but can also bridge the gap that exists between the sample collection and
analysis. Moreover, target analytes never exist alone. They exist as part of a sample matrix which
contains other analytes not of interest, but can interfere with the instrumentation or analysis. For
example, samples taken from the ambient environment contain air, water vapor, background
pollutants, and particulate matter. Thus, in general, analytical methods involve a sample
preparation step to separate the target analytes from the matrix and concentrate them before
analyzing them. This is necessary to get the sample into a form compatible with the analytical
instrument. Sample preparation is typically done in a laboratory setting by a trained technician.
Well over 80% of the analysis time is spent on sample preparation [41]. Also, since humans are
involved in this step, sample preparation is the most error-prone and labor-intensive task in the

analytical laboratory. A preconcentrator in a micro analytical system takes the role of the

laboratory technician in analytical laboratory. It extracts the target analytes from the sample

matrix, concentrates them, and injects them into the separation column.

1.4 Preconcentration

Preconcentration, the process of target analyte enrichment and reduction of interferences, can
be achieved by collecting (or trapping) the target analytes over a period of time and then
releasing them in the form of a narrow, highly concentrated plug for subsequent chemical

analysis. It is noteworthy that narrow injection plugs enhance chromatographic separation
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performance. To illustrate, a comparison of GC analysis done by two injection methods is shown
in Figure 2 and Figure 3. The first analysis was done by injecting the sample into the separation
column using a conventional injector of a commercial GC system and the second one using a
uPC developed at Virginia Tech MEMS Laboratory. The sharp plug injection of the uPC

resulted in chromatogram with sharper and distinctively resolved peaks.

1004
903
60
70
B0
50°

407

Relative Abundance

303
20

10

D T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)

Figure 2 GC analysis of sample injected using conventional injector of a commercial GC system
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Figure 3 GC analysis of sample injected using uPC developed at VT MEMS, Virginia Tech



Two main preconcentration methods are mostly used when dealing with gas-phase samples:
cryogenic or sorption trapping. The word “sorption” is used as a general term for indicating
adsorption and absorption, which could take place simultaneously. Other methods such as
solvent or membrane extraction are also used [42]. Trapping by cryogenic condensation is done
by passing the sample through a cooled tube, usually filled with glass beads to provide large
surface area. The cooling is done with cryogenic fluids, with which trapping temperatures
between —150 °C to —170 °C are achieved [43]. This method is not currently practical for uGC
systems. However, pseudo- cryogenic trapping using microfabricated thermoelectric coolers [44]
can be implemented (see Section 9.4.2.2). Temperatures reached with these systems are typically
within the +10 °C to —30 °C range. In those circumstances, cryogenic preconcentration is only
possible in combination with sorbent agents. Sorption trapping relies on sorption phenomena,
which include [45]:

e Adsorption

e Absorption

e Chemical adsorption

e Capillary condensation of gaseous analytes

e Dissolved substances on solid or liquid adsorbent

Adsorption is a phenomenon that depends on surface properties and the amount of surface
available for adsorption is critical. Figure 4 gives an overview of the adsorption system and
defines the terms adsorption, desorption, adsorptive, adsorbate, and adsorbent. The entire
adsorbent surface may not be available for adsorption, particularly when the surface of the
adsorbent is microporous (less than 2 nm pose size), as molecules might be too large to enter the
pores [46]. Because the amount of surface is related to the porosity of a material, adsorbents with

very high surface areas are desirable.
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Figure 4 An overview of the adsorption system with definitions of the different terms: adsorption,
desorption, adsorptive, adsorbate, and adsorbent [47], Used under the Fair-Use Provision of
Copyright Law

Trapping onto sorbents, either by active or passive sampling, is a well established sample
preparation technique. Active sampling is performed by pumping air through a bed of sorbent(s),
at a rate typically in the 10-100 mL/min range for a period in the order of minutes. In passive
(diffusive) sampling, sorbent material is exposed to air for a period in the order of days [48].
Once enough analytes have been obtained, it is necessary to desorb them for injection into the
separation column. When preconcentrating using the sorption method, the sorbent can be
thermally desorbed directly into the carrier gas. Conventional thermal desorption
preconcentration has disadvantages when compared to cryogenic methods, including analyte
residuals and poor heat transfer, which results in high power consumption. These shortcomings
result in inefficient desorption and necessitate refocusing of the analytes prior to separation to
obtain high peak resolution. Therefore, miniaturization of such devices is highly desirable.
Miniature preconcentrators provide high peak resolution at the GC stage and even offer on-line
automation [42]. This dissertation focuses on the design, fabrication, and evaluation of a
microfabricated preconcentrator (UPC) for pGC systems. It is noteworthy that pPCs can also be

used with various micro and macro detection systems to enhance their performance.



1.5 Problem Statement

There are technical barriers that must be overcome before realizing high performance pPCs.
The first barrier is the trade-off between miniaturization and sample capacity. Reducing the
device size limits the available surfaces for adsorption, which in turn limits the amount of
analytes that can be trapped by the uPCs. High density packing of porous granular adsorbent into
the uPCs enhances the surface-to-volume ratio but it comes at the cost of large pressure drop and
poor heat transfer from the uPC walls to granules. Furthermore, entraining and packing relatively
large adsorbent particles within microfabricated structures is not a trivial task. The harsh
conditions of granular adsorbent packing, such as high pressure and the application of
ultrasonication to achieve good packing density usually cannot be tolerated by microstructures
within the pPC or chip packaging technology. Coating uPCs with film based adsorbents is also
not a straight forward task especially with the dilemma of finding a coating method that is

compatible with both the adsorbent material and the microfabrication process.

Another challenge is to develop and package a robust microfabricated device capable of
handling harsh thermal cycling (rapid heating and cooling between 20-300 °C) using the
available microfabcrication tools on campus. Moreover, interfacing such a micro device with

macro world for performing chromatographic evaluations are not easy tasks.

1.6 Technical Objectives
The specific technical objectives for this research are given below:

e Design and fabricate high surface-to-volume-ratio uPCs
e Develop a suitable coating method to cover the micro structures with adsorbent material
e Evaluate experimentally the performance of the device
e Demonstrate the utility of pPCs in practical applications
A detailed discussion of pPC development evolution, fabrication, and research

accomplishments is given in the following chapters. It should be noted that all reported

results in this dissertation are within 10-15% accuracy unless mentioned otherwise.
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Chapter Two: Technical Background

2.1 Introduction

As mentioned in chapter one, the usefulness of pGC systems relies on their ability to identify
and quantify very low concentrations (or trace analytes). In general, the term “trace analytes”
refers to concentration below 100 ug/g or 100 ppm and ultra-trace analytes at concentration
below 10 ng/g or 10 ppb [1]. A 1 ppm amount of hydrocarbon in air is equivalent to about 3
ng/mL [2]. Based on the sensitivity of current GC detectors one needs to introduce at least 10
mL of air to the detector to obtain a measurable signal. This is a rather large volume in the micro
world. A preconcentration step is therefore necessary, in which the captured analytes are
desorbed into a much smaller volume. The highly concentrated and reduced volume would be
compatible for pGC analysis. The performance of any preconcentration technique is generally
characterized by the term known as the preconcentration factor (PF). If before the
preconcentration step we have a sample with analytes at concentration Cy, and after the
procedure of the preconcentration the concentration of analytes is Cs, then the preconcentration
factor is given by:

pF=Y

i

This chapter provides some technical background to aid with understanding of this research

work.

2.2 Equilibrium vs. Exhaustive Preconcentration

Preconcentration can be categorized into exhaustive preconcentration and equilibrium based
(or non-exhaustive) preconcentration [3]. Exhaustive based preconcentrators, as the name
indicates, are designed to captures all of the analyte from a given sample volume. This is
achieved by passing the sample through a tube packed with a granular adsorbent material. Here,
all analytes are transferred from the sample matrix to the adsorbent and nothing, except carrier
gas, is allowed to pass through during the collection stage. Thus, care should be taken during

operation not to exceed the predetermined maximum sample volume (also known breakthrough
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volume). Exhaustive based preconcentrators are advantageous as one can obtain quantitative
trapping of the analytes onto the adsorbent. However, this configuration suffers from large
pressure drop (requires large backpressure) and poor heat transfer from the heating element to
center of the packed bed. Desorption difficulties may also arise when analytes have high affinity
to the adsorbent [3].

In equilibrium based preconcentration, analytes are not completely extracted from the sample
matrix. The analytes are absorbed or adsorbed by the sorbent film until equilibrium is reached in
the system [4, 5]. There is no need to measure the volume of the sample; therefore, this method
can be used directly for quantification of target analytes. This configuration has the advantages
of low pressure drop and good heat transfer from the heating element to the adsorbent film. The
lower power requirements of this category make it more suitable for microsystems. The work in

this dissertation falls under the category of equilibrium based preconcentration.

2.3 Thermal Desorption

Thermal desorption is achieved by rapidly heating the sorbent to release the trapped analytes.
When compared to other desorption methods, it is simple to implement, provides high
concentration factors, and is suitable for uGC analysis. It is true that thermal desorption can
decompose the trapped analytes or degrade the sorbent over time. However, the increase in
sensitivity achieved with this method outweighs the potential disadvantage [2, 6]. There are
several factors that could influence the sharpness of the injection plug and/or the efficiency of
desorption (analyte recovery). These factors include heating rate, final temperature, time duration
at this temperature, and flow rate [6, 7]. One should note that the sorbent material can also affect
how efficiently the trapped analytes can be recovered. The efficiency of desorption is defined as
the ratio of the desorbed analyte mass to the adsorbed mass [8]. The final temperature is dictated
by thermal stability of the adsorbent and its impacts on the adsorbed analytes [6, 9]. Exceeding
the maximum temperature of the analytes and/or the sorbent can result in the decomposition of
the analytes and loss of sorbent material. Optimizing desorption conditions for both narrow
injection plugs and high desorption efficiency should be considered when designing and

operating uPCs. However, this topic is outside the scope of this dissertation.
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2.4 Adsorbent Materials

There is a great variety of commercially available materials that can be used as adsorbents.
The user is often faced with the difficulty of selecting an appropriate adsorbent. In general, the
adsorbent used should meet the following criteria [10]:

e The ability to trap analytes of interest. The specific surface area and the porous structure
give a rough indication of the adsorption strength of a material.

e Complete and fast desorption of the analytes.

e Homogenous and inert surface to avoid artifact formation, irreversible adsorption, and
catalytic effects during sampling, storage of the loaded adsorbent tubes, and
desorption.

e Low affinity to water to avoid displacement and hydrolysis reactions and to minimize
disturbances of the gas chromatographic analysis (damage of the stationary phase).

e Low affinity for other inorganic constituents of air such as nitrogen oxide, sulfur dioxide,
carbon dioxide, or ozone.

¢ High inertness against reactive species, such as ozone.

e High mechanical and thermal stability.

e Reusability.

Adsorbents can be classified into three categories: inorganic materials, carbon based
adsorbents, and organic polymers. Inorganic and carbon based materials are out of the scope of
this research and are not discussed further. However, Supelco, a subsidiary of Sigma Aldrich
Inc., one of the leading enterprises serving the commercial adsorbents market provides a
technical report which lists the available adsorbents and their properties. The report also includes
retention and desorption data for 43 different VOCs to aid in choosing the right adsorbent for a
given application. These materials include graphitized carbons, carbon molecular sieves, porous
polymers, and other adsorbents, including glass beads and charcoal [11]. Porous organic
polymers are a large group of adsorbents with different surface areas and polarities. Many of
these adsorbents have their origin as stationary phase in packed GC columns. A characterization

of common porous polymers is given in Table 12 in the appendix [12-14]. It should be noted that
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polydimethylsiloxane (PDMS) is not an adsorbent material since analyte trapping in this material

is based on an absorption process [10].

Due to the controllable manufacturing process, porous polymers are mostly very pure
materials. A serious drawback is the limited temperature stability of several adsorbents
restricting the application of thermal desorption. The polymer poly-(2,6-diphenyl-p-phenylene
oxide) or Tenax TA is the most important material for air analysis among the porous polymers

and will be discussed in Chapter 7.

2.5 Evolution of Micro Preconcentrators

Development of preconcentrators started in the 1970s for air sampling applications [15-17]. A
conventional preconcentrator consists of a tube, made of stainless steel or precision bore
borosilicate glass (shown in Figure 5), to hold the adsorbent material. The tubes are made with
very precise dimensions to ensure leak-free connection to the desorption apparatus, and they are
packed with one or multiple adsorbent materials. Typically, the cost of these tubes is around
$100/tube. In addition, there is the capital outlay for the desorption apparatus, typically between
$15,000 to $40,000 depending on whether the unit is single tube or has automated multi-tube
capability. A typical air sampling procedure for personal exposure calls for 10 L of air passed
through a standard preconcentrator using a personal air sampling pump operating at 200 mL/min.

]j | RN —ro21655 I l l -
- A 0
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Figure 5 Commercial thermal desorption preconcentration tubes [18], Courtesy of CAMSCO Inc.,
Used with permission

Various pPC designs utilizing wide range of adsorbent materials have been reported in the past
ten years. Interest in uPCs continues to grow in response to ever increasing demand for more

sensitive and selective micro sensing systems. Evidence of this is shown in Figure 6 which
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shows the number of reports on UPC development as a function of publication year. It should be
noted that not all reported uPCs are necessarily intended for uGC application. In fact, some are
manufactured to be used in conjunction with standalone sensors. This research development
continues to aim toward reducing size, power requirements, enhancing performance, and the

promise of batch manufacturing to reduce costs.
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Figure 6 Number of reports on uPC development as a function of publication year

Most pPC designs follow the same two categories of preconcentration discussed above,
exhaustive and equilibrium based devices. Exhaustive puPCs consist of microcavities or
microchannels packed with granular adsorbent [19, 20]. Equilibrium pPCs consist of planar
surfaces, microchannels, or complex 3D microstructures coated with a thin film of sorbent
material. Due to MEMS technology, these micro structures are made with extreme uniformity in
terms of geometric properties (size, shape, and distribution) resulting in good control over fluid
flow through the device [21]. Coating of UPCs is done by either spin coating [22], plasma
deposition [23], inkjet printing [24], electroplating [25], or conventional methods used to coat

chromatographic open tubular capillary column such as the one reported in [26].

Sandia National Laboratories reported the first pPC in 1999 as part of their pChemLab
program for real-time monitoring of dangerous gases in public areas [27]. The Sandia team made
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notable developments in uPC technology. Their design consists of 2.5 mm x 2.5 mm membrane
micro hotplate coated with surfactant templated sol gel polymer. This device achieved 200 °C in
4 msec, using roughly 100 mW. The ultra fast temperature ramping enabled sample thermal
desorption pulse widths as narrow as 200 ms at 5 mL/min. However, the low surface area of the
device limited its sample capacity [28]. Several research groups also reported similar devices in
which a polymeric sorbent is deposited atop a micro heater [22, 29-32]. Sandia also showed the
possibility of monolithic integration of pPC, separation column, and micro detector on a single
chip using their “surface micromachining with integrated fluidic technology” (a 5-layer
polysilicon MEMS process) [33]. Although they demonstrate the fabricated device, they did not
report experimental results on the performance of this monolithically integrated system. Sandia’s
most recent development was what they called “smart preconcentrator”. The device combined
mass sensing and preconcentration to determine when the uPC has collected sufficient analyte

for analysis [34].

In 2003, the Center for Wireless Integrated Microsystems at the University of Michigan
reported the development of exhaustive UPCs [35]. Their device consisted of a microfabricated
compartment (3 mm x 3 mm) filled with 1.8 mg granular Carbopack X at 0.4 g/cm?® packed-bed
density. Their pPC achieved 250 °C in 15 sec using 15 °C/sec ramp rate at 2.25 W. The device
provided sample thermal desorption pulse widths of 6.5 sec with 3.3 mL/min flow. They
managed to reduce the pulse width by implementing what they call “stop-flow” time into the
MUPC operation. To help sharpen the desorption profile, they stop the carrier flow at the start of
the heating cycle. During the stop-flow period, the trapped analytes will be desorbed from the
adsorbent to the free volume inside the device. Then, the gas flow is resumed to sweep the
desorbed analytes out of the free volume to the detector. Pulse width of 0.8 sec was achieved
using a stop-flow time of 25 sec to reach 280 °C at 2.25 W and 3.3 mL/min flow. They improved
the analytes trapping range of their device by extending their design to three compartments,
consisting of 1.6 mg Carbopack B, 1.0 mg Carbopack X, and 0.6 mg Carboxen 1000. The overall
dimensions of the chip were 13 mm x 4 mm. Heating rate and power consumption of the three
stage UPC were 100 °C/sec and 0.8 W per stage, respectively, to reach a desorption temperature

of 250 °C. Pulse width information were not provided for this design. The improvements in
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heating efficiency were achieved by reducing the conductive heat loss to the underlying package
substrate. Moreover, the thermal masses of the heater and cover plate were reduced from 28.6
mg to 10.1 mg per stage [19]. Other exhaustive pPC designs were also reported in the literature
[20, 36].

In 2005, the Center of Advanced Materials for the Purification of Water with Systems at the
University of Illinois introduced a hybrid (or mixed) design that combined Sandia’s and
Michigan’s designs to achieve large surface area and small flow restriction. This was done by
embedding micro posts coated with adsorbent films within a microcavity [37]. It is noteworthy
that the concept of embedding micro posts within a microcavity has been utilized in 1998 for
liquid chromatography [38] and in 2002 to promote multiphase mixing and reaction [21]. Other
applications of such configurations that appeared in 2005 and later include pin fin heat sinks
[39], hydrophobic surfaces [40], study of DNA dynamics [41], and GC columns [42]. The
Illinois device had a 5 mm x 2.5 mm footprint, achieved a heating rate of 200 °C/sec and
produced 20 sec desorption plus width. However, they were faced with the coating challenges. It
is difficult to attain uniform and full coverage coating on such structures using conventional
coating methods due to channeling of the coating solution in the cavity. That is, the solution will
not flow uniformly around all posts. This would result in partial coverage coating. The Institute
of Microengineering at Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland also
took similar approach in 2009 by embedding “Zigzag” micro structures in a microcavity [43].

They were also faced with the same coating challenges as Illinois.

2.6 Conclusions

In both preconcentration categories, the device performance varies based on operating
parameters and adsorbent materials used. Nevertheless, only preliminary results were reported
with limited details on operational parameters and fundamental factors affecting pPC
performance. Reports on the influence of adsorbent mass, sample concentration, and fluid
dynamics are also scarce with a few studies being found in the literature [19, 44-46]. Exhaustive
uPC performance is simpler to analyze using the modified Wheeler model. Zellers et. al. [47]
have tweaked the model to make it applicable to the equilibrium based preconcentrators. This
was done by averaging the adsorbent bulk density over the entire inner volume of the
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preconcentrator to make an effective packing density value. Although this approach provided
reasonable estimates of breakthrough times, the use of the modified Wheeler model in
characterizing equilibrium preconcentrators is criticized because this model was developed
assuming packed adsorbent bed. Furthermore, the concept of breakthrough does not hold as the
adsorbent material does not pose restrictions on the sample molecules passing through the
preconcentrator. That is, there would always be molecules breaking through the preconcentrator
whether the adsorbent film is saturated or not. uPC performance characterization becomes most
challenging in equilibrium based designs having complex 3D microstructures. Here, the
performance is convoluted by geometric properties (or surface-to-volume ratio), flow dynamics,
and sorbent material. Yeom, et. at. [45] have recently proposed a figure of merit based on their
flow resistance model, which they called adsorption compliance. It depends on surface-to-
volume ratio, blockage ratio, and number of 3D microstructures. This figure of merit is based

only on geometrical factors and does not take into account the effect of adsorbent material.

The preconcentration factor (PF) has been commonly used as a metric to estimate the
performance of pPCs. It denotes the enrichment or gain in sample concentration. However, there
is no standard definition for PF. The most common definition is the concentration of the
preconcentrated sample relative to the original concentration [20, 28, 29, 45, 48-51]. Other
definitions include sample container volume to desorption volume [35] and breakthrough time
difference [52]. It should be noted that PF on its own is ambiguous. This is because PF depends
on the analyte concentration, how long one collects them, and at what flow rate and, thus, is not

strictly an intrinsic property of the preconcentrator itself [53].
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Chapter Three: MEMS-Based Multi-Inlet/Outlet Preconcentrator Coated by
Inkjet Printing of Polymer Adsorbents

This chapter was reproduced from [1] with permission from Elsevier B. V.

B. Alfeeli, D. Cho, M. Ashraf-Khorassani, L. T. Taylor, and M. Agah, "MEMS-Based Multi-Inlet/Outlet
Preconcentrator Coated by Inkjet Printing of Polymer Adsorbents,” Sensors and Actuators B, Chemical,
vol. 133, 2008, pp. 24-32.

3.1 Introduction

Law enforcement, national security, environmental compliance, industrial process monitoring,
and biomedicine are some of the applications that require the capabilities of chemical agent
detection. These applications need sensitive, selective, and rapid detection as well as
quantification of the chemicals of interest. Most chemical detection methods are either time

consuming, expensive, or they have limited sampling frequency and detection range [2].

The advancement of micro electromechanical systems (MEMS) technology has enabled the
realization of miniaturized analytical instruments or so called “Lab-on-a-chip” devices. The first
microfabricated component for gas analysis was reported in 1979 [3], and in 1999, the concept of
a complete microscale chemical analysis system was introduced [4]. A microsystem based on
chromatography is a promising approach to low- power, low-cost, and (near) real-time analysis

of complex gaseous mixtures which is moving toward small portable micro instruments [5-16].

Sample pretreatment plays a major role in the analysis of gas mixtures. It is an important factor
in the performance of many analytical techniques such as gas chromatography (GC). A
comprehensive review on air analysis using gas chromatography has been reported by Helmig
[17]. The author comments that one of the most common procedures required for high sensitivity
and excellent selectivity is sample preconcentration. Conventional thermally desorbed
preconcentrators (PCs) consist of a short-length microbore tubing packed with an adsorbent
which is heated by means of an electrically conducting wire coiled around it [6, 18-29]. The use
of MEMS technology has led to the development of PCs with smaller sizes, lower pressure
drops, lower power consumptions, and higher efficiencies compared to conventional counterparts
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[12]. Different configurations such as packed compartments, and coated planar surface, micro
channels, and micro 3D structures have been reported [7, 8, 10, 15, 30-40]. The main challenge
in the development of MEMS-based PC is limited sample capacity. One effective method to
enhance sample capacity without significant pressure drop is to utilize embedded pillars that
result in a hybrid configuration that combines packed (large surface area) and equilibrium based

(small flow restrictions) structures [41].

Adsorbent materials are used in pPCs to trap volatile organic compounds (VOCs). There is no
universal trapping method as different VOCs require different methods of trapping. According to
reference [17], VOCs are classified into three groups: light (C,-Cs) which requires cryogenic
trapping, mid-range (Cs-Ci12) whose typical adsorbents include activated charcoal, Tenax,
Carbotrap, and Carbosieve, and semi-volatile (> Cj;) that can be adsorbed by either a
polyurethane foam (PUF) plug or silica gel. In addition to conventional granular adsorbents, the
use of an adsorbent film such as surfactant templated sol gel layer for adsorbing dimethyl methyl
phosphonate (DMMP), xylene, and methyl ethyl ketone (MEK) [30], a hyperbranched
polycarbosilane functionalized with hexafluoroispropanol (HFIP) pendant groups for adsorbing
DMMP and TNT [35], and a 50% polymethyl-50% phenyl polymer for adsorbing benzene and

toluene [31] have been reported.

This chapter reports a pPC device consisting of multiple inlets and outlets having novel

embedded crisscross pillars which are coated with a Tenax TA thin film by using an inkjet

printing technique. High surface-to-volume ratio, low thermal mass (rapid heating), small flow

resistance (low pressure drop), high capacity, acceptable repeatability, and easy integration with

a GC instrument are characteristics of this microfabricated preconcentrator.

3.2 Design and Fabrication

Our design goal was to achieve high capacity preconcentration using high-aspect-ratio
fabrication techniques. To meet this goal, the design of a pPC should satisfy the following
requirements: large surface area, low pressure drop, low thermal mass, robust structure, and
simplicity for the purpose of effective integration and packaging. Micro preconcentrators can be

classified into exhaustive and equilibrium designs. Exhaustive designs have the advantage of
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large surface area, but they suffer from limitations such as large pressure drop, high dead
volume, gas residuals, and poor heat transfer. Equilibrium based designs overcome these
disadvantages but their surface area is limited. One way to overcome the current challenge of
increased surface area without obstruction of the flow in a uPC is to fabricate micropillars within

the preconcentrator structure as shown in Figure 7.

Figure 7 3-D rendering of the micropillars based uPC

Using computational fluid dynamics (CFD) simulation in the CoventorWare package, the flow
through this configuration with crisscross and square pillars (for comparison purposes) was
simulated. A 2-D geometry of the device was defined as shown in Figure 8. In order to provide
the simulation model with the same surface area and flow rates as that of the real device, the
dimensions of the pillars and inlet pressure were scaled accordingly. Simulation of the gas flow
through the device was performed at steady state. The velocity vectors for the square and
crisscross pillars are shown in Figure 8 (a) and (b). Due to the sharp corners of the square pillars,
the flow stagnates between the pillars in a direction perpendicular to the flow to satisfy the Kutta
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condition, a principle in fluid dynamics [42]. Furthermore, since the flow in the perpendicular
direction cannot pass through to the other side due to the relatively fast flow in the parallel
direction, the fluid must come to rest at that region creating a stagnation point. This flow pattern
indicated that the sample molecules do not reach half of the pillar surfaces, thus decreasing the
adsorption surface by two fold. In the crisscross design, the sharp corners have been smoothed
out and the flow is directed in a zigzag pattern ensuring non-zero velocity in all direction and
maximizing the adsorption surface. It should be also noted that there is no backflow at the outlet
region. The simulation analysis also showed that the multiple inlet/outlet design spreads the flow
more evenly among the pillars as shown in Figure 8 (c) and (d). Although the zigzag pattern
helps distribute the flow, the flow velocity is highest at the line of sight between the inlet and
outlet which gives rise to an undesired flow concentration in the middle of the device in the case
of a single inlet/outlet design. The use of a double inlet/outlet lessened this effect which allowed
more interaction between the pillars and the sample flowing through the device. Based on the
simulation results, the crisscross design with double inlet/outlet proved to be a better design for
the uPC.

Most of the previously reported UPC structures require multiple masks for the fabrication
process. Nevertheless, our fabrication approach meets the simplicity requirement as it requires
only two masks, one for pattering the microstructures and one for patterning onboard heaters and
sensors. Using high-resolution, superior aspect ratio thick film photoresist (PR9260), the
micropillars and the fluidic ports were patterned on a 100 mm silicon wafer (See Figure 9 (a),
(b)). The pattern was then etched using deep reactive ion etching (DRIE) to form 240 um-deep
3D structures, Figure 9 (c). To seal the structure, the etched wafer was bonded to a Pyrex glass
wafer. Anodic bonding which is more robust than a polymer adhesive has been used to make the
bond, Figure 9 (d). To fabricate the thin-film resistive heaters and temperature sensors, PECVD
oxide was deposited on the backside of the wafer and then 20/40 nm Ti/Pt was evaporated and
patterned by the lift-off technique, Figure 9 (e). The wafer containing 140 chips was diced into
individual devices. Each device was connected on both sides with 240 um-OD, 100 pum-1D

deactivated fused silica tubing using a high temperature silica based bonding agent, Figure 9 (f).
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Figure 8 CFD simulation of the flow in (a) ordered square pillars, (b) crisscross pillars, (c)
crisscross pillars with single inlet/outlet showing the flow path, (d) crisscross pillars with multiple
inlet/outlet showing the flow path
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Figure 9 Step by step processing of the wafer in cross-sectional view

Figure 10 shows an optical image of the device and scanning electron microscopic (SEM)
micrographs of the etched 3D structures. The silicon-glass chip has outer dimensions of 7 mm x
7 mm and a total inner surface area of about 200 mm? and a volume of about 6.5 pL. The pillars
have high-aspect-ratio with dimensions of 27 um x 115 pum x 240 um. The flow splits 1:1 at the
inlet port and then recombines again at the outlet port with the same ratio. The fluidic ports were
tapered to make the silica tubing fit snugly into the port and to reduce dead volume.
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Figure 10 Optical image of the pTPC showing the front and back sides of the device, insets are
SEM micrographs of the etched 3D structures and the fluidic ports

In our experiments, we used Tenax TA dissolved in dichloromethane to coat the 3D structures
with film adsorbent. Conventional static and dynamic coating techniques failed to produce good
coverage coating due to a channeling effect. Furthermore, both techniques were only capable of
depositing very thin films (<250 nm). Using the principle of inkjet printing technology, the micro
structures were coated before anodic bonding by installing micro droplets of diluted Tenax TA
solution. The droplets were created by pushing the solution at low pressure through small micro
bore capillary tubing. This method ensured high coverage coating. We also used
polydimethylsiloxane (PDMS) dissolved in n-pentane (also coated by inkjet method) as an

alternative adsorbent film to study the influence of the adsorbent material on chip performance.

Figure 11 shows SEM monographs of the Tenax TA coated pillars. As can be seen, the coating

method produced high coverage and uniform adsorbent film on the pillars.
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Figure 11 SEM micrographs of Tenax TA coated pillars

3.3 Experimental Setup

All adsorption/desorption tests were carried out using an HP 6890 GC system (Agilent
Technologies, Inc., Palo Alto, CA). The testing setup was installed inside the GC oven in order
to maintain isothermal temperature conditions. Helium carrier gas was supplied to the setup via
the GC split/splitless inlet. This allowed the built-in gas flow controller to control the carrier gas
entering the setup. The built-in flame ionization detector (FID) was also connected to the device.
This enabled signal detection and data collection through the built-in signal processing unit of
the GC system. The experimental setup consisted of two six-port zero-dead-volume valves,

deactivated silica-lined TEE connectors, and deactivated fused silica transfer lines.

Figure 12 (a) shows the test setup for uPC with the valves set in the “loading position”. In this
configuration, the carrier gas continuously flowed through the injector, uPC device, and FID.
The sample was manually withdrawn from the sample vial by a precision sampling syringe and
then injected into the injector port. Figure 12 (b) resembles the valves set in the “desorption
position”. In this configuration, the injector is taken off-line and flushed out of any residual
sample. The isolation of the injector from the main flow prevented any residual vapor from
reaching the FID during desorption. The device was then heated to start the desorption process.
The inertness of the setup was tested by replacing the device with a 10 cm-long, 100 um-ID,
deactivated fused silica tube. This test showed insignificant adsorption throughout the setup
transfer line and valves. This configuration was also used to calibrate the FID.
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Figure 12 uPC test setup with (a) valves set in the loading position, (b) valves set in desorption
position

Device testing consisted of a series of three different runs: blank, loading, and heating. In the
blank run, the device was heated to 250 °C at 100 °C/sec in order to establish a baseline. In the
loading run a sample of nonane (Cg) was injected into the injector at an isothermal temperature
of 35 °C. Finally, in the heating run, the preconcentrator was heated to 250 °C at 100 °C/sec in
order to desorb the sample. An off-board high performance ceramic heater (ultra fast ramp rate)
was used in the experiments. The on-board resistive heaters and temperature sensor required a
customized temperature controller which was not available at the time of the experiment. In

future work, the on-chip thermal desorption capability will be used.
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3.4 Results and Discussion

Using the fabrication process described above, high quality uPC devices with high-aspect-ratio
structures (240um) were produced. As mentioned earlier, the 7 mm x 7 mm chip has a total
inner surface area of about 200 mm? and a total inner volume of about 6.5 pL resulting in an
approximately 31 mm™ surface area to volume ratio (S/V). For comparison, a 25 cm-long, 250
pum-ID capillary tube yields the same surface area but has an inner volume of 12.5 uL, and S/V

of 16 mm™, which results in a lower adsorption (concentration) capacity.

The effect of the multiple inlet/outlet on the uPC performance was studied by testing the
performance of the uncoated devices. This enabled us to study the distributed inlet/outlet effect
on the performance of the uPC without interference of the adsorbent material. Table 1 lists the
preconcentration factor for single and multiple inlet/outlet. This factor is the ratio between the
areas under the peak of the generated FID signal with/without the uPC. The double inlet/outlet
device produced a higher concentration factor than the single inlet/outlet. This could be
attributed to the effective dispersing of the sample among pillars which resulted in more
vapor/surface interaction. Moreover, although the overall flow rate is the same for both single
and double inlet/outlet devices, the inside flow is not. This is because the double inlet/outlet
splits the flow into two flows with half the magnitude of the incoming flow (See Table 8 (d)).
This resulted in a slower flow within the device compared to the flow in the single inlet/outlet
device. Table 1 also illustrates the effect of pillar packing density. The uPCs with 40 um spacing
showed a higher PC factor than the ones with 80 um spacing. Decreasing the spacing between
the pillars increased the number of pillars in the device which resulted in an increased S/V ratio

and thus increased the PC factor.

Table 1 Preconcentration factor for different designs of uncoated uPC

Number of Spacing between PC factor?
inlet/outlet posts (xm)

1 40 2312
2 40 3241
1 80 1543
2 80 22+1

% Determined by saturating the pTPC with pure nonane
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The capacity of the two adsorbents used in this study was evaluated by testing two devices,
one coated with PDMS and the other with Tenax TA. Figure 13 compares the desorption peaks
under identical test conditions showing the superior capacity of Tenax TA over PDMS. For
nonane (Cy), the PC factor for PDMS and Tenax TA was 100 and 1000, respectively. The results
demonstrate the major preconcentration enhancement of uPCs by the adsorbent material. PDMS
and Tenax TA enhanced the performance of the uPC by ~5-fold and ~50-fold, respectively,
compared to the uncoated one. Tenax TA-coated chip was expected to produce a larger PC factor

since it has a higher adsorption capacity than PDMS.
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Figure 13 Desorption peaks of Tenax TA and PDMS

The height of the desorption peak and its area as a function of the inlet pressure were plotted in
Figure 14. For this experiment, we used the same pressure (flow rate) during adsorption and
thermal desorption cycles. It is seen that the height of the desorption peak increased linearly with
inlet pressure. Increased pressure (flow rate) forced the desorbed molecules to exit the device
faster resulting in a narrower peak. The constant peak area indicated that the peak was only
getting sharper with increased pressure. This allowed us to determine the optimal inlet pressure
that would result in the sharpest desorption pulse. Furthermore, the height of the desorption peak
reached a maximum value then decreased along with the peak’s area when the pressure exceeded

25 psi. At high pressure (flow rate) the molecule residence time within the device was shortened
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during the adsorption cycle, which decreased the interaction of vapor molecules with the device
inner surface, thus reducing the adsorption efficiency. The device operation was found to be
optimal at an inlet pressure of 25 psi. It is worth mentioning that the device can operate under
two different flow rates. A low flow rate during adsorption and a high flow rate during
desorption. In this case, the inlet pressure can exceed 25 psi during desorption to produce a

sharper peak without affecting the amount of adsorbed sample (peak area).

450 3000

400 —e

350 et > + 2500
ED 300 / o
T 250 ./ + 2000 2
I X
E 200 e 1 1500 §
2 150 <

100

0 ~ Peak Height|| 1000

- Peak Area
0 : : : 500

0 10 20 30 40

Inlet Pressure (psi)

Figure 14 Height and area of the desorption peak as a function of pressure

Figure 15 demonstrates a series of desorption pulses generated by the uPC coated by Tenax
TA. Reproducibility in terms of peak height and area was excellent, and the
adsorption/desorption process could be continued indefinitely. To further demonstrate the
capability of our device, the uPC was used as a GC injector. The device was put on-line with a 2
m-long, 100 um-ID fused silica capillary column coated in-house with a methylpolysiloxane
stationary phase. The uPC was loaded with a diluted sample, a mixture of 5 hydrocarbon
compounds: n-octane (Cg), n-nonane (Cg), n-decane (Cyg), n-dodecane (Ci2), and n-tetradecane
(C14). The fast thermal desorption enabled sharp peak injection comparable to what could be
produced by the GC injection port as shown in Figure 16. The initial and final temperatures of

the column were 35 °C and 150 °C with temperature programming of 10 °C/min and an inlet
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pressure of 20 psi. Figure 16 (a) and (b) represent the chromatogram obtained by injecting the
sample through the GC conventional injector and the uPC, respectively. The solvent peak is
significantly smaller in the uPC injection pulse indicating that the device did not concentrate
most of the solvent (dichloromethane). Yet, most of the separated compounds show a higher
peak when injected through the uPC as clearly demonstrated in the zoomed-in chromatograms.
This indicates that the uPC was successful in preconcentrating the compounds in the diluted
sample. The shift in the peaks’ elution time resulted from the change in the flow in the system
due to the placement of the uPC. It should be noted that only a fraction of the sample introduced
to the uPC is trapped as some of it will pass through without being adsorbed. As mentioned

earlier, this can be suppressed if a lower flow rate is employed during adsorption.
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Figure 15 Series of uPC generated desorption pulses
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Figure 16 Hydrocarbon mixture sample injection chromatograms (sample volume 1 uL), (a)
represent the sample injected through the GC’s conventional injection port with a zoomed-in
version below it, (b) represent the sample injected by the pTPC fast thermal desorption with a
zoomed-in version below it

3.5 Conclusions

The quality of gas mixture analysis relies on the sample pretreatment. MEMS technology
could leads to the development of uPCs having smaller sizes, lower pressure drops, lower power
consumptions, and higher efficiencies compared to conventional counterparts (microtraps). By
utilizing embedded pillars, we have demonstrated a hybrid configuration combining exhaustive
(large surface area) and equilibrium (small flow restrictions) designs. The high-aspect-ratio
structures needed for the uPC design were produced using deep reactive ion etching of silicon. A

concentration factor of 1000 was achieved using the presented microfabricated preconcentrators
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which were coated by Tenax TA using the inkjet printing principle. Work is under way to
explore different structural possibilities including the size and spacing of micropillars and to
evaluate their effects on the uniform coating of the pillar array using the aforementioned
technique.

CFD analysis verified by experimental results has shown the effect of the distributed
inlet/outlet as well as the pillars geometry and configuration on the uPC performance. The
increase in the PC factor for the uncoated devices is attributed to the effective dispersing of the
sample among the pillars during the adsorption process. Future work will aim to better

understand and model the behavior of the uPC under different conditions.

The performance of the presented uPC was evaluated in terms of the adsorption capacity
(different adsorbent material), pillar packing density (distance between pillars), and inlet
pressure. The uPC demonstrated very sharp reproducible desorption peaks needed for fast on-
field analytical analysis. For proof of concept, the uPC was used as a GC injector. The device
was successful in concentrating diluted multi-compound hydrocarbon mixture and in delivering
the concentrated sample into a separation column by producing a sharp pulse suitable for GC

analysis.
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Chapter Four: MEMS-based Selective Preconcentration of Trace Level

Breath Analytes

Part of this chapter was reproduced from [1] with permission from IEEE

B. Alfeeli and M. Agah, "MEMS-Based Selective Preconcentration of Trace Level Breath Analytes,” IEEE
Sensors Journal, vol. 9, 2009, pp. 1068-1075.

4.1 Introduction

Human breath contains a complex mixture of volatile organic compounds (VOCs) at very low
concentrations typically in the parts per billion (ppb) range [2]. The VOCs content in breath is
derived mainly from blood by passive diffusion across the pulmonary alveolar membrane [3].
The identification and quantification of VOCs in human breath can lead to early diagnosis or
evaluation of several common disorders such as lung cancer, pneumonia, heart disease,
rheumatoid arthritis, inflammatory bowel disease, malnutrition, and exposure to environmental
toxins [4].

The long-term objective of our work is to develop a self-contained handheld instrument that
would offer sensitive, accurate, reliable, and easy-to-use breath analysis at low cost to facilitate
its use in physicians’ offices. However, breath analysis is not a trivial task for several reasons.
First, the trace level concentrations of VOCs in breath are difficult to detect by conventional
sensors. Second, the interfering species in the breath sample such as water vapor, carbon dioxide,
and methane [5] can hinder the detection sensitivity or the analysis accuracy [6]. Third, is the
high level of breath complexity containing more than 1200 VOCs [4] which include alcohols,

ketones and aldehydes [7] which makes it difficult to identify breath biomarkers.

The current breath analysis is carried out in an analytical laboratory by highly trained
technicians. The breath sample is collected from the patient in an inert gas sample bag (Tedlar
bag) [8]. Then, the laboratory technician performs sample preconcentration procedure followed

by chromatographic separation and mass spectrometry detection (GC-MS) in order to analyze the
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breath sample [9, 10]. This procedure is inconvenient, time consuming, and prone to sample

contamination and/or its loss.

In addition, current gas chromatography (GC) systems are large, require intensive
maintenance, and are expensive table-top instruments with high power consumptions [11].
Microelectromechanical systems (MEMS) technology has made it possible to miniaturize GC
components such as preconcentrators (PC) and separation columns for various sensing and

monitoring applications [12-27]. This chapter addresses the three abovementioned technical

challenges through the utilization of MEMS-based preconcentrators. The presented high

performance device improves the detection limit of breath components. It can selectively
preconcentrate the analytes of interest in breath which can later be processed by a short uGC
column. Moreover, by cascading multiple devices, the influence of the interfering species
(mainly water vapor) can be significantly reduced.

4.2 Preconcentration Technology

Traditional PCs consist of tubing packed with granular adsorbent. Packing these tubes with
small particles could result in significant pressure drops and poor heat transfer. Moreover,
excessive peak broadening may occur if their volume is large relative to the detector cell. Their
size also limits the sampling speed (duty cycle) since additional time is needed for cooling prior
to subsequent sample collection. Equilibrium based PCs consist of tubing in which the inner wall
is coated with an adsorbent material. They overcome some of the disadvantages of exhaustive
PCs but their sample capacity is limited due to their small adsorption surface area. This
limitation becomes most dominant in equilibrium based uPCs due to their small dimensions.
Nevertheless, puPCs offer lower pressure drop, lower power consumptions, and higher
efficiencies compared to their conventional counterparts [14]. To date, different uPC
configurations such as packed compartments, and coated planar surface, micro channels, and 3D
microstructures have been reported in literature [18-25, 28-31]. In general PCs are characterized
by a figure of merit know as the preconcentration factor (PF). The preconcentration factor is
defined as the ratio of the area under the detector’s signal with and without the presence of the

uPC [32]. The reported uPCs have PF values that range from 6 to 6000.
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The pPCs used in this study contain an array of 3D micro pillars and is similar to our

previously reported work [11]. Figure 17 summarizes the fabrication process of the uPC.
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Figure 17 (a) Photolithography (b) Deep reactive-ion etching (DRIE) (c) Coating the pillars
with adsorbent polymer by inkjet printing (d) Sealing the device with Pyrex by anodic
bonding (e) Patterning of thin-film resistive heaters and temperature sensors over PECVD
oxide at the back of the device, © [2009] IEEE. Reprinted, with permission, from [1]

First, the design pattern was transferred to a silicon wafer via standard photolithography as
shown in Figure 17 (a). Second, the silicon wafer was etched by a single step deep reactive ion
etching (Figure 17 (b)) followed by oxygen plasma clean step to remove any residual

fluorocarbon on the etched surface. The devices were then coated with 2,6-diphenylene oxide
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polymer (Tenax TA) by inkjet printing as shown in Figure 17 (c). Inkjet printing technique
produced excellent coverage and uniform coating as shown in Figure 18. The wafer was then
sealed with Pyrex wafer by anodic bonding process (Figure 17 (d)) at 1250 V and 300 °C instead
of conventional 350-400 °C bonding temperature to avoid damaging the polymer. The maximum
recommended operating temperature by the manufacturer for Tenax TA is 350 °C. The final step
was patterning thin film Ti/Pt resistive heaters and temperature sensors over plasma enhanced
chemical vapor deposition (PECVD) oxide on the back side of the silicon wafer as shown in
Figure 17 (e).

_—
Date :7 Nov 2007
WD =17.0 mm Photo No. = 3367 Mag= 459X

100pm"’ Tz oral A
PCTXTop2  EMT=15.00kV  SignalA=SEf

PCTX Top2 EHT = 15.00 kV Signal A = SE1 Date :7 Nov 2007
WD =165 mm Photo No. = 3371 Mag= 868X

Figure 18 SEM monographs showing the coverage and uniformity of Tenax TA coating technique,
© [2009] IEEE. Reprinted, with permission, from [1]

The outer dimensions of the silicon-glass chip were 7 mm x 7 mm x 1 mm. The uPC specific

surface area was measured to be 10 m?/g (gas sorption method) with a volume of about 6.5 pL.
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The dimensions of the high-aspect-ratio pillars were 30 pm x 120 pm x 240 pum. For this work,
different pillar geometries and configurations have been designed and fabricated to evaluate their
effectiveness for sample preconcenration. The available surface area and density of the pillars
which are indicators of the microchip sample capacity are summarized in Table 2. Figure 19
illustrates the top and bottom views of the uPC placed in front of a pencil to give a size

prospective.

Table 2 Calculated Pillars Surface Area and Density, © [2009] IEEE. Reprinted, with permission,
from [1]

Pillar Shape Pillar Surface Area (mm?) Pillars/mm?®

0.048 100

O 0.038 100
% 0.066 90

1:1 Flow Split

2,

AYASA A S
LACACACS
\\'\'\I\

Temperature Sensor Resistive Heaters

Figure 19 Optical image of the uPC showing the front and back sides of the device, insets are
SEM monographs of the etched 3D structures and the fluidic ports, © [2009] IEEE. Reprinted,
with permission, from [1]
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4.3 Experimental

The testing setup was installed inside a commercial GC oven in order to maintain isothermal
temperature conditions. Moreover, the built-in auxiliary systems such as a gas flow controller
and flame ionization detector (FID) were also utilized to ensure consistent testing parameters.
Carrier gas was supplied via the GC inlet and controlled by the flow controller. The testing setup
consisted of two six-port zero-dead-volume valves, and deactivated fused silica transfer lines
configured as shown in Figure 20. The inertness of the setup was tested. Figure 20 (a) shows the
test setup with the valves set in the “loading position”. The sample was injected by a precision
sampling syringe into the GC injector. The GC column was kept offline to prevent the sample
from reaching it at this stage. Figure 20 (b) portrays the valves set in the “injection position.” In
this configuration, the GC column was connected to the preconcentrator. The uPC was heated
rapidly to 250 °C at 100 °C/sec to inject the collected sample into the column. The inlet pressure
was adjusted to achieve 1 mL/min flow rate through the uPC and column. Figure 20 (c)
illustrates the valves set in the “separation position.” Here, the uPC was taken offline and the

column was heated to 150 °C from 35 °C at 30 °C/min.

The sample adsorption/desorption and the chromatographic separation were measured by the
FID. The on-board resistive heaters and temperature sensors were not used in this experiment.
Instead, an off-board high-performance ceramic heater (ultra-fast ramp rate) was used for
thermal desorption along with a K-type thermocouple for manual temperature monitoring and
control. In future work, the on-chip thermal desorption capability will be used. For two-step

preconcentration, the single uPC was replaced with two uPCs connected in series.
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Figure 20 uPC test setup with the valves set in the (a) loading position, (b) injection position, and (c)
separation position, © [2009] IEEE. Reprinted, with permission, from [1]
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4.4 Results and Discussion

4.4.1 Performance Evaluation

Table 3 summarizes the preconcentration factor measured on both coated and uncoated uPCs
under similar conditions by loading the chip with 1 uL of n-nonane (Cy) and then thermally
desorbing it at 100 “C/sec up to 250 °C. The area under the FID curve was used to determine the
preconcentration factor. In the ordered pillar design, the flow in the perpendicular direction
cannot pass to the other side due to the relatively fast flow in the parallel direction, thus creating
a stagnation point. This flow pattern indicated that the sample molecules do not effectively
collide with half of the pillar surfaces, thus decreasing the adsorption surface and resulting in a
low PF of 7. This shortcoming was minimized in the circular staggered and crisscross designs
which resulted in the doubling of PF. Moreover, significant increase in the preconcentration
factor was observed when the microfluidic ports connecting the inner cavity with the outside
world were branched into two channels at each side of the cavity instead of a single channel.
This is attributed to the flow pattern created by these fluidic ports within the cavity. In the single
channel design, the flow velocity was highest in the middle of the cavity giving rise to an
undesired flow concentration. The branching of the single channel into two lessened this effect
allowing more interaction between the pillars and the gaseous sample, thus increasing the PF
from 22 to 32 in the case of crisscross design. All subsequent tests were performed on the coated
crisscross design. The maximum concentration factor for the crisscross design with double
inlet/outlet and 80 um spacing between pillars was also determined by varying the loading time
at a continuous and constant concentration of isopropanol vapor as shown in Figure 21 and it was
determined to be more than 10,000.
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Table 3 Preconcentration Factor for Different Designs, © [2009] IEEE. Reprinted, with permission,

from [1]
. Number of . .
Design Inlet/Outlets Spacing Between Pillars PF
No Pillars 1 - 4
Ordered 1 50 !
O
Staggered 1 50 20
Staggered 2 50 28
% 1 80 22
Crisscross
% 2 80 32
Crisscross
% 1 80 + Tenax TA 700
Crisscross
% 2 80 + Tenax TA 1000
Crisscross
12000
*
S 10000 - .
ks .
= 8000 -
9
£ 6000 - .
g .
£ 4000 o
o
& 2000 -
O T T T T
0 5 0 15 20 25

Figure 21 uPC sample preconcentration factor as a function of time at constant
concentration of pure isopropanol vapor, © [2009] IEEE. Reprinted, with permission, from

Loading time (min)

[1]
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4.4.2 Preconcentrator Behavior

For preliminary evaluation, we used several compounds found in human breath undergoing
anesthesia [4] such as n-decane (Cio), n-dodecane (Ci2), 2,6-diisopropylphenol (Propofol), n-
tetradecane (C14), and n-hexadecane (Cy¢) diluted in 1-propanol at a concentration of 500 pg/mL.
Propofol is widely used substance for anesthesia and sedation in various clinical settings.
Continuous assessment of depth of anesthesia (Propofol content in breath) is important to
prevent accidental awaking of patients during surgery. 1-propanol was chosen instead of water
vapor present in breath mainly because the available detector (FID) was water insensitive. It
should be noted that the retention volume of solvents such as dichloromethane and 1-propanol on
the adsorbent (Tenax TA) is larger than water by a factor of 19 and 26, respectively [33]. Water
and 1-propanol share similar boiling point and polarity. As a model for a portable uGC, the pPC
was put in series with a 1 m fused silica column coated with methylpolysiloxane to resemble a
MEMS column.

The adsorption time (z), the time needed for a gas molecule to be trapped once the gas sample
enters the preconcentrator, depends on the physical and chemical properties of both the gas
molecule and the adsorbent surface. The residence time (z), which is the time needed for a
molecule to pass through the preconcentrator at a specific linear velocity, is equivalent to the
maximum time that a non-adsorbed molecule can reside in the preconcentrator. In order to
achieve high preconcentration efficiency, the residence time should be greater than the
adsorption time, 7 >>7z;. In other words, the sample molecule should reside within the
preconcentrator much longer than the time needed for the molecule to be adsorbed. The molecule
residence time, however, is inversely proportional to the flow rate and the adsorbent temperature.
To evaluate the effects of these two important controllable parameters on VOC adsorption in the
MPC, calibrations (desorption peak area vs. parameter of interest) for VOCs used in this study
were conducted. This was done by using adsorption flow rates ranging from 0.7 mL/min to 12

mL/min and adsorption temperatures ranging from 35 °C to 150 °C.

Figure 22 shows the inverse relationship between adsorption versus flow rate and temperature.
As expected, adsorption decreases with increasing flow rate and/or temperature. At higher flow

rates, the molecule residence time shortens decreasing the interaction of molecules with the
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adsorbent surface and, thus, reducing the adsorption efficiency. Likewise, at higher temperatures,
the molecules are less likely to stay on the surface due to their high thermal energy. Propofol
desorption peak area dropped by approximately 50% as the flow rate increased from 2 mL/min
to 12 mL/min. At an adsorption temperature of 80 °C, the desorption peak areas of C1o and Ci»

dropped significantly suggesting that these two compounds are hardly adsorbed at this

temperature.
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Figure 22 (a) Desorption vs. flow rate at 35 °C and (b) desorption vs. temperature at 2 mL/min
for the five compounds used in the experiment, © [2009] IEEE. Reprinted, with permission, from

[1]
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At 150 °C, desorption peak areas of Propofol dropped to a low level. This means that this
temperature was too high for an effective adsorption process for this compound. The results
showed correlation between the amounts of compounds adsorbed and their boiling point.
Hexadecane being a compound with a boiling point of 287 °C shows a larger desorption peak
area compared to that of decane having a boiling point of 174 °C. The results shown in Figure 22
(b) also indicate that it is possible for the uPC to be tailored to concentrate certain gaseous
compounds by controlling the device temperature. The above results prompted the idea of
selective preconcentration and the elimination of unwanted compounds via two-step

preconcentration.

4.4.3 Two-step Preconcentration

The novel concept of selective preconcentration of a target VOC (Propofol) over lower and
higher boiling point compounds is demonstrated in Figure 23. The two cascaded uPCs (uPC1
and uPCz2) are kept at 60 °C to minimize the adsorption of low-boilers as shown in Figure 23 (a).
Next, uPC2 is cooled down to 35 °C and then uPC1 is heated to 150 °C to transfer the adsorbed
mid-boilers from pPC1 to uPC2 as shown in Figure 23 (b). At this point, the flow is reversed and
uPC1 is heated to 250 °C to release the high-boilers to waste as shown in Figure 23 (c). After
cooling uPC1 to 35 °C, uPC2 is heated to 150 °C to transfer the adsorbed mid-boilers back to
uPC1 (not shown in Figure 23). At this stage, uPC1 contains only mid-boilers and uPC2
contains only high-boilers. The flow is then reversed back and puPC2 is heated to 250 °C to
release the high-boilers to waste (not shown in Figure 23). Finally, pPC1 is heated to the same

temperature to release the mid-boilers to the GC column as shown in Figure 23 (d).
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Figure 23 Selective preconcentration of target VOC (black), (a-b) low-boilers reduction
(blue & green), (c) high-boilers reduction by flow reversal, (d) release of concentrated target
VOCs, © [2009] IEEE. Reprinted, with permission, from [1]

A list of chromatograms produced by different temperature configurations during adsorption
of two cascaded pPCs is shown in Figure 24. In all cases, after species adsorptions, both
microchips were heated rapidly to 250 °C at 100 °C/sec to desorb the concentrated components
and inject them to the head of the GC column. The column was temperature programmed from
30 °C to 150 °C at 30 °C/min. The use of a single preconcentrator resulted in a chromatogram

similar to those of Figure 24 (b) and (c).
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Figure 24 Chromatograms produced by different temperature configurations during adsorption
of two uPCs connected in series, both devices are desorbed at the same time and temperature,
sample was a standard chromatographic test mixture consisting of polar and nonpolar
compounds in dichloromethane, © [2009] IEEE. Reprinted, with permission, from [1]

Figure 25 shows the separation of the VOCs mixture without preconcentration and serves as a
reference for the following discussion. The large 1-propanol content in injected sample is
evident. The tailing of the large 1-propanol peak could overshadow other peaks and thus affects
the accuracy of the analysis. Moreover, unwanted compounds in the sample, such as 1-propanol
(and similarly water vapor in breath) could impose premature saturation in the collection process

by saturating the adsorbent material. It can also be the case in the detection process by saturating
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the detector. Most gas detector are sensitive to water [6]. Thus, eliminating the interfering

compounds is essential for high performance analysis.
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Figure 25 Chromatogram of the VOCs mix without pPC showing the large amount of 1-Propano,
inset is zoom-in of the separated VOCs, © [2009] IEEE. Reprinted, with permission, from [1]

Figure 26 illustrates the results of selective preconcentration of Propofol mixed with other
VOC:s all diluted in water-like solvent (1-propanol). The elimination of unwanted species was
performed by following the procedure explained in Figure 23. Selective preconcentration of
high-boiler VOCs over low-boiler ones could be done simply by setting the uPCs at a
temperature above the boiling point of the low-boiler VOCs. However, the challenge is to
selectively preconcentrate mid-boilers over low and high-boilers. Two-step micro
preconcentration was utilized to achieve this goal. The first step of this process was to eliminate
1-propanol, Cyp, and Cy, (low boilers) depicted by blue and green particles while adsorbing Cig4,
Propofol, and Cy6 depicted by red and black particles. After that, the carrier flow is reversed and
the first uPC is heated to remove C;4 and Cy6 from the preconcentration process (high boilers)
depicted by red particles. This resulted in selective preconcentration of Propofol (depicted by

black particles) and thus, the elimination of the interfering species. The process was able to
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change the relative concentration of Propofol to Cy4 from 50% (with one puPC) to 99.8% (with

cascaded uPC). It also eliminated the solvent by 99.9%. It should be noted that two-step

selective preconcentration comes at the cost of low preconcentration gain. This process is lossy

and cannot be used in guantitative analysis.
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Figure 26 Chromatogram of selective preconcentration of Propofol. (a) shows the magnitude of the
peak, (b) zoom-in of the unpreconcentrated VOCs. Reduction in the 1-propanol content is evident, ©
[2009] IEEE. Reprinted, with permission, from [1]
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Selective preconcentration by temperature manipulation alone using single uPC was also
carried out and compared to the cascaded uPCs method. The goal was to selectively
preconcentrat n-decane, n-undecane, and n-dodecane among n-hexane, n-heptane, n-octane, n-
nonane, n-tridecane, n-tetradecane, n-pentadecane, and n-hexadecane (other compounds in the
mixture were not considered) from an indoor air standard mixture. The analysis of sample
collection at 35 °C and desorption at 250 °C of a single device is shown in Figure 27. The
analysis was performed with a GC-MS system with a DB-5 coated 30m fused-silica capillary
column at an initial temperature of 35 °C, held for four minutes, followed by a ramp rate of 10
°C/min to 175°C. The flow was set to 1.2 mL/min. The analysis of sample collection at 60 °C
and desorption at 150 °C of a single device is shown in Figure 28. It was possible to eliminate
the low boiler alkanes when the uPC was maintained at elevated temperature. However, this
temperature manipulation was not successful in eliminating the high boiler alkanes. This could
be attributed to the multilayer adsorption of both mid and high boiler alkanes on the surface.
Nevertheless, high boilers elimination was possible with the cascaded uPCs method as shown in

Figure 29. It should be noted that the inherited absorbent selectivity also contribute to this

process.
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Figure 27 Analysis of indoor air standard mixture using single uPC
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Figure 28 Selective preconcentration by temperature manipulation alone using single uPC
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Figure 29 Selective preconcentration of n-decane, n-undecane, and n-dodecane from the indoor air
standard mixture using the two-step preconcentration method

4.5 Conclusion

Enabling hand-held breath analysis technology is essential for the following reasons:

e Noninvasive and painless testing

e Rapid results
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e Minimal biohazard waste
¢ No special training

e Continuous monitoring
However, this technology is currently facing some technical difficulties that include:

e Trace level VOCs detection
e Elimination of interfering species in breath samples

e Simplification of complex mixtures

This chapter reported the utilization of MEMS technology to develop uPCs with 10,000 PF
that would preconcentrate VOCs to detectable levels. The elimination of unwanted species by
two-step preconcetration allowed more adsorption surface for the target compound on the
adsorbent material and alleviated stringent requirements on the separation and detection stages.
The demand for hand-held cost-effective Propofol monitoring devices is expected to increase as
many surgical procedures are now being shifted from hospitals to outpatient surgical centers and

physician’s offices.
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Chapter Five: Effect of Shape, Spacing, and Arrangement of Pillars on the

Performance of uPCs

This chapter was reproduced from [1] with permission from IEEE

B. Alfeeli and M. Agah, "Micro Preconcentrator for Handheld Diagnostics of Cancer Biomarkers in
Breath,” in 9th IEEE Conference on Sensors, Waikoloa, HI, November 1-4, 2010, pp. 2490-2493.

5.1 Introduction

MEMS technology has enabled the realization micro structures with extreme uniformity in
terms of geometric properties (size, shape, and distribution). Such capability allowed precise
control over fluid flow through the device at the micro scale and enabled microfluidic devices
[2]. As mentioned in chapter 2, the performance of uPCs is convoluted by geometric properties
(or surface-to-volume ratio), flow dynamics, and sorbent material. Yeom, et. at. have recently
proposed a figure of merit based on their flow resistance models which they called adsorption
compliance [3]. It depends on surface-to-volume ratio, blockage ratio, and number of 3D

microstructures. This chapter discusses new microstructure geometries that could enhance the

performance of uPCs.

5.2 Role of Surface Area and Flow Pattern on 4PC Performance

Recently, 3D microstructures embedded within a microcavity of silicon-glass bonded chips,
similar to the one shown in Figure 30, have been shown by our group to increase the
performance of micro preconcentrators (UPCs) [3-5] by providing a large adsorption surface.
Thus, new geometries are being sought to increase the surface-to-volume ratio in pPCs. In this
section, we investigated the effect of shape, spacing, and arrangement of pillars on the

performance of pPCs.

Square shaped pillars provide the largest surface area compared to other basic geometric
shapes. However, the area of a square can be further increased by 72% when Maltese cross shape
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is implemented. Table 4 compares pillar footprint and total surface area of the two designs. SEM

micrographs of the square and Maltese-cross pillars are shown in Figure 31.

12mm Multi-inlet/outlet
Ports

L Expansion Reservoir

Figure 30 3D rendering of the silicon-glass yPC, © [2010] IEEE. Reprinted, with permission,
from [1]

Table 4 Calculated pillar footprint and total surface area per pillar, © [2010] IEEE. Reprinted,
with permission, from [1]

Footprint Surface
(mm?)  Area (mmd)

- 0.0025 0.070

Shape

0.0008 0.120

Figure 31 SEM micrographs of the fabricated square and Maltese-cross pillars, ©
[2010] IEEE. Reprinted, with permission, from [1]
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Computational fluid dynamics was utilized to investigate the effectiveness of different micro
pillar structures and their spacing configurations on the performance of the device. The steady
state flow through the square and Maltese-cross pillar design in staggered arrangement was
studied. Previous results indicated the existence of stagnation regions between the
microstructures when arranged in ordered fashion [5]. However, stagnation region could exist

especially in Maltese-cross design, even in staggered arrangement, as shown in Figure 32.

uc-« “oarem ATEw pXr nm e CE X T ) SABVOL 23w
By M 2, e ™

Figure 32 Simulated flow velocity profile for square and Maltese-cross pillar designs, blue region
represent zero velocity, © [2010] IEEE. Reprinted, with permission, from [1]

5.3 Experimental Setup

The performance of the uPC was evaluated in terms of sample adsorption/desorption. The n-
alkanes adsorption/ desorption was measured by a flame ionization detector (FID). To maintain
isothermal temperature condition, the testing was carried out inside a commercial GC oven. The
built-in gas flow controller was utilized to supply nitrogen carrier gas to the testing setup which
consisted of a six-port zero-dead-volume valve, 10 m nonpolar methylpolysiloxane fused silica
capillary column, and deactivated fused silica transfer lines. The valve was necessary to switch
the flow to the separation column to perform the chromatographic analysis. The sample was
injected by a precision sampling syringe into the GC injector. The GC column was kept offline
during puPC loading stage to prevent the sample from poisoning the column. To determine the
sample capacity of the uPCs, the devices were saturated with n-nonane at 40 °C and then
desorbed at 100 °C/sec to 250 °C. The n-nonane concentration in the desorption peak reflects the

sample amount collected by the device.
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5.4 Results and Discussion

The bar chart in Figure 33 lists the n-nonane concentration in the desorption peaks for the
square pillar design (Sqgr) and Maltese-cross pillar design (MIt). A uPC without pillars (Empty)
was also included in this study for comparison purposes. The number that follows the design
label indicates the spacing between the pillars in microns. The results demonstrated that the pillar
spacing affects the capacity more than the pillar shape. Changing the shape from square to
Maltese-cross resulted in 27% increase in performance. Reducing the spacing from 100 um to 10

pHm in Maltese-cross design resulted in 145% increase in performance.
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Figure 33 n-nonane desorption concentration for the square and Maltese-cross pillar designs
at different pillar spacing (10, 50, and 100 um), all have ordered pillar arrangement, empty
resembles a pillars-free cavity, © [2010] IEEE. Reprinted, with permission, from [1]

Figure 34 shows the effect of pillar arrangement on the device performance by comparing the
n-nonane concentration in the desorption from uPCs with an ordered pillar arrangement (ORD)
and from puPCs with a staggered pillar arrangement (STG). The staggered Maltese-cross
performed better than the ordered arrangement as shown by the 85% increase in performance.
These results allows us to conclude that in addition to the total surface area enhancement, the

spacing and arrangement of the pillars which affect the flow pattern are also important.

69



120

x 10000

100

80

60

40

) .
0 : ‘
MIt100RD MIt10STG MIt1000RD MIt100STG
Figure 34 Desorption concentration for the Maltese-cross design at different pillar spacing

(10um and 100um) and different pillar arrangement (ordered and staggered), © [2010]
IEEE. Reprinted, with permission, from [1]

Nonane Concentration (ug/mL)

The staggered Maltese-cross with 10 pum spacing design pPC was put in series with a GC
column to demonstrate the successful preconcentration of volatile compounds identified as
cancer biomarkers. The volatiles used in this work were n-pentane, benzene, n-heptane, toluene,
n-octane, n-nonane, n-decane, n-undecane, n-dodacene, and n-tetradecane. The sample mixture
was diluted to 1 ppb concentration in nitrogen. Tedlar bags were used to store the sample
mixture. The chromatographic separations were done under column temperature program from
35 °C to 150 °C at 30 °C/min. The red chromatogram in Figure 35 belongs to the separation of
the diluted sample whereas the black chromatogram is for the preconcentrated sample. It can be
seen that the uPC made it possible to detect trace levels of volatile compounds that would be
otherwise undetectable by the FID
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Figure 35 GC separation (red chromatogram) of 1ppb cancer biomarkers mixture: (1) pentane,
(2) benzene, (3) heptane, (4) toluene, (5) octane, (6) nonane, (7) decane, (8) undecane, (9)
dodacene, (10) tetradecane in nitrogen, black chromatogram represents the preconcentrated
sample, © [2010] IEEE. Reprinted, with permission, from [1]
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Chapter Six: Low Pressure Drop Micro Preconcentrators with a Cobweb
Tenax-TA Film

This chapter was reproduced from and [1] with permission from Transducer Research

Foundation

B. Alfeeli and M. Agah, "Low Pressure Drop Micro Preconcentrators with a Cobweb Tenax-TA Film," in
Solid-State Sensors, Actuators, and Microsystems Workshop, Hilton Head Island, South Carolina, June 6-
10, 2010, pp. 166-169.

6.1 Introduction

Generally speaking, preconcentrators (PCs) are concentration amplifiers used to improve the
detection limit of analytical systems such as spectroscopy [2], mass-spectrometry [3], and
chromatography [4]. They are also an integral part of handheld chemical detection systems.
However, to meet the size and power constraints, handheld systems rely on micofabricated
components (fluidic ports/channels, pumps, valves, etc.) which operate at low pressures. For
example, a state-of-the-art micromachined pump designed for micro gas chromatographers can
only provide a maximum back pressure of 7 kPa [5] whereas a typical MEMS-based pPC can
introduce large pressure drop as high as 14 kPa [6]. Therefore, reducing the pressure drop in

MPCs is a key development in handheld systems.

Conventional PCs are troubled by large pressure drop, dead volume, and high power
consumption. Microfabrication technology has enabled high efficiency preconcentration in terms
of sample capacity, device size, and the energy consumed. Recently, our group and others have
utilized 3D microstructures embedded within a microcavity and coated with adsorbent films to
realize low pressure drop UPC [7-9]. The microstructures provide large surface-to-volume ratio
and low flow resistance compared to conventional microporous granular packing arrangement.
This chapter discusses the design, simulation, and experimental evaluation of high performance
low pressure drop PPC chips for micro analytical instruments including a micro gas
chromatography system (UGC) [10]. In addition to our unique design enabling very low pressure

drops, less than 100 Pa/cm, we present a new deposition method which results in a cobweb
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structure of the adsorbent material, thereby significantly increasing the concentration efficiency

without obstructing the gas flow.

6.2 Low Pressure Drop #PC Design

The new design consists of an array of parabolic reflectors embedded within a 7 mm x 7 mm x
0.38 mm cavity. The unit cell of the array consists of three reflectors as shown in Figure 36. The
reflectors are arranged to split the flow in the forward direction and combine them back in the
reverse direction. The spacing between the reflectors (side and middle spacing) was varied to
investigate its effect on the device performance.

side / Middle
Spacing Spacing

Figure 36 The uPC unit cell. Arrows indicate the flow direction.

Table 5 list the different spacing values for both side and middle spacing along with the
symmetry ratios (SR) of different designs. The SR was defined as the ratio of side to middle
spacing. High SR represents narrow passage of flow which increases the probability of

molecules scattering and interacting with the adsorption surface.

Table 5 Different spacing arrangements and their corresponding symmetry ratio along with the
simulated pressure drops at 1.5mL/min flow rate.

Design Label Middle spacing (um) Side Spacing (um) SR Pressure drop (Pa)

PC100 100 250 2.5 145
PC200 200 200 1 97
PC300 300 150 0.5 94

Full scale (actual chip size) computational fluid dynamics (CFD) simulation was consummated

to investigate the flow behavior in such geometries. To establish confidence in the CFD model,
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calculated flow rates were compared with experimental results as shown in Figure 37. The
pressure drop profile is shown in Figure 38 indicates uniform pressure drop which is also
desirable. The CFD results of the flow velocity profile showed high velocity in the middle
spacing region of PC100 design as presented in Figure 39. The data suggested that high SR value
is desirable. The CFD results confirmed the anticipated flow behaviors. The simulated pressure
drops in the different designs are listed in Table 5.

¢ Measured

——Theoretical

1.6E+11

1.1E+11

6.0E+10

Flow Rate (pm?3/s)

*
1.0E+10 ¢
8.0E+03 1.4E+04 2.0E+04 2.6E+04 3.2E404

Inlet Pressure (Pa)

Figure 37 Comparison of calculated and experimental flow rates to establish confidence in the
CFD model
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Figure 38 Pressure-drop profile in the uPC
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Figure 39 Simulation of the flow profile through different design spacing arrangements
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6.3 Fabrication and Cobweb Coating

The microstructures were realized according to the process flow in Figure 40. The process
starts with (a) photolithography of microstructures and fluidic ports on 100 mm test grade silicon
wafer using high resolution, superior aspect ratio thick film photoresist (PR9260). This step was
followed by (b) etching the patterned wafer using deep reactive ion etching (DRIE) to form 380
pm deep 3D structures. Tenax TA particles were dissolved in dichloromethane at 50 mg/mL
concentration to create a solution to fill the etched cavity with. Adsorbent deposition (c) was
achieved by adding drops of 2-propanol into solution before it evaporates from the cavity.
Cobweb Tenax TA evolves when 2-propanol contacts Tenax TA solution. The cobweb structure
anchors to the sidewalls once the solvent evaporates as shown in Figure 41. The cavity was then
sealed (d) by anodic bonding the silicon substrate to a Pyrex wafer at 1250 V and 300 °C instead

of conventional 350-400 °C bonding temperature to avoid damaging the polymer.

(b)

k' e —

Figure 41 Optical image of the cobweb Tenax TA.
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The expansion reservoirs shown in Figure 42 were incorporated into the inlet/outlet design to
prevent the sealing adhesive from overflowing into the inner cavity. This was a new addition to
the first generation design reported previously [8]. The silicon-Pyrex stack was then diced into
individual devices like the one shown in Figure 42. Each device was connected on both sides
with 300 um-0OD, 170 um-ID deactivated fused silica tubing using high temperature ceramic
based adhesive. The addition of Tenax TA did not create a measurable difference in the flow

rate. Figure 43 presents a scanning electron microscopy (SEM) image of cobweb Tenax TA

2mm__—F—

Multi-
inlet/outlet

Expansion
Reservaoir

Figure 42 3D rendering of the pPC, insets are SEM micrographs of the fabricated
microstructures

Figure 43 SEM image of cobweb Tenax TA on the micro parabolic reflectors

6.4 Experimental Results

The uPCs were evaluated experimentally by using the adsorption capacity as a figure of merit.
The testing was performed inside a temperature controlled chamber to accurately maintain the
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testing temperature at 35 °C. An electronic gas flow controller was used to supply and control the
carrier gas which was selected to be nitrogen to resemble actual field operation conditions. The
flow rate through the uPC was set to constant 1 mL/min. A flame ionization detector (FID) was
utilized to detect the hydrocarbon samples used in the experiments. An off-board high-
performance ceramic heater (ultra-fast ramp rate) was used for thermal desorption along with K-
type thermocouple for manual temperature monitoring and control. In future work, on-chip
thermal desorption capability will be added to the puPCs. The chips were saturated with benzene
at 35 °C and then desorbed at 100 “C/sec to 250 °C. The FID peak area is proportional to the
analyte concentration. The benzene concentration in the desorption peak reflects the sample
amount collected by the device. It is evident from Figure 44 that the SR parameter has a
significant effect on the performance of the parabolic reflectors design. Moreover, Figure 44
shows that the performance of PC100 design is more than 2 orders of magnitude higher than the
micro pillar design presented in HiltonHead’08 workshop [11]. In the first generation design
inkjet printing of Tenax TA was used to provide uniform film deposition. Cobweb Tenax TA
offers better utilization of the space between the microstructures with the pPC cavity.
Reproducibility of the results in terms of peak area was 10% relative standard deviation (RSD)

with more than 10 manual injections is shown in Figure 45.

3.0E+9

2.0E+9
1.0E+9
0.0E+0 : - T . .

1st Generation PC300 PC200 PC100

Concentration (pg/mL)

HPC Design

Figure 44 Benzene desorption concentration for the three designs as well as the first generation
design
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Figure 45 Reproducibility of uPC desorption pulses

For proof of concept, the uPC was put in series with a 1m 100% methylpolysiloxane
microfabricated column [12] to demonstrate the possibility of uPC-uGC integration. Under the
same loading/desorbing conditions as the benzene test, the uPC was loaded with a mixture of
toluene, n-nonane, n-decane, n-undecane, n-dodecane, n-tridecane, n-tetradecane, and n-
pentadecane diluted in n-pentane at 1 ppm concentrations. The sample concentration was below
the FID detection limit; thus, preconcentraion was needed to make the sample detectable. Figure
46 illustrates a chromatogram of the preconcentrated sample injected into the micro column via

thermal desorption. The initial and final temperatures of the column were 35 °C and 150 °C at 30

°C/min. The carrier flow rate was 1 mL/min.
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Figure 46 Preconcentration and separation of a mixture of (1) toluene, (2) nonane, (3) decane, (4)
undecane, (5) dodecane, (6) tridecane, (7) tetradecane, and (8) pentadecane diluted in pentane
below the FID detection limit.
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6.5 Conclusions

The performance of analytical instruments especially handheld systems can be improved with
sample pretreatment techniques such as preconcentration. This chapter has demonstrated the
possibility of developing lower pressure drops, small sizes, and high performance MEMS-based
MPCs. This was realized by utilizing findings from previous designs, novel parabolic reflectors
configuration, and cobweb Tenax TA. The simulation analyses verified by experimental results
have shown the effect of the SR parameter in the parabolic reflectors design. Future work will
aim to better understand and model the behavior of the pPCs under different conditions. The
reproducible desorption peaks needed for fast on-field analytical analysis has been demonstrated
by the uPC. The presented device was successful in concentrating a diluted multi-compound

hydrocarbon mixture.
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Chapter Seven: Evaluation of Tenax TA Thin Films as Adsorbent Material

for Micro Preconcentration Applications

Part of this chapter was reproduced from [1] with permission from Elsevier B. V.

B. Alfeeli, L. T. Taylor, and M. Agah, "Evaluation of Tenax TA thin films as adsorbent material for micro
preconcentration applications,” Microchemical Journal, vol. 95, 2010, pp. 259-267.

7.1 Introduction

Microelectromechanical systems (MEMS) technology has enabled the manufacturing of small-
sized devices that are difficult to produce using conventional machining techniques. In the area
of analytical chemistry, MEMS can offer the possibility of developing high-speed yet low-cost
and low-power analytical devices that require small quantities of both sample and consumables
such as solvents and reagents. The past few years have shown continuous developments in micro
total analysis systems (UTAS) for field chemical analysis applications [2-6]. These micro
systems typically consist of sample pretreatment, separation, and detection components. In
general, uTAS applications are utilized for medical diagnostics, environmental monitoring, law

enforcement forensics, and basic science and discovery.

Preconcentration is normally performed as part of the sample pretreatment step in various
analytical techniques including micro gas chromatography. Preconcentration of volatile organic
compounds (VOCs) should fulfill at least three conditions: (1) the sampled VOCs needs to be
representative; (2) the procedure should be simple to enable field sampling; and (3) no analyte
degradation or losses between sampling and analysis should occur [7]. Typically, VOCs are
transferred from the adsorbent tube to the analytical column using rapid thermal desorption via
heated transfer lines. This procedure does not always fulfill the third condition mentioned above
because the sample interacts with, or condenses on the walls of the transfer lines. In addition,
leaks from the connectors may result in partial sample loss. This shortcoming can be resolved
with monolithic integration of the preconcentrator with the separation column. In other words,
the need for connectors and transfer lines is eliminated by developing a preconcentrator and

column on a single chip.
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Miniaturization of preconcentrators (i.e. WPCs) allows for out-of-lab collection which
subsequently enables in-field continuous monitoring. Miniaturization also provides high
efficiency preconcentration in terms of sample capacity to device size. Moreover, the amount of
energy needed to release the trapped chemical species is reduced. UPCs are made from
micromachined silicon microstructures that can be coated or packed with adsorbent material [8-
21]. On one hand, exhaustive UPCs consist of microcavities or microchannels packed with
granular adsorbent. This packing is achieved by filling the pPC manually with adsorbent slurry
using a syringe or with the help of pumps. However, the microstructures, fittings, and device
packaging usually cannot tolerate the harsh conditions of granular adsorbent packing such as
high pressures and the application of ultrasonication which is crucial to achieve good packing
density [22]. On the other hand, equilibrium based WPCs consist of planar surfaces,
microchannels, or 3D microstructures coated with a thin film of adsorbent material. Coating of
MPCs is done by either spin coating [11], plasma deposition [23], inkjet printing [24],
electroplating [24], or conventional methods used to coat chromatographic open tubular capillary
column [25]. However, thin films have limited adsorption capacity and may be susceptible to
degradation related to low surface adhesion and/or thermal instability.

The focus of this research was to evaluate adsorbent films (i.e. 2,6-diphenyl-p-phenylene

oxide, commercially known as Tenax TA polymer) on 3D microstructures etched by a deep

reactive ion etching (DRIE) process for uTAS applications. Understanding Tenax TA films

would help improving the performance of uPCs which in turn improve the capabilities of uTAS
technology especially for field analysis. The polymer of 2,6-diphenyl-p-phenylene oxide was
patented by General Electric Co. in 1969 as an electrical insulation polymer [26]. The polymer
was then developed by AKZO Research Laboratories, Netherlands, as a column packing material
for chromatography [27]. It is commonly known by the trademark name “Tenax” with different
suffixes. Tenax TA is an improved version of the original Tenax GC. Tenax GR is latest version
containing 23% graphitized carbon [7]. The polymer was employed for the first time as an
adsorbent for preconcentration of volatile organic compounds (VOCs) by the National
Aeronautics and Space Administration (NASA) for monitoring cabin atmosphere in Skylab-4
[28]. Presently, the granular adsorbent is commonly used as a stationary phase in packed column

gas chromatography [29] and as an adsorbent material in standard methods from the US EPA
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and the UK HSE for monitoring air quality and industrial emissions [30]. The adsorption

properties of Tenax, in the granular form, have been studied extensively [31-39]. However,

quantitative information regarding polymer’s physical properties and VOCs adsorption

mechanisms are rather scarce with a few studies being found in the literature [25, 40, 41]. Tenax

TA falls under the category of porous organic polymers. Nonporous polymer adsorbents which
rely on absorption of the solutes into the material also exist. Polydimethylsiloxane (PDMS) is an
example of a nonporous polymer. It is mainly used in solid phase microextraction applications.
The commercially available granular adsorbent, Tenax TA, is a partially crystalline glassy
polymer [25]. It can also occur in crystalline form by crystallization from solution. In this case,
the solvent is assumed to form an essential part of the crystal lattice [42]. In other words, Tenax
TA forms an inclusion complex or clathrate compound. The linear polymer is soluble in lower
chlorinated hydrocarbons. However, it is not soluble in alkanes, alcohols, ketones, etc. and it has
been used as a stationary phase in gas chromatography [42]. It offers a variety of outstanding
features such as high thermal stability (up to 350 °C) [42], relatively low water retention, and is

relatively resistant to oxygen (does not require purification of carrier gas) [43].

Moreover, to the best of our knowledge, there are no reports of any systematic evaluation of
Tenax TA thin films as an adsorbent material. Moreover, the film-based adsorbent is deposited
on the microstructures from solution (Tenax TA in dichloromethane) under ambient conditions.
However, it is not clear if the properties of the adsorbent are retained after this process. This

chapter also describes the characterization of Tenax TA films deposited from solution at

substrate temperature of 20 °C and 100 °C. The results presented here provide insight on the

properties of the film-based polymer in comparison to the granular form. Such information is not

only helpful for improving the performance of pPCs, but also in exploring other applications of
the film-based polymer. Such applications include solid phase microextraction (SPME), capillary
(also microfabricated) chromatography columns, and membrane separation technology. To the
best of our knowledge, no systematic characterization of films deposited at different

temperatures has been carried out previously.
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7.2 Materials and Methods

7.2.1 PPCs Development

The uPCs used in this study consisted of an array of 3D micro pillars and they were similar to
our previously reported work [25]. The method for uPCs development can be described as
follows: (1) the design pattern was transferred to a silicon wafer via standard photolithography,
(2) the silicon wafer was etched by a single step deep reactive ion etching process followed by an
oxygen plasma clean step to remove any residual fluorocarbon on the etched surface, and (3)
MPC devices were then coated with Tenax TA thin film by inkjet printing. This technique gave
the necessary precision needed to coat specific locations on the wafer. This was important as any
spillover outside the device cavity would affect the integrity of the sealing process. The wafer
was then sealed with a Pyrex wafer by anodic bonding. Finally, the last step consisted of
patterning thin film Ti/Pt resistive heaters and temperature sensors over plasma enhanced
chemical vapor deposition (PECVD) oxide on the back side of the silicon wafer. The wafer was
then diced and fused silica (Polymicro Technologies, Phoenix, AZ) tubing 100pum-i.d., 240 pm-
o.d. were inserted into the inlet/outlet ports. Gastight seals were formed around the inlet/outlet
ports by using an inorganic high-temperature ceramic adhesive (Aremco Products, Inc., Valley
Cottage, NY). Figure 47 provides a photograph of the uPC showing both front and backside
where the heaters and sensors are located. Figure 48 shows micrographs of the uPC structure
with an inset showing the uniformity of the inkjet coating of Tenax TA film. The outer
dimensions of the silicon-glass chip were 7 mm x 7 mm x 1 mm. The uPC specific surface area
was measured to be 10 m?%g (gas sorption method) with a volume of about 6.5 uL. The

dimensions of the high-aspect-ratio pillars were 30 pm x 120 pm x 240 um.
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Figure 47 A photograph of the uPC showing both front and back side where the heaters
and sensors are located

Coated Pillars

Tenax TA Film

Fluidic Port

Figure 48 SEM micrograph showing the structure of the pPC. Inset shows the uniformity
of the inkjet coating of Tenax TA

7.2.2 Materials and Equipment

Tenax TA (80/100 mesh, Sigma-Aldrich, St. Louis, MO) was dissolved in dichloromethane at
different concentrations and the solutions were used in all tests. All VOC samples used in this
work were reagent grade (Sigma-Aldrich, St. Louis, MO). All adsorption/desorption tests were
carried out using a Hewlett-Packard 5890 GC system (manufactured now by Agilent
Technologies, Inc., Palo Alto, CA). The testing apparatus was installed inside the GC oven in
order to maintain isothermal temperature conditions. The setup was supplied with nitrogen (zero
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grade, AirGas Inc., Radnor, PA) as carrier gas via the GC inlet. This configuration enabled the
use of the built-in gas flow controller to control the carrier gas entering the setup. The inlet
pressure was adjusted to achieve 1 mL/min flow rate through the pPC. The setup was also
connected to the built-in flame ionization detector (FID). This permitted signal detection and

data collection through the built-in signal processing system of the GC instrument.

The testing apparatus consisted of a six-port zero-dead-volume valve (C6W, VICI Valco
Instruments, Houston, TX), and two 250 um-ID deactivated fused silica transfer lines (Agilent
Technologies, Inc., Palo Alto, CA). Using a precision sampling syringe (Pressure-Lok needle,
VICI Valco Instruments, Houston, TX), the sample was manually withdrawn from the sample

vial and then injected into the GC inlet.

Device testing consisted of a series of three different runs: blank, loading, and heating. In the
blank run, the device was heated to 250 °C at a rate 100 °C/sec in order to establish a baseline. In
the loading run, the sample was passed through pPC at an isothermal temperature of 60 °C to
adsorb the sample. Finally, in the heating run, the uPC was heated to 250 °C at a rate of 100
°C/sec in order to desorb the sample. The inlet and FID temperatures were both kept at 280 °C.
The on-board resistive heaters and temperature sensors were not used in this experiment. Instead,
an off-board high-performance ceramic heater (ULTRAMIC 600, Watlow Electric
Manufacturing Co., Chicago, IL) was used for thermal desorption along with a K-type
thermocouple for manual temperature monitoring and control. In future work, the on-chip

thermal desorption capability will be used.

Scanning electron microscopy (SEM) and optical microscopy were used to characterize film
topography. Film thickness variations were measured using a profilometer (Dektak Veeco
Instruments Inc., Plainview, NY). Film specific surface area was measured using a surface area
analyzer (Autosorb-1, Quantachrome Instruments, Boynton Beach, FL). Most of the films were
made from solution at room temperature and ambient air. However, films were made from frozen
solution. That is, the solution was applied in the liquid phase and then frozen by cooling the back
side of the substrate with liquid nitrogen. Once vacuum is reached, the coolant was removed and

sample was allowed to melt at room temperature. It should be noted that the SEM imaging, BET
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analysis, and the profilometric measurements were done on films deposited on flat crystalline

silicon substrates.

For X-ray diffraction measurements, the films were deposited on Kapton at room temperature
(20 °C) and at elevated temperature (100 °C). Film thicknesses were in the range of 100-150 pum.

X-ray diffraction (XRD) patterns of the products were recorded using a powder-type X-ray
diffractometer (Siemens D5005, Bruker AXS, Inc., Madison, WI) optimized for characterization
of thin films. The instrument was operated at 40 kV and 40 mA, producing characteristic Cug,
radiation with an average wavelength of L = 1.5418 A. No background corrections were applied.

Thermal gravimetric analysis (TGA) was done using a research-grade thermogravimetric
analyzer (Q 500, TA Instruments, New Castle, DE) for Tenax TA granular and films. The
sample sizes for granular, 20 °C film, and 100 °C film were 22.4 mg, and 4.9 mg, and 6.5 mg
respectively. The samples were heated from 0 °C to 1000 °C with a rate of 20 °C /min in the air

atmosphere of 60 ml/min.

7.3 Results and Discussion
7.3.1 Tenax TA Physical Characteristics

7.3.1.1 Physical Characteristics of Granular Tenax TA

It was necessary to explore the nature of the polymer as received before investigating the
physical characteristics of Tenax TA films since data on the nature of Tenax TA is rather scarce.
This information will help in compare the physical characteristics of Tenax TA films to those of
the granular form. The granular adsorbent (80/100 mesh) consist of highly porous particles with
an average size of 200 pm. The advertised specific surface area of the Tenax TA is 35 m%g.
However, a lower value was measured (19 m?/g) by other researchers using the Brunauer,
Emmett and Teller (BET) gas sorption method [30, 40, 44]. Our BET analysis reported specific
surface area of 20 m?/g. Moreover, the adsorbent has a density of 0.25 g/cc, pore volume of 2.4
cc/g, and an average pore size of 200 nm [43]. Scanning electron microscopy analysis confirmed
that the polymer particles had an average size of 200 um as shown in Figure 49. Most particles
were highly porous but some were found to be partially porous. In fact, the particles consist of
highly elongated and entangled solid material with spacing that ranges from 100 nm to 300 nm
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as shown in Figure 50. The spacing, on average, is consistent with the pore size indicated by the
manufacturer. It is notable that Zhao et al. [25] described Tenax TA particles as an assemblage of
porous microspheres with an estimated radius of 1 um and with an average intraparticle pore size
of 200 nm. The pore area within each microsphere was estimated by them to be approximately
20 nm?.

R

Figure 49 SEM micrographs of Tenax TA beads as received, insets are higher magnification
micrographs

\ : I “ L \
Figure 50 SEM micrographs showing the nature of porous beads structure, inset is higher
magnification micrograph
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7.3.1.2 Physical Characteristics of Tenax TA Films

7.3.1.2.1Scanning Electron Microscopy Analysis

Tenax TA films were also examined by SEM. It was found that depending on the film
deposition conditions, the film topography can vary within a wide range. Even under the same
deposition conditions the film topography can vary. Alentiev et al. [41] raised the question,
which remains unanswered, of why films of different phase composition are obtained under
similar film casting conditions. It is believed that the variation in films topographies is related to
the formation of inclusion complexes or clathrate compounds. Therefore, to minimize the
formation of such compounds, some film solutions were frozen and placed in vacuum. The
vacuum environment removed the solvent as it melted thus preventing the crystallization
process. Some of the observed film topographies are shown in Figure 51. According to the SEM
imaging investigation, it was revealed that some Tenax TA films had varying topographies such
that some films showed an absence of patterns while others exhibited repeated spherulitic
patterns. Furthermore, some films had a combination of patterned and non-patterned regions that
were contained within hexagonal cells. The repeated patterns indicate the crystallization of
Tenax TA. In Addition the structure of each specimen film varied in porosity. In other words
some surfaces were shown to be solid or porous externally, while the inner structure could be
either solid or porous, Figure 52. It is believed that the film porosity and surface area might play

a significant role in the adsorption performance of the film.
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Figure 51 SEM micrographs showing the different topographies of Tenax TA films. Samples
(a-d) were prepared from frozen solution and deposited under vacuum. Samples (e-h) were
prepared from solution at room temperature and deposited under ambient atmosphere
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Figure 52 SEM micrographs showing Tenax TA films outer surface and inner structure.
Samples were prepared from solution at room temperature and deposited under ambient
atmosphere

Upon closer examination it was revealed, from collection of images in Figure 53, that the
Tenax TA film surface can vary. The resulting specimens were found to exhibit configurations
that were solid, flat, or flat with interconnected pores. An additional configuration consisted of

nano spheres which had the capacity to be closely packed together, with spacing in-between or
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arranged in a row to form a wire-like configuration. The film could also consist of solid wires

that formed a grass-like configuration.

Figure 53 SEM micrographs showing Tenax TA film topographies at high magnification. Samples
were prepared from frozen solution and deposited under vacuum

It is worth noting that Boon et al. have done a detailed study on the crystalline structure of one
of the two crystalline modifications of poly(2,6-diphenyl p-phenylene oxide), specifically o-
PPPO modifications obtained by thermal crystallization at 440 °C [45]. However, films under

investigation here are believed to have a different phase compositions that consists of a medley
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of a-PPPO and B-PPPO crystalline phases as well as an amorphous phase. According to Boon et
al, p-PPPO can only be obtained by crystallization from solution whereas o-PPPO can be

obtained by either thermal crystallization of undiluted polymer or crystallization from solution.

7.3.1.2.2Tenax TA Crystallographic Study

The X-ray diffraction patterns of Tenax TA granular and films were recorded in terms of
intensity as a function of scattering angle, 26. Diffraction from crystalline materials is described

by Bragg’s law:

2d sinf=ni
where d is the spacing between the planes, n is an integer determined by the order given, and 4 is
the wavelength of the X-rays. The diffraction patterns presented here were collected for the
granular material, films deposited at 20 °C, and films deposited at 100 °C. Figure 54 shows the
XRD data collected for films of Tenax TA deposited at 20 °C, while the XRD data collected for

the granular material and for the films deposited at 100 °C are shown in Figure 55.

Tenax films formed at 20 °C showed a high level of crystallinity, as illustrated by the sharp
diffraction maxima in Figure 54. Intense, narrow Bragg reflections were observed at 34.7, 38.2,
38.9, and 44.7 <20. Tenax was previously studied with similar peaks and detailed
characterization identified a tetragonal unit cell of a = b = 12.51 A and ¢ = 17.08 A [41, 45].
Consistent with this previous work, the observed Bragg maxima correspond to 202 lattice plane
in the peak that illustrate the tetragonal unit cell in Figure 54 at 38.2 °26, which is also confirmed
by Boon et al. with d-spacing values of 2.5 A [45]. Broader, less intense scattering maxima were
observed near 14 and approximately 22 26. These weaker scattering maxima are superimposed
on the scattering from the amorphous polymer material, the “amorphous halo”, in the semi-

crystalline sample and are most likely not related to the structure of the crystalline phase.

In contrast, 100 °C-deposited films provided little evidence of crystallinity, indicating an
amorphous material. The main features of interest in the diffraction data for these samples are the
peaks located at 14.7, 17.9, and 21.5 226. Moreover, the peaks observed are quite weak and
broad. The wide peak at 14.7 226 was previously described as the amorphous halo by Alentiev

et al. [41], although here it appears that the amorphous halo is broadly centered at approximately
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20 226. The amorphous topography of the 100 °C films is most likely a result of the rapid

evaporation of solvent, which prevents polymer crystallization. For the granular sample, maxima

are observed at scattering angles of 9.8, 11.2, 17.4, and 20.6 220, again coincident with the

amorphous halo region of the scattering data and inconsistent with scattering from the tetragonal

crystal topography of Tenax.
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Figure 54 XRD pattern for a Tenax TA film deposited at 20 °C (Peak intensities have
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Figure 55 XRD patterns from granular Tenax TA and films deposited at 100 °C
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7.3.1.2.3Tenax TA Thermal Characteristics

Thermal stability is a very important property for any adsorbent material for its successful
employment in preconcentration devices. Thus, it was necessary to determine the thermal
properties of the films in comparison to the granules form of Tenax. This was done by using
TGA of the granules and films at identical conditions. The TGA results have shown no weight
loss occurs up to 400 °C in all samples. Figure 56 show the TGA results of the 20 °C films. The
granules and the 100 °C films exhibited similar profile.
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Figure 56 Thermal gravimetric analysis of Tenax films from 0 °C to 1000 °C

7.3.2 Tenax TA Adsorbent Films Evaluation

7.3.2.1 Modes of Uptake in Tenax TA

There are several mechanisms or combination of mechanisms for organic compound uptake by
polymers. Some of these mechanisms are illustrated in Figure 57. A dual-mode sorption
mechanism has been proposed for VOCs uptake in Tenax TA [46]. One mode of sorption is
solid-phase dissolution and the other is pore-filling. Zhao et al. [25] concluded that the pore-

filling mode was much greater than the dissolution mode in Tenax TA beads. It is important to
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understand the uptake mechanism in Tenax TA film in order to optimize its adsorption

performance.

Pore-filling

Crystal-void-filling

Solid-phase Dissolution

Figure 57 Mechanisms of organic compound uptake by polymers

By using a different approach, we studied the solid-phase dissolution in Tenax TA films. We
assumed that polymer swelling is proportional to the amount of solid-phase dissolution; thus we
used the profilometer to determine if Tenax TA films swelled after exposure to a drop of liquid
VOCs. This was tested in the following manner: First, the Tenax film was heated to 300 °C for 3
min to drive out any adsorbed or absorbed molecules from the ambient air. Second, the film
thickness was measured immediately after heating and once again after exposing the film to
different VOCs such as acetone, propanol, methanol, and n-nonane. Visual inspection under an
optical microscope and the surface profiler data showed no significant difference in the specimen
before and after exposure to the abovementioned VOCs. The resulting data confirmed that solid-
phase dissolution mode was not the dominant mode of sorption by Tenax TA. The pore-filling
mode can be studied by examining the film porosity. We utilized BET gas sorption analysis to
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examine the porosity of Tenax TA films at different concentrations. One would expect to see
correlation between the specific surface area and porosity. BET analysis of different
concentration films prepared under the same conditions is shown in Figure 58. The film
thickness varies from few micrometers for the 10 mg/mL concentration to few tens of
nanometers for the 1 mg/mL concentration. Results showed that each film’s specific surface area
is inversely proportional to the solution concentration. When compared to the uncoated surface,
the 1 mg/mL film increased the surface area by a factor of 3. In contrast, the 10 mg/mL film
decreased the surface area by approximately a factor of 0.5. Since the solvent was assumed to be
part of the crystal lattice of Tenax TA, the lower concentration solution produced films with
larger surface area than the higher concentration solutions. If pore-filling is the dominant mode,
then one would expect that the lower concentration films would have larger adsorption

capacities.
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Figure 58 BET surface area analysis of different Tenax TA concentration films prepared
under the same conditions

Representative VOC samples were used to evaluate Tenax TA films as adsorbent material. The
samples included n-hexane, n-heptane, n-octane, n-nonane, n-decane, n-undecane, and n-
dodecane. To verify if pore-filling was indeed the dominant mode of adsorption, nine uPCs were
coated with Tenax TA films under the same conditions. The nine uPCs were divided into three

sets of three devices. The three sets were coated with different Tenax TA solutions at
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concentrations of 1 mg/mL, 5 mg/mL, and 10 mg/mL. The test was carried out by adsorbing
alkane samples at 60 °C with subsequent thermal desorption (250 °C at 100 °C/sec) and FID
analysis of the desorbed compounds. The area under the curve of the FID signal was directly
proportional to the concentration of the desorbed sample. Each compound was tested three times
for every UPC in the three sets of WPCs. The results were averaged for every compound in every
set and the uncertainties were calculated as a standard deviation. Figure 59 shows that, on
average, the desorbed sample concentration increased in direct proportion to the adsorbent film
concentration. This was inconsistent with the BET analysis indicating that pore-filling is not the
dominant mode of adsorption in the films tested. Interestingly, it should be noted that BET
analysis does not take into account sorption within the crystal voids. The analysis only takes into
account the number of molecules required to form a monolayer on the surface. These results
suggest that crystal-void-filling is the dominant mode of adsorption in Tenax TA films. This is in

agreement with Alentiev et al. conclusions [41].
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Figure 59 FID analysis of desorbed alkane samples from Tenax TA films made from
different Tenax TA solutions at concentrations of 1 mg/mL, 5 mg/mL, and 10 mg/mL

Alentiev et al. [41] also reported that film crystallinity is higher than that of the powder and
they described the crystalline lattice as loosely packed (large voids can exist inside the

crystallites) with a radius of spherical free-volume equal 4.8 A. Thus, the crystallites can take
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part in the gas sorption process. Alentiev et al. [41] finally concluded that crystal phase
composition does not affect the permeability and solubility coefficient of the film for several
gases (including CH,) as much as the film chemical composition. Therefore, with a large free
volume within Tenax TA crystallites (crystal voids), the nonporous film can uptake VOCs with

little or no swelling.

7.3.2.2 Tenax TA Films Desorption Efficiency

The films desorption efficiency was calculated as a percent of desorbed compound during
desorption process for the three Tenax TA film concentrations using the alkane samples. For a
given compound, the peak area for the first desorption was divided by the sum of the signal of
the same compound for the first and second desorption. The second desorption was done without
additional adsorption. Calculations obtained were averaged and the uncertainties were calculated
as shown in Figure 60. Although there is a small difference among the three Tenax TA film
concentrations, it was evident that the desorption efficiency was higher with the lower
concentration films. Hereafter, pyPCs coated with 10 mg Tenax TA were used to further

investigate Tenax TA adsorbent properties.
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Figure 60 Desorption efficiency of alkane samples from Tenax TA films made from different
Tenax TA solutions at concentrations of 1 mg/mL, 5 mg/mL, and 10 mg/mL
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7.3.2.3 Tenax TA Films Affinity to Representative Volatile Organic Compounds

Representative VOC samples were used to evaluate Tenax TA films as adsorbent material. The
samples included alkanes (n-hexane, n-heptane, n-octane, n-nonane, n-decane, n-undecane, n-
dodecane), aromatic  hydrocarbons (benzene, toluene), phosphonates (dimethyl
methylphosphonate (DMMP)), ketones (acetone), and alcohols (ethanol, methanol, 1-propanol).
Each compound was tested three times in succession on three independent pPCs. The
uncertainties were calculated as a standard deviation. When analyzing the Tenax TA films, the
data revealed that methanol was adsorbed the least whereas DMMP was adsorbed the most.
From Figure 61, it can be concluded that Tenax TA films were more effective in adsorbing
phosphonates, and aromatic hydrocarbons samples than alkanes, alcohols, and ketones. The
adsorption data is in good agreement with those achieved by Tenax TA particles published
elsewhere [34, 38, 40].
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Figure 61 FID analysis of desorbed VOC representative samples on Tenax TA films
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7.3.2.4 Tenax TA Films Capacity

To evaluate the adsorption capacity of Tenax TA films, different film-based adsorbent
materials such as polydimethylsiloxane (PDMS) and layer-by-layer assembled gold
nanoparticles (GNPs) were compared with the adsorbent film in question. PDMS is an all-
purpose stationary phase commonly used in GC columns [47]. It is also a common absorbent
used in solid phase microextraction applications [48]. PDMS solution (in dichloromethane) was
used to coat the uPCs using inkjet printing method described in our previous publication [49].
GNPs were considered due to their recent application in the field of separation science as a
stationary phase material [50, 51]. The interest in GNPs stems from their ability to form self-
assembled monolayers (SAM) and functionalize them with different functional groups. This
allows customization of the pPCs to specific applications. Monolayer-protected gold
nanoparticles (MNP) have been successfully employed as a stationary phase for tubular [52] and
microfabricated GC columns [4]. The preparation of GNP coated pPCs is similar to the
procedure described elsewhere [4] to coat GC columns with GNP films. Briefly, the uPCs were
washed with NaOH to charge the surface with OH-groups., which was then followed by
treatment with 2mM solution of aminopropyltrimethoxysilane (APTMS, Sigma-Aldrich Inc., St.
Louis, MO) in ethanol. GNPs (Ted Pella Inc., Redding, CA) 20nm in diameter were attached to
the amine group of the APTMS by filling the chips with GNP solution. The thiol functional
group of alkane was attached to GNPs by introducing a solution of 2mM solution of
octadecylthiol (C;sH3sSH) (Sigma-Aldrich Inc., St. Louis, MO) in hexane to the chip.

Table 6 summarizes the results of the comparison study for different adsorbents under similar
conditions by loading the chip with 1 uL of n-nonane and then thermally desorbing it. Coating
the uPC with GNPs increased the adsorption capacity by 2440%. However, it was found that the
GNPs experience Ostwald ripening under the extreme temperature ramping (100 °C/sec).
Ostwald ripening degrades the performance of GNPs as an adsorbent over time. Coating the pPC
with PDMS increased the adsorption capacity by 7892%. Although PDMS added significant
adsorption capacity, extreme temperature variations should be avoided with this material. Thus,
it is not suitable for applications where the preconcentrator needs to be heated very rapidly to
temperatures close to 250 °C. Furthermore, exposing PDMS to air or oxygen at elevated

temperatures oxidizes it, and consequently degrades its performance. Moreover, some solvents
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can swell the PDMS film, possibly change its surface properties, and may cause the film to
detach from the substrate [53]. Tenax TA films provided the highest increase, among all
adsorbent tested, in performance, especially the 100 °C films (94220%). The high performance
of the 100 °C films is attributed to the high porosity of the film along with its amorphous phase
property. Tenax TA coating is simpler than PDMS coating as it does not require cross-linking. It

also offers many advantages, as discussed in the introduction.

Table 6 Performance of different adsorbents under similar adsorption/desorption conditions

Adsorbent Desorption Peak Concentration (ppm) % Increase
Uncoated 606 0
GNP 15391 2440
PDMS 48432 7892
Tenax TA 20 °C 190517 31340
Tenax TA 100 °C 571556 94220

7.3.2.5 Analyte Storage Time on Tenax TA Films

In some air monitoring applications such as compliance with permissible exposure limit, it is
necessary to determine the average exposure to analytes over a specified period of time. Or, in
some cases, the collected samples are stored for a sometime before they get analyzed. In these
applications, the preconcentrator is used as a storage device. Analyte storage time on Tenax TA
films within the uPC was studied to determine analyte life time in the Tenax TA coated uPC.
This information is valuable in the case where the analysis could not be done immediately after
the sample was collected or in case the uPC is to be utilized as analyte micro storage device.
This was done by determining the sample amount loss over storage time. For storage periods of
one week, one month and three months, the uPC was loaded with fixed amount of n-nonane at
room temperature. After each storage period, the analyte in the uPC was desorbed and analyzed

by the FID. The analyte concentration in the desorption plug decreased by about 4% per week.
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For analyte storage stability, the National Institute for Occupational Health and Safety (NIOSH)
recommends that the average quantitative measurements coming from the storage device should
not differ from the analysis on day O by more than 10% [54]. Conventional Tenax TA
preconcentration tubes can hold analytes for up to 14 days according to US EPA method for

volatile organic sampling and UK HSE methods for the determination of hazardous substances.

7.3.2.6 Competitive Adsorption on Tenax TA Films

As noted by Sakodynskii, et al [40] Tenax has a molecular interaction specificity. In fact, it can
adsorb both polar and nonpolar compounds. Thus, we investigated the effect of adsorption of a
given compound on the adsorption of other compounds (competitive adsorption). It is worth
noting that some chemical species are capable of removing already adsorbed species from
adsorption sites to take their place. The test was carried out by loading the uPC with three
different amounts of 1-propanol (0, 5, 20 pL) followed by loading of a fixed volume mixture
consisting of toluene, n-octane, n-decane, n-dodecane and n-tridecane. The device was put in
series with a 1 m 100% methylpolysiloxane microfabricated column. The initial and final
temperatures of the column were 35 °C and 150 °C with temperature programming of 30 °C/min
and 1 mL/min flow rate. It should be noted that this stationary phase does not separate 1-
propanol. As expected, Figure 62 showed that saturating the uPC with 1-propanol has a negative
effect on its performance. This is a typical behavior of high porosity adsorbent. This data is
particularly useful in environmental monitoring and/or breath analysis where samples typically
contain large amount of water. 1-propanol and water share similar boiling point and polarity. 1-
propanol was chosen as a water representative because the available detector (FID) is water
insensitive. It should be noted that the retention volume of 1-propanol on Tenax TA is larger
than water by a factor of 26 [34].
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Figure 62 FID analysis of competitive adsorption between 1-propanol and toluene, n-octane, n-
decane, n-dodecane, and n-tridecane respectively by elution order

7.4 Conclusions

This work contributes to the field of analytical chemistry by giving insight into the nature of
Tenax TA films in comparison to the common granular form. Tenax TA films have a complex
phase composition that includes crystalline and amorphous phases. The phase composition of the

film can be controlled by controlling the film’s deposition conditions.

In general, our investigation demonstrated the superiority of Tenax TA films over other
possible film-based adsorbents for uPCs. The film form of Tenax TA has several advantages
over the granular form, especially in micro preconcentration applications. Tenax TA solution
allows a simple way of entraining Tenax TA within the small spaces of pPCs. The film also
conforms to the complex microfabricated structures, a commodity that is not possible with

granules.
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The analysis revealed that Tenax TA beads consist of elongated and entangled particles.
Nevertheless, the particles themselves were not porous as suggested in the literature. However,
the topography of Tenax TA films depended on the preparation conditions and, even under the
same conditions, the films can vary with a wide range. The profilometer results confirmed that
solid-phase dissolution is not the dominant mode of sorption in Tenax TA. Comparing the BET
analysis with desorption analysis indicated that pore-filling was not the dominant mode of
adsorption in Tenax TA films. It is interesting to note that the large variation in the film
morphologies was manifested in the large magnitude of the error bars in the BET data but was
not reflected in the error bars of the adsorption/desorption data. This is another indication that
pore-filling is not the dominate mode of adsorption. The VOCs uptake in films could be

attributed to crystal-void-filling.

Moreover, based on the adsorption properties of Tenax TA films investigated here and the
published data on Tenax TA granules, it can be concluded that there is no difference in the
adsorption properties between the adsorbent polymer in granular and film forms. The effect of
phase composition on the properties of the polymer and repeated use one the adsorbent

performance as well as long-term sample holdup time will be investigated in future studies.
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Chapter Eight: Solid-Phase Microextraction Using Silica Fibers Coated with

Tenax-Ta Films

Part of this chapter was reproduced from [1] with permission from Elsevier B. V.

B. Alfeeli, D. Hogg, and M. Agah, "Solid-Phase Microextraction Using Silica Fibers Coated with Tenax-
TA Films," in European Sensors, Actuators, and Microsystems Conference (EUROSENSORS XXI1V), Linz,
Austria, Procedia Engineering, vol. 5, pp. 1152-1155.

8.1 Introduction

Chemical analyses of organic pollutants, flavor or fragrance components, warfare agents, and
many other samples usually begin with extracting and concentrating the target analytes from
gaseous or aqueous sample matrices by one or multiple techniques known as sample preparation
techniques [2]. Liquid-liquid extraction (LLE), purge-and-trap (P&T), and headspace (HS) are
among the established sample preparation techniques in analytical chemistry [3]. These
procedures typically require complicated equipment, technical training, excessive time, and/or
extravagant use of solvents and reagents. Solid-phase microextraction (SPME) is an extraction
technique developed in 1989 [4] to improve the efficiency and to reduce costs associated with
sample preparation methods. SPME combines sampling, extraction, concentration and sample
introduction into a single solvent-free step [5]. Over the past fifteen years, SPME has become an
accepted, standard volatile organic compounds (VOCs) analysis procedure within the food,
environmental, pharmaceutical, petroleum/refining, forensic/security, and flavors and fragrances
industries [6]. It is commonly used for quick turn-around analysis in analytical laboratories yet it
is portable and stable enough for field use.

SPME process relies on sorption trapping of analytes for the extraction and concentration stage
and on thermal desorption for the sample introduction stage and subsequent analysis. The
sorptive material is immobilized on a 1 cm long, 100 um in diameter solid support such as silica
or metal fibers [7]. Sorptive film thicknesses range from 7 to 100 um. The fiber is attached to a
plunger and is installed in a holder similar to a syringe, as shown in Figure 63. The overall size

of the SPME device is about 15 cm long and 2 cm in diameter. The plunger moves the fiber in
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and out of a hollow needle. To expose the fiber to a sample or the headspace above a sample, the
plunger is depressed allowing the extraction of analytes from the sample matrix. Samples
obtained using an SPME device ideally reach a maximum concentration when equilibrium is
reached between the sorptive film phase, the headspace above the sample, and the liquid sample
phase. Once adsorption equilibrium is attained, the fiber is retracted into the needle, which
operates as a protectant mechanism during the insertion, removal, and transportation processes.
During thermal desorption, the needle is introduced into the heated inlet of a chromatography
system, where the adsorbed analytes are thermally desorbed and delivered to the

chromatographic separation column.
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Figure 63 Schematic diagram of standard SPME in headspace sampling mode

Sorptive film thickness, choice of sampling method (headspace or direct immersion), and
diffusive interaction between the sample matrix and the chosen sorptive material influence
degree of analyte adsorption and efficiency of desorption [8]. Common sorptive materials
include polydimethylsiloxane (PDMS), polyacrylate (PA), carbowax, carboxen, and
divinylbenzene (DVB). The sorptive material is chosen to specifically enhance the rate that
SPME couples with a desired sample matrix. Choice of fiber coating is often the most influential
factor contributing to the ability of SPME to be an effective analytical procedure. Current SPME
application is subject to the limitations of commercially available fibers. Currently accepted
drawbacks of commercial fibers include poor reproducibility of results from a single fiber and

between fibers, instability of fiber coatings in organic solvents, a low thermal stability
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(maximum desorption temperature is less 280 °C except for cross-linked PDMS which can be
used up to 340 °C), and an inability to effectively target analytes along a broad range of

polarities.

Recent innovations and novel SPME fiber coatings have attempted to compensate for these
deficiencies and increase the usefulness and ability of SPME as an analytical tool. The
implementation of sol-gel technology has allowed for several new fiber coating innovations by
chemically bonding the coatings directly on to the silica core support, increasing the porosity,
thermal stability and ability to withstand organic solvents [9-12]. Replacement of the traditional
silica core with a stronger metal core support has increased fiber lifetime and allowed for coating
deposition by electrochemical adhesion, thus creating opportunity to use several conductive fiber
coatings that were not previously amenable to SPME [13-16]. Molecular imprinting and tailoring
SPME coatings to specific analytes has shown substantial success enhancing the limits of
detection, but the application of such coatings are case specific and have limited use in the broad
range of chemical analysis [14, 17-19]. Additionally, several highly porous polymers not
previously used in SPME have been examined to determine their use as possible fiber coatings
[20-22]. In this work, we explore the utilization of Tenax TA films in SPME as a means to

increase the versatility and range of SPME techniques in chemical analysis applications.

The carbon based polymer poly-(2,6-diphenyl-p-phenylene oxide) or Tenax TA is a porous
adsorbent with a high specific surface area of 35 m?/g, a pore volume of 2.4 cc/g, and an average
pore size of 200 nm [23]. Tenax TA forms inclusion complexes with dichloromethane solvent
creating large voids within the crystal structure of the film which contribute to the high capacity
of vapor adsorption in Tenax TA films [24]. Tenax TA films have been recently utilized for
chemical micro preconcentration which in turn is used to enhance the sensitivity and selectivity

of chemical detection methods. This is especially important for enhancing the performance of

chemical sensors and micro analytical systems. Tenax TA, in the granular form, offers several

outstanding qualities such as thermal stability up to 400 °C, relatively low water retention,
relatively resistant to oxygen, adsorbs both polar and nonpolar compounds, and is soluble only in
lower chlorinated hydrocarbons. Our group has pioneered the application of Tenax TA films for
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chemical micro preconcentration of hydrocarbons for hand-held devices targeted toward

environmental monitoring, medical diagnostics, and forensics applications [25, 26].

8.2 Experimental Section

8.2.1 Chemicals and Instrumentation

All VOC samples used in this work were reagent grade (Sigma-Aldrich Inc., St. Louis, MO).
Tenax TA (80/100 mesh, Sigma-Aldrich Inc., St. Louis, MO) was dissolved in dichloromethane
to create a coating solution. The chromatographic analyses were carried out using 5890 GC
system (Agilent Technologies, Inc., Palo Alto, CA) equipped with a flame ionization detector
(FID) and an electronic pressure controller. Nitrogen (ultra high purity grade, AirGas Inc.,
Radnor, PA) was used as carrier gas. SPME 0.75 mm ID inlet liner (Sigma-Aldrich Inc., St.
Louis, MO) along with low bleed septa (Thermogreen LB-2, Sigma-Aldrich Inc., St. Louis, MO)
were used in the GC inlet system. Thermal gravimetric analysis (TGA) was done using a
research-grade thermogravimetric analyzer (Q 500, TA Instruments, New Castle, DE). The
samples were heated from 0 “C to 1000 °C with a rate of 20 °C /min in the air atmosphere of 60
ml/min. Scanning electron microscopy was done using field-emission SEM (LEO 1550, Carl
Zeiss SMT Inc, Peabody, MA) with 10 kV accelerating potential. Samples were coated with 5

nm gold/palladium alloy.

8.2.2 Tenax TA Fibers Preparation

1 cm-long silica fibers having a diameter of 125 um were cleaned with acetone and then
dipped in Tenax TA solution. The diameter of the fiber and the length of the coated section were
chosen to match those of the commercially available SPME fibers. Tenax TA solution was
prepared by dissolving Tenax TA (as received) in dichloromethane at 100 mg/mL concentration.

The fibers were then left to dry in ambient air.

8.2.3 Extraction Procedure

SPME extraction and thermal desorption was carried out using a manual SPME fiber holder
(Sigma-Aldrich Inc., St. Louis, MO). Liquid samples of VOCs were placed in septa sealed vials.
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Static headspace extraction was performed in all tests at 25 °C and at a fixed position relative to

the liquid in the vial.

8.3 Results and Discussion

8.3.1 Tenax TA Fibers

Figure 64 (a) shows a SEM micrograph of Tenax TA coated fiber. The polymer thickness
resulted from dipping the 125 pm silica fiber in 100 mg/mL Tenax TA solution at ambient
conditions was determined to be about 3 um as shown in Figure 64 (b). Film thickness is mainly
governed by the solution concentration, thus thicker films can be attained with higher
concentration solutions. Figure 65 shows a side view of Tenax TA coated fiber. The film has
uniform porosity along the fiber. Figure 66 is a higher magnification micrograph of the film. It is
evident that the film consists of inter-connected pore network. The pore size was estimated to be
between 200-500 nm. It should be noted that porosity of the film depends on the film drying
conditions. Clearly, a detailed knowledge of the film pore structure and the factors that affect its
porosity is necessary for understanding its behaviour during SPME extraction. However, this
information is not readily available. Future work will aim toward better understanding and

modelling of Tenax TA porous structure.

@) (b)

Figure 64 SEM micrographs of (a) silica fiber coated with Tenax TA, (b) higher magnification
micrograph showing Tenax TA film thickness resulted from dipping the fiber in 200mg/mL solution
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Figure 65 SEM micrograph showing side view of Tenax TA coated fiber

Figure 66 Higher magnification SEM micrograph of Tenax TA film on a silica fiber

8.3.2 Tenax TA Film Stability

Several Tenax TA fibers were subjected to direct immersion in hexane, acetone, methanol, and
isopropanol to determine their stability in organic solvents. The fibers showed no signs of
degradation in these solvents. However, Tenax TA films showed no stability and disbanded
completely in dichloromethane. In addition, identical Tenax TA fibers were exposed to 1 Molar
H,SO,4 and 5 Molar NaOH solutions with pH values of 1 and 14, respectively. Tenax TA films
remained stable in their respective acidic/basic solutions for 24 hours. SEM imaging before and
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after immersion shows no deterioration of either films. The stability of film in various organic
solvents along with acidic/basic solutions makes Tenax TA an attractive option for use in HPLC
or direct immersion GC in which one or more of the matrix components is an organic solvent,
acid, or base. This is an element of SPME that is currently not available with the commercial
fibers.

Thermal gravimetric analysis was used to determine the thermal stability of the films. The
analysis shown in Figure 67 indicates that negligible weight loss in the film for temperatures as
high as 400 °C. At 540 °C, the films shows only 2% weight loss. Tenax TA in the film form is
thermally more stable that the granular form. This is significant considering that the maximum

operating temperature for most of the commercially available SPME fibers is below 280 °C.

120 | 540,93°C 12
] 10
1001 —
K ]
80 =
(8]
1 5
—_ S~
é 6 -
1 =
E 60 - k=l
=) ]
2 ] 97.73% =
= 4 <
@
40 o
T -2
; 490.83°C
20 k "
0 -2

T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000
Temperature (oc) Universal V4 54 TA Instrumel

Figure 67 Thermal gravimetric analysis of Tenax TA film, 98% weight loss occurred at 540°C
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8.3.3 Chromatographic Analysis

Static headspace extraction of n-alkanes (n-nonane, n-decane, n-undecane, n-dodecane) was
implemented to evaluate Tenax TA fibers. Coated and uncoated fibers along with commercial
PDMS/DVB fibers were conditioned for one hour at 280 °C before sampling. The extracted
sample was analyzed using a 13 m-long 100% methylpolysiloxane capillary gas chromatography
column. The inlet temperature was set to 280 °C to execute thermal desorption. The FID
temperature was also set to 280 °C. The column was ramped from 40 °C to 200 °C at a rate of 30
°C/min. The carrier flow rate was set to 1.5 mL/min. A chromatogram of Tenax TA SPME
analysis illustrating significant amount of uptake is shown in Figure 68. Extraction from

uncoated fibers showed no sign of sample uptake.
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Figure 68 Headspace analysis of n-alkanes extracted by Tenax TA coated silica fiber

The performance of the Tenax TA fiber relative to PDMS/DVB fiber was investigated by
comparing the equilibrium time of the two fibers. The extraction time was varied from 2 min to

120 min and was performed at a fixed distance (1 cm) above liquid solutions with no media
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agitation. Depicted in Figure 69, the PDMS/DVB fiber saturated after 25 min while Tenax TA
saturated after 40 min. The slope of the curves indicates the speed of the uptake in the fiber while
the deflection point indicates the capacity of the film. Although the uptake speed in the 65 pum-
thick PDMS/DVB film was significantly faster than the 3 um-thick Tenax TA film, the capacity
of Tenax TA was about half of that of PDMS/DVB film as illustrated in Table 7. The uptake
speed in Tenax TA film can be enhanced by increasing the porosity of the film. Tenax TA film

porosity can be easily altered by changing its deposition conditions.

400000
350000
—a
300000
—4—Tenax-TA
= 250000
< —=—PDMS/DVE
% 200000
o —e
w J
0O 150000 7/
(1
100000 -
50000 ‘,
0 T T T T T T T 1
0 20 40 60 80 100 120 140

Extraction Time (min)

Figure 69 SPME adsorption time profile of 3 um Tenax TA and 65 um PDMS/DVB films for
Undecane showing uptake saturation time after 25 min for PDMS/DVB and 40 min for Tenax TA

Table 7 Some characteristics of PDMS/DVB and Tenax-TA fibers used in this work

Fiber Film thickness FID area for undecane at  Uptake saturation Max.
coating (um) saturation time time (min) temp. (°C)

PDMS/DVB 65 313609 25 270

Tenax-TA 3 168313 40 400
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To demonstrate the possibility of employing Tenax TA SPME fibers in chemical analysis of
high boiling point VOCs, static headspace extraction of octadecane and pentacosane was carried
out. The analysis of pentacosane is not possible with the current commercially available SPME
technology. Inlet, oven, and detector temperatures were set to 325 °C and 400 °C for octadecane
and pentacosane thermal desorption analysis respectively. The inlet and detector were connected

via a 1 m deactivated fused silica capillary. Carrier flow was set to 1.5 mL/min.

Thermal desorption at higher temperatures showed no sign of deterioration of film with
continued use, as shown in Table 8. For comparison, reproducibility tests of undecane uptake
with no agitation performed using the commercially available Carboxen/PDMS/DVB fiber
showed a relative standard deviation of 4.0% as shown in Table 9. Table 10 lists the thermal
desorption analysis of pentacosane at 400 °C. The Tenax TA fiber showed an appreciable uptake
of this alkane. It should be noted that the ambient boiling point temperature of pentacosane is
slightly above 400 °C and it is believed that sample carryover and sample condensation in the

inlet, transfer tube, and detector plays a major factor in the deviation of the results.

Table 8 Static headspace extraction of octadecane showing extraction reproducibility of Tenax TA
fiber at a desorption temperature of 325 °C

Date 7-Jul 9-Jul 9-Jul
T|r_ne Area Area Area Avg. Area S.td " Relative Std.
(min) Deviation Dev.

2 1.75E+05 1.86E+05 2.62E+05 2.08E+05 47688.6 0.230

15 1.11E+06 1.09E+06 1.09E+06 1.10E+06 10660.5 0.010

30 1.77E+06 1.57E+06 1.60E+06 1.65E+06 110646.6 0.067

40 2.14E+06 1.67E+06 1.76E+06 1.86E+06 249233.9 0.134

Table 9 Static headspace extraction of undecane using a commercial Carboxen/PDMS/DVB fiber

Date 21-Jun 26-Jun
Time Area Area Avg. Std. Relative Std.
(min) Area Deviation Deviation
2 2.23E+5 2.36E+5 2.29E+5 9372.0 0.041
15 6.29E+5 6.60E+5 6.45E+5  21897.7 0.034
30 8.81E+5 9.03E+5 8.92E+5 15538.0 0.017
40 8.92E+5 9.83E+5 9.38E+5  64114.1 0.068
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Table 10 Static headspace extraction of pentacosane using Tenax TA fiber at a desorption
temperature of 400 °C

Date 19-Jul 19-Jul
T|r_ne Area Area Avg. Area Std. Deviation Relative Std.
(min) Dev.

2 1.25E+07 6.59E+06 9.57E+06 4216797.3 0.441

10 1.56E+07 8.92E+06 1.22E+07 4696834.5 0.384

15 1.59E+07 9.29E+06 1.26E+07 4658496.5 0.370

8.4 Conclusions

Tenax TA films have demonstrated a competitive ability to extract low molecular weight n-
alkanes, with saturation uptake time of undecane peaking at 40 minutes. Tenax TA films offer
several advantages over currently available products, including stability in high thermal
desorption conditions, stability in acidic and basic conditions, and stability in a variety of organic
solvents. Thermal gravimetric analysis shows Tenax TA to maintain stability up to 540°C. 3um
Tenax TA films were found to be thermally stable and capable of extraction of high molecular

weight n-alkenes such as octadecane and pentacosane with no sign of polymer deterioration.
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Chapter Nine: Summary and Future Directions

9.1 Summary

The ultimate goal of developing a uGC is to provide capabilities for quantitative analysis of
complex chemical mixtures in the field with very short analysis time and small amounts of
consumables. The uGC system performs chemical analysis through three main components
which enable the capture, injection, separation, and detection of gaseous mixtures. The first
component is the preconcentrator, which serves as the sample collection and injection device.
The second component is the separation column, which is responsible for the separation of the
chemical mixture to be analyzed. The last component is the detector, which provides a

measurable signal that enable data analysis.

Preconcentration methods do not only improve the limits of detection of the system, but can
also bridge the gap that exists between the sample collection and analysis.

This dissertation presented the design, fabrication, and experimental evaluation of pPCs all of
which were relying on embedded microposts in an etched cavity. The puPCs were evaluated for
their practical application in concentrating volatile organic compounds, such as cancer
biomarkers, Propofol (anesthetic agent), environmental pollutants, and chemical warfare

simulants.

9.2 Significance of the Work
Figure 70 shows an overview diagram that maps the different contributions of this work to the

uGC technology. There are several areas under development in uPC technology. However, only

areas relevant to the contributions of this work are listed.
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Figure 70 An overview diagram mapping the different contributions of this work to the uPC technology
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9.3 Validation and Scientific Production

As this dissertation is being written, the outcome of this research, stand-alone uPCs are being
evaluated independently for their performance by a research group within the Department of
Chemistry at the College of William and Mary and for their possible deployment in practical
application by a research group within Virginia Tech's Environmental and Water Resources
Engineering Program.

The scientific production of this research work included three peer-reviewed original research
articles in international journals and nine conference papers in peer-reviewed conference
proceedings. Table 11 gives an overview of the major scientific production of this research
effort. Moreover, there are three additional journal articles in their final stage of preparation for
submission and one conference paper under review. Furthermore, three invention disclosures
were assigned to this research work, along with one mutual confidential disclosure agreement

with a major analytical chemistry products and services corporation.

Table 11 Overview of the major scientific production of this research effort

Type of Name Metric Publisher
Production
Journal Article Sensors & Actuators, B: 3.1 Impact Factor Elsevier
Chemical
Journal Article IEEE Sensors Journal 1.6 Impact Factor IEEE
Journal Article Microchemical Journal 2.6 Impact Factor Elsevier
Conference Paper  Hilton Head Workshop 35% Acceptance  Transducer Research
(2 papers) Foundation
Conference Paper IEEE Sensors Conference 35% Acceptance IEEE
(3 papers)
Conference Paper Transducers Conference 35% Acceptance  IEEE
Conference Paper Engineering in Medicine 85% Acceptance IEEE
and Biology Conference
Conference Paper UTAS Conference 35% Acceptance  The Chemical and
Biological Microsystems
Society
Conference Paper Eurosensors Conference 70% Acceptance  Elsevier
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9.4 Future Directions

9.4.1 General Remarks

Even with the significant body of work presented in this dissertation, there is plenty of room
for additional research and development in uPC technology. Much of the research being reported
has focused on proof-of-concept development of uPCs with only preliminary results and limited
details on operational parameters and fundamental factors affecting the device performance,
which include analyte concentration, interfering analytes, analyte collection time, flow rate, and
thermal desorption rate. Even the simplest uPC designs lack a concrete theoretical development,
thus, one can foresee the complication when attempting to model the behavior of uPCs with
complex 3D structural geometries. One obstacle is that the exact interactions between different
molecules and different adsorbent materials are currently unattainable. In equilibrium based 3D
uPCs, geometric properties (or surface-to-volume ratio) and flow dynamics increases the
complexity of the problem. It is our considered opinion that the designer of puPC should
understand that the performance is convoluted with trade-offs among size, capacity, selectivity,
pulse width, pressure drop, and power consumption. Moreover, emphasis should be placed on

the compatibility of the device under design with the other components of the system.

Thermal desorption in the puPCs presented in this dissertation was not investigated. This,
however, is important since it affects the performance of the device. The effect of desorption
temperature on the integrity of collected analyte and adsorbent material, as well as the injection
pulse width should be investigated to provide a temperature limit for the operation of the device.
The heating rate is another important variable to characterize. Maximizing the heating rate is
desirable, but it comes at the cost of higher power consumption. Therefore, optimizing
desorption conditions for both narrow injection plugs and high desorption efficiency would be
the next natural step of this work.
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9.4.2 New Avenues

Figure 71 shows an overview diagram that maps new avenues to further improve uPC
technology. There are four main avenues that can be pursued in future research. These avenues

are discussed in the following subsections.
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Figure 71 An overview diagram mapping new avenues to further improve uPC technology
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9.4.2.1 Adsorbent Material
9.4.2.1.1Conventional Adsorbent

9.4.2.1.1.1 Tenax TA

The characterization of Tenax TA presented in this dissertation is not complete. The polymer’s
physical properties and VOCs adsorption mechanisms are not fully understood. Moreover, the
effect of phase composition on the properties of the Tenax TA should be investigated along with
film’s transport properties. The macromolecular architecture of this polymer should be studies in
detail to predict and control its behavior during processing and operation. Knowing the
macromolecular architecture also helps in predicting property changes over time and
optimization of performance and reliability. Film deposition under different conditions including

precipitation from solution using wide range of colligators should also be investigated.

9.4.2.1.1.2 Other Adsorbent Materials

There are a large number of readily available adsorbent materials besides Tenax TA. Some
future studies should be aimed toward the utilization of other commercial adsorbent such as
inorganic and carbon based materials in addition to the porous polymeric materials listed in
Table 12 in the appendix. Divinylbenzene is particularly of interest due to its superior adsorption
characteristics for light VOCs. Furthermore, mixing different adsorbents of different adsorption

characteristics can yield an adsorbent film for a wide range of VOCs.

9.4.2.1.2Unconventional Adsorbent Films

Functional thin-films created using chemical vapor deposition, atomic layer deposition,
colloidal assembly, and molecular beam epitaxy can be explored as alternative adsorbent
materials for uPCs. Nanostructured materials are increasingly becoming popular with the
development of nano-science and technology. Of many nano-fabrication methods, the water-
based layer-by-layer (LbL) assembly technique offers one of the finest control of materials
properties and architecture at the nano scale, and is the simplest and easiest method to implement

in uPCs.
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Conductive materials can also be utilized as adsorbent material. The possibility of using gold
as selective and self-heating adsorbent material for high performance and low power
consumption has been recently demonstrated. Some preliminary results on this topic are
provided in the appendix.

9.4.2.2 Enhancing #PC Capabilities

One exciting possibility to increase the range of analytes adsorption, especially light VOC:s, is
a uPC with pseudo-cryogenic trapping capabilities using microfabricated thermoelectric coolers
in combination with sorbent material. This would enable the trapping of light VOCs (C1-Cs). The
current state-of-the-art uPCs can only trap mid-range VOCs (Cs-Cy,) and semi-volatile VOCs
(>.C12). Temperatures within the +10 °C to —30 °C range can be reached with microfabricated

thermoelectric coolers.

The thermal efficiency of the device in terms of thermal cycling time (rapid heating and
cooling) and power consumption can be increased by reducing the thermal mass of the device.
Creating suspended 3D membranes can reduce the thermal cycle times from minutes to seconds

or less. The thermal isolation would also reduce power requirement significantly.

9.4.2.3 Integration

In addition to heaters and temperature sensors, the overall performance of pPCs is likely to
improve with onboard valves and flow sensors to control the sample flow in the device. Thus,
integrating such components on the uPC should be considered in future developments. Of
course, needless to mention that embedding a uPC in a uGC system monolithically (uPC,

ucolumn, and pdetector on a single chip) should be tackled as well in the near future.

9.4.2.4 Applications

uPCs can be used in all chemical sensing applications as a single sensor is almost never
sufficient in itself. In addition to their normal use in gas sampling, uPCs can be employed to trap

VOCs from liquid samples. This would enhance the versatility of nGC systems, especially in
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environmental monitoring application. Some preliminary results on this topic are provided in the

appendix.
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Appendix

A-1. Selective Micro Preconcentration of Propofol for Anesthetic Depth Monitoring by using

Seedless Electroplated Gold as Adsorbent

This section was reproduced from [1] with permission from IEEE

B. Alfeeli, M. A. Zareian-Jahromi, and M. Agah, "Selective micro preconcentration of propofol for
anesthetic depth monitoring by using seedless electroplated gold as adsorbent," in 31st Annual
International Conference of IEEE Engineering in Medicine and Biology Society, September 2-6, 2009,
pp. 2763-2766.

a. Introduction

Depth of anesthesia assessment is a persistent challenge for anesthesiologists [2].
Conventional clinical signs of inadequate anesthetic depth include changes in blood pressure,
heart rate, movement, lacrimation, sweating, and pupil size which often are inconsistent and
unreliable [3-5]. More accurate methods of assessing depth of anesthesia is needed especially
when using newer intravenous anesthetic compounds such as Propofol (2,6-diisopropylphenol)
whose effective dosages vary greatly across patients [6]. Propofol is an aromatic compound with
a distinct smell used for induction and maintenance of anesthesia in the intensive care unit [7]. It
has been reported that the expiratory measurement of Propofol in human breath is a suitable
procedure for non-invasive monitoring of patients undergoing anesthesia [8]. However, normal
human breath contains a complex mixture of more than 1200 volatile organic compounds
(VOCs) [9] at very low concentrations typically in the parts per billion (ppb) range [10] which
are hardly detectable by conventional sensors. Consequently sample preconcentration along with
gas chromatographic (GC) analysis are used for accurate and precision detection of complex gas
mixtures [11]. However, current GC systems are large, require highly trained technicians and
intensive maintenance, and are expensive table-top instruments with high power consumptions
[12].

Miniaturization of GC systems was enabled by microelectromechanical systems (MEMS)
technology and, recently, various designs of micro separation columns and preconcentrators (PC)
for sensing and monitoring applications have been reported [12-18]. Nevertheless, the success of
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micro analytical systems (UTAS) in breath analysis applications rely on the ability to remove
water vapor from the sample and selectively preconcentrate analytes of interest in the mixture
that can later be processed pGC column and micro detector [19]. The use of selective adsorbent
IS one possible way to attain selective micro preconcentration (LPC). This article reports, for the

first time, electrodeposited-gold thin films as a selective adsorbent for Propofol in uPCs.
b. Fabrication

The pPCs used in this study contain an array of 3D micro pillars and is similar to our
previously reported work [20]. Figure 72 summarizes the fabrication process of the uPC. First,
the single mask design pattern was transferred to a silicon wafer via standard photolithography as
shown in Figure 72 (a). Second, the silicon wafer was etched by deep reactive ion etching
(DRIE) process (Figure 72 (b)) followed by oxygen plasma clean step to remove any residual
fluorocarbon on the etched surface. The devices were then coated with the adsorbent material via
electrodeposition technology as shown in Figure 72 (c). Pulsed electroplating technique was used
to directly deposit a thin layer of gold on heavily phosphorous-doped (n*) silicon
microstructures. Seedless gold electroplating of silicon surfaces provides simple method of
realizing large surface area gold films (Figure 73 inset) with low adhesion strength. The weak
gold-to-silicon adhesion is advantageous at this step as it allows post deposition patterning of the
gold films as reported previously [21] and shown in Figure 73. The film can be stabilized by
thermal annealing at a later stage. The pulse duration and time period for pulse electroplating
were adjusted to achieve a desired thickness (350 nm) on the micro pillars. Phosphorous
diffusion was done at 950 °C for 6 hours to achieve 2 um-deep doped region below the silicon
surface. The electroplating bath was maintained at 55 °C with a stirring rate of 200 rpm to
provide a uniform distribution of gold ions in the bath. Acidic gold electroplating solution and a
platinized Ti grid (anode) were used to complete the electroplating circuit. The anode is placed at
a distance of 2 cm from the cathode and has a size at least twice that of the cathode to afford a
uniform electric field on the silicon wafer. The current between the platinized Ti grid anode and
doped silicon cathode was controlled by a square current pulse. After gold deposition and
patterning, the silicon wafer was anodically bonded to the Pyrex 7740 substrate (Figure 72 (d)).
The bonding temperature and pressure were 350 °C and 2 kPa, respectively. Thermal annealing
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during the bonding process at temperatures less than the Si-Au eutectic temperature (365 °C)
stabilizes the electroplated gold by significantly improving its adhesion to the doped silicon
surface. The gold coating was proved to be stable under GC operating temperature (350 °C) and
flow conditions (1 mL/min) [22]. The final step of uPCs fabrication was patterning thin film
Ti/Pt resistive heaters and temperature sensors over plasma enhanced chemical vapor deposition
(PECVD) oxide on the backside of the silicon wafer as shown in Figure 72 (e). The wafer was
then diced and fused silica capillary tubing with 167 pm O.D. and 100 um 1.D. was attached to
fluidic ports.

The fabrication process described above produced high quality uPCs. The silicon-glass chips
have outer dimensions of 7 mm x 7 mm x 1 mm, specific surface area of 10 m%g (gas sorption
method), and an inner volume of about 6.5 uL. The dimensions of the high-aspect-ratio pillars
were 30 um x 120 pm x 240 pum. Figure 74 illustrates the top and bottom views of the uPC

placed in front of a resistor to give a size prospective.
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Figure 72 (a) Photolithography (b) Deep reactive-ion etching (DRIE) (c) Electrodeposition and
patterning of the adsorbent material (d) Sealing the device with Pyrex by anodic bonding (e)
Patterning of resistive heaters and temperature sensors over PECVD oxide at the back of the

device, © [2009] IEEE. Reprinted, with permission, from [1]
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Surface texture of seedless
electroplated gold

Figure 73 Optical images showing the the uniform and conformal coverage coating of
electroplated gold. The top flat surfaces including the top of the posts are polished and smooth
for anodic bonding. The porouse surface texture of the gold layer maximizes the adsorbent
surface area, © [2009] IEEE. Reprinted, with permission, from [1]
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Fluidic Port

Figure 74 Optical images of the uPC showing the front and back sides of the device, insets are
SEM monographs of the etched microstructures and the fluidic ports, © [2009] IEEE.
Reprinted, with permission, from [1]

c. Testing Setup

To maintain isothermal temperature conditions, the testing setup was installed inside the oven
of a commercial dual inlet and dual detector GC system. Moreover, the built-in auxiliary systems
such as a gas flow controller and flame ionization detectors (FIDs) were also utilized to ensure
consistent testing parameters. Carrier gas was supplied via the GC inlets and controlled by the
flow controller. The testing setup consisted of a six-port zero-dead-volume valve, commercial
methylpolysiloxane phase GC column, and deactivated fused silica transfer lines configured as
shown in Figure 75. The inlet pressure was adjusted to achieve 1mL/min flow rate through the
uPC and column. During the loading stage the valve is set in the “loading position” to load the
MPC as shown in Figure 75 (a). The loading was done by supplying the breath representative
mixture into the GC inlet-B and monitored by FID-A. Figure 75 (b) illustrates the valves set in
the “injection position.” In this configuration, the GC column was connected to the
preconcentrator. The uPC was then heated rapidly to 250 °C at 100 °C/sec to inject the collected
sample into the column. As soon as the injection step was completed, the valves set back to the
“separation position” (Figure 75 (a)). Here, the column was heated to 150 °C from 35 °C at 30

°C/min to separate the injected sample.
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Figure 75 uPC test setup with the valves set in the (a) loading or seperation position (b) injection
position, © [2009] IEEE. Reprinted, with permission, from [1]

d. Results and Discussion

For the preliminary evaluation of the presented device, a 125 ppm of Propofol was added to a
mixture of n-heptane (C;) at 250 ppm, n-octane (Cg) at 250 ppm, n-nonane (Cg) at 500 ppm, and
n-decane (Cio) at 750 ppm, which are some of the VOCs found in normal human breath [9]
diluted in 1-propanol. The choice of 1-propanol as solvent instead of water vapor present in

breath was dictated mainly by the available water insensitive detector (FID).

Figure 76 shows the separation of the breath representative mixture without preconcentration
as a reference. The large 1-propanol content in injected sample is evident. 1-propanol (or water
vapor in breath) could impose premature saturation in the collection process by saturating the
adsorbent material. It can also saturate the detector as well during the detection process. It should
be noted that most gas detectors are sensitive to water [23]. As a result, eliminating any
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interfering compounds by means of selective preconcentration is essential for high performance

analysis.
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Figure 76 Chromatogram of breath representative mixture without uPC showing the large
amount of 1-Propano, inset is zoom-in of the separated VOCs, © [2009] IEEE. Reprinted, with
permission, from [1]

Figure 77 demonstrates the results of selective preconcentration of trace Propofol in the breath
representative mixture. The electrodeposited gold thin film demonstrated preferential adsoption
characteristics over the other compounds which are non-polar. We considered polar adsorption
as possible mechanism since the electrodeposited gold showed high affinity to polar compounds.
Thus, the adsorption of Propofol on the electrodeposited gold could be attributed to the polar
nature of both the phenol derivative anesthetic agent [24] and the gold film. The polar nature of
the electrodeposited gold can be explained by the formation of gold oxide layer on the gold
electrode surface [25]. Gold oxides are known to be polar [26]. Determining the exact
mechanism responsible for Propofol adsorption on electrodeposited gold films will be the subject

of future investigation.

The performance of the presented adsorbent can be evaluated by a figure of merit known as the
preconcentration factor (PF). This figure of merit can be defined as the ratio of peak height of the

detector’s signal with and without the presence of the uPC. Using the gold electroplated pPC and
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under the testing conditions presented here, the PF factor for Propofol was determined to by

about 100.

Propofol measurements in human breath, which are not yet possible to monitor on-line, could
be used to monitor depth of anesthesia to prevent accidental awaking of patients during surgery.
Additionally, the demand for cost-effective Propofol monitoring devices is expected to increase

as many surgical procedures are now being shifted from hospitals to outpatient surgical centers

and physician’s offices.

This paper reported the utilization of MEMS technology to develop uPCs which is selective to
a target chemical species for breath analysis. The elimination of unwanted species by selective
preconcetration allowed more adsorption surface for the target compound on the adsorbent

material and alleviated stringent requirements on the separation and detection stages.
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Figure 77 Chromatogram of selective preconcentration of propofol. VOCs were not
preconcentrated in the pPC, © [2009] IEEE. Reprinted, with permission, from [1]
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A-11. Micro Preconcentrator for Handheld Monitoring of Water Quality

This section was reproduced from [1] with permission from the Chemical and Biological

Microsystems Society

B. Alfeeli and M. Agah, "Micro Preconcentrator for Handheld Monitoring of Water Quality,” in 14th
International Conference on Miniaturized Systems for Chemistry and Life Sciences, Groningen, The
Netherlands, 3-7 October 2010, pp. 1721-1723.

a. Introduction

Water resources are susceptible to both natural and man-made contamination. Water
contaminants are grouped into microbiological, radioactive, inorganic, synthetic organic, and
volatile organic compounds (VOCs) [2]. These contaminants, specifically VOCs, pose serious
health effects which include liver and nervous system diseases and cancer [3]. Chemical analysis
of water supplies requires samples to be transported to off-site laboratories. The cost of such
analysis can range between $100 to $1000 per sample and the integrity of the analyses can be
compromised during sample collection, transport, and storage [2]. Thus, there is a need for

inexpensive and accurate handheld water monitoring systems.

Several technologies for handheld environmental monitoring have been reported which include
spectroscopic [4, 5] and chromatographic systems [6-10] for analyzing gaseous and liquid
samples on-site. However, reports on systems that can process liquid samples are very limited.
This paper report on the development of micro preconcentrator (uPC) consisting of square
shaped p-pillar structures embedded within a microcavity, as shown in Figure 78, aimed for
handheld water quality monitoring systems.

Multi-

12m inlet/outlet
Ports

Expansion

L Reservoir

Figure 78 3D rendering of the silicon-glass pPC
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b. Fabrication

The fabrication process of the presented device is shown in Figure 79. A 6 um-thick layer of
AZ9260 photoresist was used to pattern a 500 um silicon wafer with the uPC layout. Then, the
wafer was anisotropically etched using deep reactive ion etching (DRIE) technique to achieve
vertical microstructures (pillars). The etching process parameters were configured to achieve a
depth of 300 um. The wafer was then exposed to oxygen plasma for 20 minutes to remove any
residual passivation polymers from the etching process. This is an important step since any
fluorocarbon residuals on the sidewall can compromise the adsorbent coating stability.

Adsorbent deposition was achieved by utilizing our recently reported adsorbent deposition
method to deposit Tenax-TA on the u-pillars [11]. The cavity was filled with Tenax-TA solution
(25 mg/mL in dichloromethane). Then, before the solvent evaporates, drops of 2-propanol were
added into the cavity. Cobweb Tenax-TA evolves when 2-propanol contacts Tenax-TA solution.
The cobweb structure anchors to the p-pillars once the solvent evaporates as shown in Figure 80.
The uPC was then sealed by anodic bonding the silicon substrate to a Pyrex wafer under 1250 V

of applied electric field at 250 °C to avoid damaging the polymer.

(d)

Figure 79 pPC fabrication process flow, (a) photolithography on silicon wafer using PR9260
followed by etching using DRIE (b) adsorbent deposition, (c) formation of cobweb, (d) anodic
bonding, Right, SEM micrographs of the fabricated pPC showing the square shaped p-pillars

145



(b)

Figure 80 Optical image of the cobweb Tenax TA, (a) and (b) are a different focal points showing
that the cobweb extends in all direction between the p-pillars

c. Experimenta

The pPC was evaluated experimentally by flowing water samples spiked with benzene through
it. It is noteworthy that benzene has been classified by the US Department of Health and Human
Services (DHHS) as a human carcinogen. Benzene has 0.8 g/L solubility in water at room
temperature. Thus, benzene was added to deionized water and the solution was left for 24 hours
to equilibrate. Then, water samples were extracted from the bottom of the container to avoid the
insoluble benzene floating on the top of the water surface. A 1 uL sample of the solution was
injected directly to a flame ionization detector (FID) to determine the detector response to the
unpreconcentrated sample. It should be noted that the FID is water insensitive detector.
Subsequently, the pPCs chip was connected to the FID through a zero dead volume valve.
While the valve in waste position, the chip was loaded with three water samples volumes (1, 5,
and 10 mL) at room temperature. After every load, the chip was dried by purging it with helium
for 5 min. Then, the valve was switched to FID position and the device was heated to 250 °C at
100 °C/sec to desorb the collected benzene from the different volumes of the water sample. The

flow rate through the pPC was set to 1 mL/min.
d. Results and Discussion

Figure 81 shows the FID response to the concentrated benzene from the 10 mL water sample.
The area under the curve of the FID signal is directly proportional to the concentration of the
desorbed sample. The peak width at half height was about 10 seconds. Figure 82 compares the
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FID response to the three different sample volumes including the 1 upL sample of

unpreconcentrated water sample. The amount of benzene collected by the device was

proportional to water volume flown through it. The experimental results showed that the uPC

was capable of extracting and concentrating benzene from water samples.
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Figure 81 FID response to the concentrated benzene from the 10mL water sample.
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Figure 82 FID response (peak area) to the three different sample volumes along with the 1uL

sample of unpreconcentrated water sample
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The reported MEMS device was capable of capturing VOCs from water. This development
would be of significant benefit to local authorities, environmental agencies, and environmental

researchers as it promises sensitive and quantitative on-site monitoring at a low cost.
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A-111. Adsorbent Material Selection

Table 12 Porous Polymer Adsorbent Selection Chart

Physmql Adsorbent Applications and Selection Guide
Properties
Commercial Volatility
Surface| Max (e ’:Ij?vngleent Type Range Suitable Analytes Features Weakness/Caution
Area (Temp q or yp (Carbon y
replaceable) & BP)
Poly (2,6-diphenyl-p-phenylenoxide) polymer.
Aromatics , nonpolars (BP>150°C), semi Low surface area, within optimum range, will volll]rc:wve\,\l ?\Dle: kﬁ‘t;rrcr)]leggme
Poly(2,6-diphenyl-p- C6 ~ C26 volatile ol’ars (IgP>150°C) Note: +enax readily / efficiently release what it adsorbs and artifac.ts Wt):en heated
35 | 350 | Tenax TA y(<,o-aipheny’-p 100 ~ P y ' can be easily cleaned to a very low background. N
phenylenoxide) o TA has replaced Tenax GC for lower - . reported sources are:
400°C - Inert and does not react with labile compounds.
background signals - - S CO2 ,benzene, toluene,
Low inherent artifacts (<1ng). Low affinity for
- benzaldehyde, acetophe
water, hydrophobic
Poly(2,6-diphenyl-p- C7~C30| Alkyl benzenes, PAH’s (polycyclic |Low surface area. Lower affinity for water than
24 | 350 | Tenax GR yher’1 Ien%xi d)é) P 100 ~ aromatic hydrocarbons), PCB’s Tenax-TA. Chemical composition: 30% Low breakthrough volume
pheny 450°C (polychlorobiphenols) graphite carbon & 70% Tenax TA
- Styrene/ Divinylbenzene (DVB) copolymer.
Wide range of VOCs, oxygenated Hydrophobic, inert. Some background at high
compounds, haloforms and o - ! .
. C5~C12 . . . temp (> 200°C). Note: The polarity of sorbents: .
Chromosorb | Styrene/divinylbenzene chlorinecontaining pesticides that has a Low temperature limit.
350 | 250 50 ~ A . Chromosorb 106 < Porapak Q < Chromosorb . .
102 copolymer o BP >40°C (less volatile than methylene _ High artifacts (10ng)
200°C - - Lo 102 < Porapak R = Chromosorb 105 <
chloride). Some functional similarities to p KN <Ch b101 <P kP
Amberlite XAD-2 orapak N < Chromosor| < Porapak P <
Chromosorb 103 < Chromosorb 104
. Cross-linked acrylic ester polymer.
Vinyl acetate, formaldehyde from water Hydrophobic and polar. Note: The polarity of
Chromosorb . . Upto |and acetylene from lower hydrocarbons. . - ’ .
400 | 250 Polyacrylic ester resin o Chromosorb 107/108 increases with their Low temperature limit
107 150°C | Sulfur compounds. Not recommended . o
. exposure to high temperature (~ 200°C, for
for glycols and amines
example)
Chromosorb | Cross-linked acrylic Upto | Polar small molecules such as alcohols, | Cross-linked acrylic. Hydrophobic and polar. i
100 | 250 108 ester 150°C water, aldehydes and glycols See the note above Low temperature limit
C5-~C8 Volatile nitriles, e.g. acrylonitrile, DVB and ethylene glycolmethacrylat (EGDM)
HayeSep N | Divinyl benzene/vinyl acetonitrile, propionitrile. Pyridine, copolymer. Polarity 9/10, highly hydrophilic. | Low temperature limit.
405 | 165 - 50 ~ . - : - - "
(Porapak N) pyrrolidinone 150°C volatile alcohols, ethanol, methyl ethyl | Porapak polymers are in order of increasing High artifacts ~10ng)
ketone polarity as types P, PS, Q, QS, R, S, N,and T
DVB polymer. Polarity 1/10, highly Low temperature limit
. . L Low molecular weight compounds, esp. | hydrophobic. Backup for Tenax where carbon per :
795 | 290 | 1 High purity Divinyl Up to . - Moderate artifact level at
ayeSep D o acetylene, halogen, and sulfur groups. | based adsorbents are unsuitable. Retains low L
benzene 160°C - - upper temperature limit.
CO and CO2 analysis boiling compounds that breakthrough Tenax, .
. High pressure drop
esp. in saturated atmosphere
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Physical

p - Adsorbent Applications and Selection Guide
roperties
Commercial Volatility
Surface| Max (e ':lj?vrgfent Type Range Suitable Analytes Features Weakness/Caution
Area (Temp q or yp (Carbon Y
replaceable) &BP)
Esters, ethers, ketones, alcohols, .
HayeSep P |Styrene/divinyl benzene| Upto |Hydrocarbons, fatty acids, aldehydes and DVB/Styrene c_opolymer. P olar|t)_/ 3/10. Pgrapak o
165 | 250 o - polymers are in order of increasing polarity as | Low temperature limit
(Porapak P) copolymer 200°C | glycols. Not recommended for amines P PS SRSNadT
and anilines typesP, PS, Q, QS,R, S, N, an
HayeSep Q Ethvivinvl C5~ C12| Some similarities to Chromosorb 106. DVB polymer. Polarity 2/10, hydrophobic. Low temperature limit.
582 | 275 (Po)r/a akp Q) |benzene/ di)\//in beenzene 50 ~ Not for amines and anilines, not for Porapak polymers are in order of increasing | High artifacts, nitrated by
P y 200°C nitric oxides polarity as types P, PS, Q, QS, R, S, N, and T nitrogen oxide gases
Match the polarity of the analyte to the |DVB/N-vinyl2-pyrollidone (NV2P) copolymer.
HaveSeo R | Divinvl benzene/vinvl | Up to polarity of the sorbent, while covering Polarity 5/10, both hydrophobic and
344 | 250 (Po)r/a akp R) yrrolidinone y ZOF())"C the boiling temperature. Esters, ethers, | hydrophilic. Porapak polymers are in order of | Low temperature limit
P Py nitriles and nitro compounds. Not increasing polarity as types P, PS, Q, QS, R, S,
recommended for glycols and amines N,and T
Match the polarity of the analyte to the R
polarity of the sorbent, while covering DVE/4 _vmyl pyridine (4VP) copolymer.
L . - - Polarity 4/10, both hydrophobic and i
HayeSep S | Divinyl benzene/vinyl | Upto the boiling temperature (Amines, - - Low temperature limit.
583 | 250 - o . . hydrophilic. Porapak polymers are in order of S
(Porapak S) pyridine 200°C |amides, alcohols, aldehydes, dydrazines | . . . Reacts with nitroalkanes
! increasing polarity as types P, PS, Q, QS, R, S,
and ketones, Not for acids, glycols and
nitriles) N, and T
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