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Figure 3.1. Conceptual layout diagram of a microscale gas chromatograph
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Figure 3.3. Images of (A) top layer, (B) bottom layer, and (C) assembled
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shown in (A). The adsorbents (Carbopack X) are packed through
the filling ports (left-hand image of (B)) after bonding the top
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Figure 3.11. Plots of the mass of toluene captured and thermally desorbed
(injected) by the uPPI as a function of sampling time for a 1 ppm
challenge concentration and a desorption (suction) flow rate of 50
mL/min. The red line (+ symbol) reflects the expected mass
uptake assuming the designed sampling rate of 9.3 mL/min. The
black curve (filled squares) shows the experimental data obtained
from the initial desorption of each sample. The blue curve (open
triangles) shows the experimental data after addition of the
residual mass of toluene that was not captured during the initial
desorption. The reduction in the rate of mass uptake beyond 30
minutes reflects the decline in the sampling rate that occurs as the
number of available surface sites on the adsorbent decreases. ................ 54
Figure 3.12. Modeled (dashed line) and experimental (filled squares) values
of capture/transfer (injection) efficiency versus suction flow rate
FOr the PP .o 55
Figure 3.13. (A) Top view of characteristic flow regions within the uPPI
cavity. (B) Simplified cross-sectional view of the characteristic
flow region of the UPPI CaVity. ........cccooveiieiiiieseee e 57
Figure 4.1 (A) Conceptual diagram of the pPPI showing the diffusional
sampling and thermal desorption processes. (B) Schematic of the
test setup incorporating a Fabry-Pérot (FP) optical gas sensor that
was used to characterize the uPPl performance for real-time
desorption and injection of toluene. (C) Optical image showing the
top layer of the uPPI1 with diffusion channel grids and see-through
image of Carbopack X beads packed underneath. (D) Optical
image of the micro-heater and RTD sensor on the backside of the
bottom layer of the uPPI. (E) Optical image of the uPPI mounted
in the exposure chamber with its PCB packaging..........cccoovvevvvevieiinenn, 67
Figure 4.2 Height equivalent to a theoretical plate (H) versus average carrier
gas (Ny) velocity for the stationary phase-free, inert, interconnect

tubing used in the device characterization. Assuming toluene as
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the test vapor, the theoretical plot for the circular cross-section
tubing is obtained from the simplified Golay and Spangler
equation. The minimum plate height of ~ 0.05 cm occurs at the
carrier gas velocity of 4 — 10 cm-s™, which corresponds to the
sample flow rate of 10 — 25 mL-min™. Considering that the
conventional gas chromatographic (GC) separations need a lower
flow rate (< ~ 5mL-min™), our experiments employ the lower
bound for the flow rate value of 10 mL-min™ in the above optimal
21 [ [T PRSPPSO 69
Figure 4.3 (A) Cross-sectional schematic of the pPPI and top views of its
top and bottom layers with the control volumes used for the
thermal analysis. (B) SEM image showing microfabricated
structures of the open-cut device. (C) SEM image showing the
Carbopack X-cavity floor interface. The contact area between the
Carbopack X bead and the floor surface is measured from this
image. (D) SEM image used to estimate the thicknesses of the
boron doped silicon layer and the SION layer. ..........ccccccoeviveviiicieenn, 71
Figure 4.4 Top view of the bottom and top layers of the uPPI (Left) and
cylindrical shell models approximating the structures of these
layers for the analysis based on the lumped thermal method
(Right). These figures show the control volumes (CVs) used for
the transient heat transfer analysis. The right figure indicates the
reference locations of the CV temperatures T; (i = 1, 2, 3, 4, 5, 6,

and 7) used for estimating the thermal resistance between adjacent

Figure 4.5 (A) Elution profile f(t) resulting from chromatographic dispersion
in response to delta-function injection input &(t) . (B) “Real”
injection peak band profile of toluene at the concentration of 1ppm
generated by the uPPI g(t) (the left plot) and elution profile
resulting from chromatographic dispersion in response to g(t),
which is given by the convolution of g(t) and f(t) = (f*g)(t) (the
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right plot). The time derivative of the theoretical plot of the
cumulative mass of toluene released via thermal desorption (Fig.
4.7) gives the theoretical plot of g(t). The result of this
convolution (the right plot of (B)) represents the analytical
prediction of the elution peak band signal measured by the FP
optical sensor at the detection Point. ..........cccceevveveiie v 84
Figure 4.6 Theoretical (T, at CV;) and experimental plots of the temporal
temperature profile of the cavity floor membrane of the uPPI for

three different heating durations (2 s, 3 s, and 5 s) at a heating
power of 1.1 W. The red squares (), green triangles (A), blue

circles (0) represent experimental data obtained for different
heating durations. The red-dotted, green-dotted, and blue-dotted
lines are the theoretical profiles for heating periods of 2 s, 3 s, and
5 s, respectively. The lower plot showing the initial temperature
rise during the 2 s (we should include 3 s and 5 s theoretical
results to match the experimental results) heating duration
indicates the small thermal time constant of ~ 100 ms for the uPPI,
which allows the device to rapidly reach the high temperature of
250 “C WIthin ~0.3 S, c.eiuiiiiieiieeet e 87
Figure 4.7 Theoretical and experimental plots of the total cumulative mass
of toluene released from the uPPI by thermal desorption as a
function of heating duration. They are given for toluene originally

sampled for 15 min at 3 different concentrations of 270 ppb (red),

350 ppb (green), and 1 ppm (blue). The red squares ([1), green

triangles (A), blue circles (o) represent experimental data points
obtained for different heating durations. The red, green, blue solid
lines are the theoretical predictions at 270 ppb, 350 ppb, and 1
ppm, respectively. The inset shows the input voltage profiles
applied to the micro-heater for a varying duration (i.e., heating

duration) ranging from 1 s to 20 s. All of the off-state periods
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between the adjacent heating cycles involve sampling,

desorption/injection, and cleaning ProCeSSES. ........cocvvvererieereerieseesenns

Figure 4.8 Theoretical and experimental plots of the injection peak band

profile of toluene generated by the uPPI at different heating rates

of 90 °C-s™ (black), 80 °C-s™ (red), and 70 ‘C-s™ (blue). ......evvvvveenen.

Figure 4.9 Optical image showing the thermomechanical structural failure of
the uPPI after applying a high voltage of 25 V to the integrated
micro-heater on the cavity floor membrane. This input voltage
yields an average heating rate as high as 300 “C-s™. To prevent

this device failure, we avoid setting the input heating rate at an

arbitrarily high value. ...,

Figure 4.10 Plots of the theoretical and experimental injection peak band

profiles of toluene at the heating rate of 70 “C-s™. These plots

clearly show injection peak tailings affected by the heating rate..........

Figure 4.11 FWHM values and quantified injection peak tailing effect at

different heating rates of 70 ‘Cs™, 80 °Cs™, and 90 “C-s™......cc.cco........

Figure 4.12 Theoretical and experimental plots of the injection peak band
profile of toluene for different heating durations of 1 s (black), 3 s

(blue), and 10 'S (Fed). ...ccveeieciecieeeee e

Figure 4.13 Maximum peak height and FWHM value for heating durations

(o) I G TR T (o 1 I

Figure 4.14 Maximum peak height and energy consumption for heating

durations 0f 1S, 3'S, aNd 10 S. e

Figure 5.1 (A) Conceptual diagram of the uPPI showing the sampling of
VOC mixtures by diffusion and thermal desorption/injection
processes. The uPPIl comprises two layer structures; the top layer
incorporates vertical square diffusion channel grids for passive
vapor sampling; and the bottom layer contains a membrane cavity
structure with tapered entrance/exit on its two sides, pillar

structures to retain the graphitized carbon granules inside, and an
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integrated heater and a resistance temperature detector (RTD) on

its backside. (B) Schematic of the test setup incorporating two

Fabry-Pérot (FP) interferometic optical gas sensors used to

characterize the preconcentration, desorption/injection, and

separation performance of the uPPI for VOC mixtures. (C) Optical

image of the uPP1 mounted in the exposure chamber. Inset images

show the micro-heater and RTD sensor on the backside of the

uPPIl. (D) Optical image of the sealed exposure chamber. (E)

Conceptual diagram of the on-column FP sensor showing its

working principles. (F) Optical image of the FP optical gas sensor

ASSEMDIY. i 100
Figure 5.2 Calibration curves generated from injecting different

concentrations of 4 individual analytes in Tedlar bags to the on-

column FP optical sensor. Samples were injected to the sensor for

10 s at 2 mL/min. The tested concentrations ranged from 3 ppm

(1.0 ppm-mL) to 10 ppm (3.3 ppm-mL). Linear regression r?

values for all analytes are all > 0.99. Inset shows chromatograms

of 4 individual analytes (benzene, TCE, toluene, and m-xylene) at

the concentration of 6 ppm (2 PPM ML) ...ocviiriiiiiiee e 109
Figure 5.3 Plots of the mass trapped and thermally desorbed by the uPPI as

a function of sampling time for each analyte at a concentration of

500 ppb and a suction flow rate of 10 mL/min. The reduction in

the mass uptake rate beyond 45 minutes for all analytes reflects

the decline of the sampling rate as the number of available surface

sites on the adsorbents get decreased. .........ccevvveereeieiiin e 110
Figure 5.4 Experimental plots of the superimposed peak signals of the

released VOC mixtures generated by the pPPI at the different

heating rates of 60 ‘C/s (red), 75 “C/s (green), and 90 ‘C/s (blue).

The released/injected peak band signals of VOC analytes are
detected at the first FP optical sensor in the custom GC system

prior to separation. The reference time point (t = 0) is the time at
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which the heating power starts to be applied to the uPPI for

thermal deSOrPLION. ......c.ccvi i 112
Figure 5.5 Chromatograms from the second on-column FP optical gas

sensor for the 3 different heating rates of (A) 60 ‘C/s, (B) 75 "C/s,

and (C) 90 °C/s, generated by the puPPI. Peak assignments are as

follows: 1, benzene; 2, trichloroethylene (TCE); 3, toluene; 4, m-

XY, <o 114
Figure 5.6 (A) Mass uptake distribution of the compounds of the quaternary

mixture adsorbed on the surface of the adsorbents and (B)

theoretically predicted mass uptake and experimentally obtained

mass uptake for the sampling time of 60 min at the concentration

OF 50 PPD. s 117
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ABSTRACT

Microelectromechanical system (MEMS) technology enables the realization of
miniaturized lab-on-a-chip analytical systems. One of the active MEMS research areas is
microscale chromatography (uGC) capable of field-deployable in situ gas analysis. An
analytical pGC system promises to meet the need for hand-held, low-cost, and low-power
instruments analyzing complex organic compounds. Prominent applications of uGC
include environmental air monitoring, homeland security, military surveillance, and
biomedical diagnostics.

In particular, a complete uGC system comprises at least the following three
essential microscale components: (1) a preconcentrator, (2) a column, and (3) a detector.
A micromachined preconcentrator plays a major role in the quantitative detection of
volatile organic compounds (VOC) in moderately complex mixtures using a uGC system.
The preconcentrator installed at the front end of an analytical system significantly
enhances the detection performance of a uGC system by trapping and concentrating
analytes. Preconcentrated vapors are thermally desorbed by a heat pulse generated at the
heater integrated in the preconcentrator and delivered as a concentrated plug into the
downstream separation column by pumping. A narrow injection time-width pulse of

analytes by rapid thermal desorption leads to a significant improvement in the separation

Xvii



ability of the system. Thus, there is a strong need for a power-efficient microfabricated
preconcentrator capable of achieving high preconcentration and rapid heating.

Here, we present design, fabrication, thermal operation, and characterization of a
device named the microfabricated passive preconcentrator/injector (uPPI), which
captures VOC mixtures from the ambient by diffusion without a pump. The puPPI consists
of two layer structures; the top layer incorporates vertical square diffusion channels for
passive vapor sampling; and the bottom layer contains a membrane cavity structure with
pillar structures to retain carbon adsorbent granules inside and an integrated heater on its
backside for injecting captured VOCs downstream by thermal desorption. Fluidic and
heat transfer models are developed to guide the device design to ensure power-efficient
sample transfer during the thermal desorption. Comprehensive tests of the uPPI
demonstrate its general utility to enhance the detection performance of a uGC system.

Experiments performed with four individual VOCs at concentrations of ~ 500 ppb
show that the pPPI yields high sampling rates of 8.7, 8.6, 9.0, and 6.9 mL/min for
benzene, Trichloroethylene (TCE), toluene, and m-xylene, respectively, for up to ~ 45

min. The uPPI can reach 250 °C within 0.3 s with 1 W of applied power. The study

identifies an optimal heating condition of 90 "C/s for the uPPI that results in complete
separation of a quaternary VOC mixture. From an analysis of chromatograms obtained
with the sampling time of 60 min, the uPPI traps the quaternary mixture in the mass-ratio
of 13.6 % for benzene, 20.7 % for TCE, 24.6 % for toluene, and 41.1 % for m-xylene.
The results of these comprehensive tests demonstrate the puPPI’s ability to significantly

enhance detection sensitivity and separation resolution by zero power passive analyte

XViii



preconcentration and power-efficient rapid heating. The uPPI opens a new way to realize

a battery-operated standalone hand-held microanalytical system.
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CHAPTER I

INTRODUCTION

1.1 Research Introduction and Background

Exposure to volatile organic compounds (VOC) can seriously affect human health.
These compounds in the air should be monitored and analyzed for environmental and
human health protection [1, 2]. Gas chromatography (GC) is a powerful technique
commonly employed in a laboratory setting to analyze VOCs in a moderately complex
mixture [3, 4]. The components of a VOC mixture sample can be physically separated
and quantitatively identified by a GC system. However, conventional GC systems
comprise typically large, expensive, fragile, high power, and complicated bulky pieces of
instruments. As a result, it is challenging to acquire on-site data of indoor/outdoor
environment air quality using these systems. A low-cost, miniaturized, and hand-held
analytical instrument, namely a gas chromatographic microsystem (uGC), is highly
desirable to address the challenge. Such a microsystem enables field-deployable in situ
data analysis of a gas sample. In addition, uGC systems find wide use in indoor
environmental monitoring of homes, building offices or factories, point-of-care health

diagnostics, and homeland security.



Microelectromechanical system (MEMS) technology offers clear advantages over
conventional fabrication methods for miniaturizing an analytical system down to the
microscale. The microscale dimensions of MEMS devices lead to low-power
consumption and fast thermal response due to their small thermal mass while allowing
development of portable devices [5]. MEMS technology allows microfabrication of all
the three essential components of a uGC system, i.e., a preconcentrator, a separation
column, and a detector. The preconcentrator serves as a device for sample collection and
injection. The separation column, typically consisting of two polymer-coated silicon
channels and an anodically bonded glass cap with an integrated heater, is conceived to
achieve separation of a wide range of compounds. The detector used for the
determination of the analytes eluted from the column could be an either of a
chemiresistor, a thermal conductivity detector, a flame ionization detector, an optical
detector, a surface acoustic wave detector, or a differential mobility spectrometer.

Many applications using a microanalytical system often require the detection of
VOCs at low concentration levels of the parts-per-billion (ppb). However, the inherent
lack of sensitivity for most detectors limits the detection of such a low concentration of
the target analytes. Thus, preconcentration of VOCs is an inevitable process here.
Physisorption is the phenomenon governing the preconcentration process, where weak
intermolecular interactions between analyte molecules and an adsorbent surface are
caused by means of Van de Waals force. Physisorption processes can easily be reversed
by heating that raises the internal energy and breaking the weak bonds. The method based

on physisorption is preferred for preconcentration due to its simplicity and reversibility.



Physisorption is driven by two mechanisms: cryogenic cooling (cold trapping) [6]
and adsorption trapping [7]. Cryogenic cooling traps analytes on sorbents or device
surfaces at a temperature below their boiling points. This method requires high power to
cool down the system to -150 °C ~ -170 °C. On the other hand, adsorption trapping
immobilizes analytes on the surface of adsorbents at room temperature. The surface
energy of the adsorbents become lowered by the attachment of the analyte molecules. A
high surface-to-volume ratio is typically needed for the adsorbents to trap a large amount
of analytes. Therefore, a cooling-free, adsorption-based microfabricated preconcentrator
is highly desirable for use in a gas chromatographic microsystem.

A microfabricated preconcentrator (u-preconcentrator) also plays a critical role as
an injector in a uGC system. The preconcentrated analytes should be rapidly delivered to
a downstream analytical system in the form of a narrow desorption peak yielding local
high concentration. This sharp analyte peak pulse enhances the separation capability and
detection sensitivity of GC analysis. As such, a p-preconcentrator has the two important
functions of trapping a chemical sample and injecting concentrated sample vapors to the
inlet of a downstream analytical system by thermal desorption. As VOC analytes at low
concentrations pass through the device, the adsorbents packed in or deposited on the
surface of the device chamber trap these compounds over a period of time, followed by
subsequent rapid thermal desorption.

This thesis work develops a new p-preconcentrator that achieves both vapor
sample trapping at zero power consumption and rapid thermal desorption at low heating

power using MEMS technology and fluidic and heat-transfer modeling.



1.2 Research Motivation

This research is primarily motivated by the need for a new approach to reducing
electrical power consumption in carrier gas pumping for the vapor sampling by a
microfabricated preconcentrator. The power reduction is highly critical to develop a
portable uGC system. Several researchers have developed pu-preconcentrators, which
typically comprise a micromachined device with an internal cavity packed or lined with
adsorbent materials. VOC mixtures in an air sample, drawn through these
preconcentrators by means of a small pump, are trapped on the surfaces of the adsorbents.
As more power-efficient uGC components are developed, the pumping process becomes
highly dominant in power consumption and presents itself as a bottleneck against
realizing a battery-operated hand-held system. Although several prototypes of low-power
microfabricated pumps have been demonstrated, their pumping capacity is still limited
and insufficient for the operation in a complete uGC system [8, 9]. Most uGC systems
still use commercial pumps whose power is comparable to that required for thermal
operations of microscale preconcentrators and separation columns [10-17]. For the
detection of a low concentration range of VOCs, which requires a large sample volume
over a long period of time for analysis, the energy used for pumping easily exceeds that
for the other subsystems.

This research is also motivated by the need to improve the vapor thermal
desorption and injection performance of a u-preconcentrator. This is required to achieve
high-resolution chromatographic separation of VOC mixtures at low power.

Preconcentrators for detecting a broad spectrum of VOCs require a thicker and a more

4



complicated cavity structure to retain adsorbent granules than analyte-specific devices
that incorporate a membrane structure coated with a vapor-adsorbing polymer thin film
[25-35]. The problem is that the former devices typically suffer from poor heat transfer
due to poor heat transfer in their structures. Thus, detection of complex organic
compound mixtures using these preconcentrators requires relatively high power (2 ~ 10
W) with slow thermal response [18-20, 22, 23]. This hinders the generation of sharp
analyte injection pulses leading to high separation resolution as well as the reduction of
power required for the development of a hand-held system.

This study employs a non-conventional sampling method that eliminates the use
of a pump on the basis of vapor diffusion. This passive sampling method enables us to
significantly reduce energy consumption for VOC analysis. Moreover, we design a
membrane structure-based preconcentrator device to achieve enhanced thermal
desorption/injection performance even at low power using proper fluidic and thermal
models. This thesis describes the development of a new MEMS device that overcomes
the aforementioned problems with microfabricated preconcentrators for VOC mixture

detection.

1.3 Thesis Objectives

This research has four main goals to address the shortcomings of existing
microscale preconcentration technologies. The first objective is to establish a new
approach to molecular diffusion-based vapor collection for developing a zero-power

passive sampling preconcentrator. The second objective is to achieve rapid thermal



desorption and injection of trapped VOCs at a membrane cavity structure with an optimal
thermal design. The third objective is to explore the influence of heating conditions on
the chromatographic separation resolution of a uGC system incorporating the designed
preconcentrator; here, a multi-physics model accounting for heat transfer, fluid dynamics,
and vapor desorption kinetics is developed. With careful engineering analysis, this work
provides a device design/operation guideline to achieve accurate GC analysis in a
microanalytical system. The final objective is to demonstrate the general utility of our
device for analyzing a broad spectrum of VOC mixtures with a GC system. This study
provides a new microscale device to significantly improve the detection sensitivity and
separation resolution of GC analysis that differentiates and identifies a large number of

analyte species in a complex mixture.

1.4 Thesis Outline

The thesis study comprises five subsequent technical chapters. The outline of the
thesis is summarized as follows:

Chapter Il — Review of Related Studies: This chapter reviews other studies related
to this thesis work and providing essential information for this project. The chapter
summarizes other competing technologies targeting similar goals and applications. The
review is focused on two main topics: (1) gas chromatographic microsystems and (2)
microscale preconcentrators. Each section summarizes representative studies concerning

one of these topics.



Chapter Il — Passive vapor sampling of microfabricated preconcentrator/
injector: This chapter describes design, fabrication, and preliminary testing of a new
MEMS device, namely the microfabricated passive preconcentrator/injector (uPPI). The
device design concept is first described, showing how the passive sampling method can
be integrated into a micromachined device for vapor preconcentration. Next discussed are
design specifications, fabrication processes, and experimental methods used for testing
the device performance. The power dissipation and thermal response of the device are
then characterized by gravimetric tests to measure the initial mass uptake rate for toluene.
Finally, the sampling rate and sampling capacity as well as the sample loss upon the
thermal vapor desorption are studied for the uPPI using a custom chamber setup.

Chapter IV — Impact of microscale on-chip heating on vapor release and injection:
This chapter discusses the influence of on-chip heating conditions on the vapor
desorption and injection performance of the uPPl. Our study develops a modified
desorption kinetic model coupled with heat transfer theory to predict the dynamic process
associated with the vapor thermal desorption. Using an experimental setup incorporating
an optical sensor and the aforementioned custom chamber, we observe elution peak
signals generated by our device and characterize their peak height, full width at half
maximum, and peak tailings. Comparing the experimental results with model prediction
elucidates how the thermal desorption/vapor injection behavior of the uPPI affects the
resulting peak band signal characteristics.

Chapter V — Preconcentration, Injection, and Separation performance for VOC
mixtures: This chapter achieves preconcentration, desorption/injection, and separation of
a VOC mixture sample using the uPPI to demonstrate the device's general utility in a

7



uGC system. A custom GC system fluidically integrating the uPPI and dual optical
sensors is first developed and then used to demonstrate the full pPPl-based GC
operations. Calibrations of the optical sensor signals for the tested 4 vapor analytes are
performed for subsequent quantitative measurements. Next, the sampling rates for these
analytes are measured. We then experimentally determine an optimal heating condition to
generate a sharp vapor injection pulse by the uPPI and obtain complete separation of the
components of the VOC mixture. Finally, we analyze chromatograms resulting from the
complete separation verifying the detection sensitivity enhancement caused by using the
uPPI,

Chapter VI — Conclusions and Future Work: This final chapter summarizes the
impact of the presented research and discusses future work on the uPPI. The current
study can be extended to two directions: (1) in-depth study of the performance of the
uPPl for preconcentration and separation of sub-ppb-level vapor mixtures when
integrated in a GC system and (2) full integration of the uPPI with a microfabricated

column and sensor to develop a battery-operated low-power uGC system.



CHAPTER Il

REVIEW OF RELATED STUDIES

In this chapter, we review previous studies related to this thesis research. Reviewing
these studies helps justify our research as well as provides an overview of other
competing technologies. Our work aims to provide a new MEMS preconcentrator device
as a useful component for microscale gas chromatography. To benchmark our device
against state-of-the-arts, we review current (1) gas chromatographic microsystems and (2)

microscale preconcentrators.

2.1 Gas Chromatographic Microsystems

Components of a complete uGC system typically include micropreconcentrators
[18-35], microcolumns [36-45], microsensors [46-59], and micropumps [8]. Several
studies developed individual micromachined components or subsystems combining a
micromachined column with another component [60-62]. However, only a few studies
demonstrated a complete uGC system consisting of at least three essential components
micromachined, i.e., a preconcentrator, a column, and a detector [10-14, 37, 63].

Terry et al. first pioneered a miniaturized gas analysis system fabricated on a Si

wafer [64] and Reston and Kolesar subsequently reported a GC system employing a
9



micromachined column and thermal conductivity detector [65, 66]. Since then, several
researchers have developed uGC systems potentially enabling low-power, low-cost, low-

volume, rapid analysis, and battery-operated hand-held operation [10-14].

_ MICROMACHINED GOMPONENTS
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!
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Figure 2.1 Functional block diagram of the micromachined gas chromatography (GC)
system [67]

Figure 2.1 shows the earliest silicon micromachined GC system consisting of a
carrier gas supply, a sample injection system, a separation column, and a detector, all
fluidically connected to each other. The data processing system connected to the detector
was used for signal analysis. In this system, the separation column and the detector were
the only microfabricated components. To separate vapor analytes, a certain amount of gas
volume extracted from the environment was injected into the capillary column via an
inert carrier gas using the sample injection valve. Each analyte component has a different
vapor pressure in the mixture sample and elutes at a different time after interacting with a
stationary-phase film coating the inner surface of the column. Consequently, the effluents

of the components of the vapor mixture emerge from the separation column as a series of
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Detectors

Figure 2.2. Two monolithically-integrated uGCs chips side-by-side. The chip on the
left-hand side has the metallic traces used to electrically connect the PC and sensor
shown face up. The chip on the right hand side is metal-side down to show the fluidic
channels and deep reactive ion etched (DRIE) pGC channel [59].

separated peaks in the inert carrier gas. The system incorporated a chemiresistor detector,
which measures the particular property of each analyte (e.g., thermal conductivity,
electrical conductivity, etc.), to analyze the separated components of the mixture sample.
The early-stage micromachined GC systems needed high analayte concentrations (~ as
high as several hundreds of parts-per-million (ppm)) because of the limited sensitivity of
the gas detector.

More recently, Sandia National Laboratories developed the uChemLab® , the first
fully microfabricated GC system with all of its essential components micromachined.

This system incorporated a microfabricated preconcentrator with a micromachined-Si

11



separation column and an integrated acoustic-wave sensor array into a hybrid
microanalyzer [12, 28]. A revised system with monolithically integrated components was
recently reported (Fig. 2.2) [59]. In their new system, a magnetically-actuated pivot plate
resonator (PPR) sensor and a GC column were fabricated on the same Si chip. The
detector relies on Lorentz force generated by an alternating current in the presence of a
magnetic field to drive the sensor platform into mechanical oscillation. The sensor coated
with a thin polymer layer traps the sample and the resulting mass change induces an
oscillation frequency shift, which is electronically detected. It is also used as a mass-
sensitive preconcentrator due to its trapping function. Here, monolithic integration of a
MEMS GC column and a PPR sensor on the same platform greatly simplified the system
fabrication. However, the operation of this monolithic microsystem is only limited to
analyzing specific chemical warfare agents (CWA), which represent a narrow spectrum
of VOC species.

To overcome this limitation, other laboratories have developed a whole uGC
system assembled from separately fabricated subsystems for comprehensive
environmental vapor analysis in the low-ppb range [10, 11, 37]. In 2004, Dziuban et al.,
developed the first portable GC system in Europe [37]. This system employed a
micromachined injector and a thermal conductivity detector (TCD). The injector in this
system compresses a vapor sample by electromagnetic valve actuations. which requires
fluidically complicated interconnections and operations to collect samples. The TCD
detects a temperature increase caused by chemical reaction of the device's polymer
coating with the vapor sample. However, the detector has low sensitivity of ~ 10 ppm and

low preconcentration performance, thus limiting its application. More recently, Zampolli,
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Figure 2.3. Photograph of the prototype miniGC system: single components (a),
assembled mini GC (b), complete packaged prototype (c) and close-up on the
pneumatic interconnections (d) [11].

et al. [11], a research group at the Institute of Microelectronics and Microsystems of
the Italian National Research Council (CNR-IMM), developed a complete uGC system
comprising a preconcentration column, a GC separation column, and a metal oxide
semiconductor (MOX) solid-state gas sensor (Fig. 2. 3). The researcher fabricated the
micromachined preconcentration column using a DRIE process, followed by anodic
bonding of a Pyrex wafer for encapsulation. A metallic pattern was deposited on the
back-side of the Si wafer to form a microheater. The fabricated channels were coated
with a mesh of quinoxaline-bridged cavitand (QxCav) that engulfs aromatic compounds.
A micromachined separation column was fabricated to form a 50 cm long spiral channel
with a cross-section of 0.8 mm?. The MOX sensor arrays highly sensitive to aromatic

compounds were integrated in a Si-micromachined structure. This mesoscopic GC
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system detected benzene ranging ~ 0.5 ppb to ~ 2ppb after sampling 55 min at 50
mL/min. However, the implementation of this system is only limited to selective
detection of aromatic compounds.

The Engineering Research Center for Wireless Integrated Microsystems (WIMS),
University of Michigan, developed the first hybrid microfabricated gas chromatograph
with all of its analytical components consisting of the MEMS devices (Fig. 2. 4). These
components include an on-board calibration-vapor source, a microfabricated
preconcentrator/focuser (uPCF), a separation column, and a multi-sensor array. The
microfabricated calibration-vapor source was designed to generate calibrant vapor by
diffusion from a liquid reservoir. This component was adjunctively used to compensate
for several factors affecting analytical performance such as aging or drift. The uPCF, one
of the aforementioned three essential components, traps organic vapors with a three-stage
structure and thermally desorbs the captured/concentrated analytes. It is designed to
provide a sharp injection pulse to enhance high-speed chromatographic separation
performance. A series of three types of carbon-based adsorbents packed in the stages of
the uPCF is used to trap a broad spectrum of volatile organic compounds (VOCs). The
separation column employs a series of glass-capped square-spiral channels etched by the
DRIE process to provide sufficient resolution to separate components in a vapor mixture.
The uGC detector consists of an integrated array of four chemiresistors, each showing
partially selective response to the analytes. The detector identifies the vapor type and
quantifies the vapor concentration. This hybrid microsystem could separate and identify
11 vapor species in a moderately complex mixture within a few minutes. However, each
of the components of this system suffered from either limited sample trapping/thermal
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Figure 2.4. Block diagram of the MEMS uGC prototype analytical system: (a)
calibration-vapor source before (left) and after (right) assembly; diffusion channel and
headspace aperture can be seen in the top section and macro-PS reservoir can be seen in
the bottom section; (b) 3-stage adsorbent uPCF prior to loading and sealing (top left),
with close-up SEM images of each section loaded with adsorbents (lower left) and
assembled structure with capillary interconnects on a U. S. penny; (c) 3 m separation-
column chip (left) with close up views of the channel cross- sections prior to (top right)
and after (lower right) sealing; (d) detector assembly with 4-chemiresistor array chip
(right), Macor lid (white square structure), and sealed detector with connecting
capillaries mounted on a custom mounting fixture (left). The dashed line is a flow-
splitter [10]

performance, low desorption capability, poor separation resolution, or low detection
sensitivity. Furthermore, the first-generation hybrid uGC system was not able to perform
in situ gas analyses because of its insufficient capability of collecting an air sample from

the field. The system operations were also limited to a laboratory environment because of
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the need for a data acquisition/system control desktop computer as well as several power
supplies for driving the individual components.

Toward developing a complete field-deployable uGC, the WIMS center at the
University of Michigan has improved the design and performance of several components
of the aforementioned uGC system [10] and integrated them into a single unit for more
accurate quantitative analysis of organic vapor mixtures (Fig. 2. 5) [14]. In this uGC unit,
a mini pump draws an air sample through a manifold-mounted pretrap and a sampler at a
high flow rate. The sampler coupled with the pretrap can collect an air sample from the
environment that contains a large number of background compounds. The captured
VOCs from the ambient are then thermally desorbed and transferred to the microfocuser
(uF) at a low flow rate by appropriate valve actuation. The uF is rapidly heated to desorb
the re-trapped VOC mixtures and subsequently draw them into the two series-coupled
microcolumns for separation, followed by detection by the array of nanoparticle-coated
chemiresistor microsensors. The further improvement of the hybrid uGC system enabled
selective determination of target analytes at sub-ppb concentrations in the presence of a
complex mixture of the background VOCs (~40 components). However, this new hybrid
uGC system still requires external power supplies for its operation. The need for
pumping large volume of the sub-ppb air sample significantly increased the power
consumption. To realize a battery-operated GC system, a more power efficient uGC

pumping mechanism is required.
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Figure 2.5. Fluidic pathway diagram of the uGC prototype and photographs of the major
components: (a) schematic diagram showing fluidic pathways; (b) microfocuser (uF); (c)
3 m microcolumn; (d) microsensor array; (e) integrated microanalytical subsystem; (f)
high-volume sampler/pretrap; (g) valve and vale manifold; (h) miniature diaphragm
pump. [14]

2.2 Microscale Preconcentrators

An upstream preconcentrator can enhance the overall detection and separation
performance of a GC system. In general, preconcentrator devices are used for two main
purposes: (1) detection of a handful of specific target analytes and (2) detection of
moderately complex volatile organic compounds (VOC) mixtures. When it comes to

determination of the components of a moderately complex vapor mixture at parts-per-

17



billion (ppb) concentrations, a preconcentrator is an essential component serving both as
a vapor sampler and as an injector.

Conventional tube preconcentrators, or so called microtraps, comprise a stainless-
steel or glass capillary tube packed with adsorbents [68-70]. For thermal desorption,
electrical power is directly applied to a stainless-steel tube or to a metal wire coiled
around the glass capillary tube. These devices are large in size and consume high power

for heating. The performance is also limited by large dead volume and low heating

(a) (b) (©) (d)

Analyte Pt heater

absorber layer
ANy SiN Membrane

DRIE cavity
Si Substrate

(e)

Figure 2.6. (A) Deep reactive ion-etched (DRIE) microhotplate preconcentrator. (B-D)
KOH-etched microhotplate planar preconcentrators. In (B), a circular patch of
adsorbent is centered on the preconcentrator. (C) and (D) show the etch side and metal
side, respectively, of the same device. (E) Cross-section of a planar preconcentrator.
[12, 73]
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efficiency due to their large thermal mass, which results in vapor injection with a broad
pulse profile. Microfabricated preconcentrators (u-preconcentrators) using MEMS
technology significantly reduce dead volume, device size, and thermal mass, thereby
overcoming these limitations. The p-preconcentrator device plays a key role as the
subsystem of a microsensor through significantly improving detection sensitivity and
selectivity. Its microscale dimensions also enable integration of the device with other
microfabricated key components of a micro-analytical system.

Some investigators have developed u-preconcentrators for selective detection of a
limited spectrum of compound species, such as explosives or chemical warfare agents
(CWA). These p-preconcentrators typically employ a micromachined planar
microhotplate and apply a highly selective adsorbent coating to the hotplate surface.
Sandia National Laboratories initially developed a planar p-preconcentrator (1997) to
meet the need for rapid trace detection of specific target analytes [71]. This p-
preconcentrator was incorporated in the pChemLab® , introduced in chapter 2.1 [12]. The
micro-hotplate with an integrated platinum micro-heater (Pt) was fabricated using DRIE
or KOH etching (Fig. 2. 6). This planar u-preconcentrator reached 200 °C from room
temperature in 4 ms at a low power of 100 mW. The hotplate surface was coated with a
surfactant-templated sol-gel layer with a microporous hydrophobic surface [72], which
yields high adsorption selectivity. The analyte flow was drawn parallel to the device by a
pump. This device successfully collected compounds of interest such as CWA soman or
dimethyl methylphosphonate (DMMP) even over a background of numerous interfering
compounds. With rapid thermal desorption, this planar preconcentrator injected a narrow

vapor pulse to the GC column.
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Figure 2.7. Basic preconcentrator design. [74]

The naval Research Laboratory (NRL), Washington, DC, USA, in collaboration
with the University of Lousville (U of L) and George Washington University (GWU)
developed a different type of u-preconcentrator operated by the same principle. The focus
of their study was on enhancing the detection threshold for explosives, namely
organophosphates and nitro-aromatic compounds, using a p-preconcentrator with an ion
mobility spectrometer (IMS). These devices incorpoate arrays of perforated micro-
hotplate structures coated with a polymer layer, a hyperbranched carbosilane with
hexafluoroisopropanol functional group (Fig. 2. 7). This sorbent polymer is useful for
collecting hydrogen bond-based explosive analytes. With the increased surface area, the
flow-through hotplate design facilitates gas flow through the device at a relatively high
rate , thereby improving the analyte collection capacity. The platinum micro-heater was

also embedded in the perforated hotplate and achieved heating from room temperature to
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120 °C within 0.3 s at 150 mW. The large active area of this p-preconcentrator hotplate
contributed to a larger preconcentration factor than the Sandia planar preconcentrator.
Using this u-preconcentrator, dimethyl methylphosphonate (DMMP) and explosives were
successfully detected.

Preconcentration of VOCs typically requires a thick hotplate with deep cavities
holding a large quantity of adsorbents [18-24]. These adsorbents comprise carbon-based
granular materials of different size and allow for capturing multiple VOC species in
moderately complex mixtures. The effective surface area for compound adsorption
provided by these materials is much larger than that of the analyte-specific p-
preconcentrators. Thus, an adsorbent-based u-preconcentrator can trap a large amount of
VOCs with various volatilities, thereby yielding a high preconcentration factor. The VOC
preconcentration process uses a diaphragm pump to draw air samples into adsorbents
packed in the p-preconcentrator. Micro-heaters integrated activates vapor thermal
desorption at the p-preconcentrator. A multi-stage microfabricated preconcentrator-
focuser, one type of adsorbent-based p-preconcentrator, was developed at The University
of Michigan (Fig. 2. 8) [20]. The researchers packed three different active carbon
adsorbents in a containment channel of the device. The channel comprises a bulk heater
with high-aspect-ratio active elements that provide both a large heating surface area and
volume capacity to retain a large amount of adsorbents. Each type of the three carbon
adsorbent granules has its own effective surface area, pore size distribution, and pore
morphology. Simultaneous use of these adsorbents enables the three-stage p-
preconcentrator to efficiently trap VOCs spanning a wide range of volatilities. With a

doped microheater, the device was heated up to 250 °C within 6.5 s at a power of 1.5 W.
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Using a conventional GC system connected to this device successfully analyzed 30

compounds at sub-ppm concentrations.

INLET/OUTLET

FIRST STAGE
CARBOPACK B
1.6 mg, 100 m%/g
0.01 TO 29 Torr

THIRD STAGE
CARBOXEN 1000
L 4] 0.6 mg, 1000 m?/g
ol 95 TO 231 Torr

SECOND STAGE
CARBOPACK X, 1 mg, 250 m%g
29 TO 95 Torr

Figure 2.8. Three-stage microfabricated preconcentrator-focuser using thick
microheater (upper center) packed with three carbon adsorbents to cover a wide range
of compound volatilities. [20]

In recent years, u-preconcentrators coated with a polymer layer of nano-powders
were developed for concentrating a mixture of organic vapors [12, 26, 31]. An example
of these devices developed in Sandia National Laboratories offered 3D adsorbent
supports with a larger area in comparison to the planar counterparts and yielded a
sampling time longer than 20 min for saturation. This enables collection of analytes at

relatively low concentrations and allows trapping of compounds with low volatility that
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Figure 2.9. (A) Cross-section of the etched channel of the microfabricated
micropreconcentrator [25]. (B) Silicon micro-channels obtained by DRIE. [26]

cannot typically be collected by the planar p-preconcentrators. To capture the analytes,
the surfaces of the 3D adsorbent supports were coated with nanoporous carbon, sol gels,
and commercial packing materials. This device used 150 mW to achieve a desorption
temperature of 200 “C and its enlarged adsorbent surface area resulted in the increase of
the preconcentration by a factor of 3 than the planar preconcentrator. Other microscale
preconcentrators comprised a microchannel [25] or an array of pillars [29-31, 33-35]
etched using the DRIE process. A thin layer of Al deposited on the microchannel served

as a heater that could reach 200 °C within 10 s. A polymer layer as an adsorbent was
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deposited on the microchannel (Fig. 2. 9A). This microchannel-based preconcentrator
was tested with a stream of VOCs at ppm level concentrations. The preconcentrator
containing an array of pillars significantly increased the surface areas by creating a large
number of pillars in the Si-chip cavity (Fig. 2. 9B). The channel and pillars were coated
with carbon nano-powder or a polymer layer (Tenax TA or PDMS). The pillar array and
channel structures could be designed to increase the adsorption capability and ensure the
smoothed sample flow to avoid gas residuals in the cavity. Although these devices
successfully achieved a high preconcentration factor for VOCs, further improvements are
necessary to detect low- and sub-ppb level concentrations of vapor sample.

Overall, regardless of preconcentrator type or group, all the existing p-
preconcentrators require active pumping to draw the vapor sample into the adsorbents.
The power required for pumping in a uGC system becomes more significant along with
the increase of the required sample volume and analysis time depending on needs. From
the studies reviewed here, it is clear that the preconcentration capability and the rapid
thermal desorption of a preconcentrator with low power play key roles together in GC
analyte detection. These preconcentrator studies exemplify the need for a MEMS-based
high performance preconcentrator device with low power and for an innovative approach

to developing such a device.
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CHAPTER III

PASSIVE VAPOR SAMPLING OF MICROFABRICATED
PRECONCENTRATOR/INJECTOR

3.1 Introduction

Gas chromatographic microsystems (uGCs) offer great potential for analyzing
mixtures of volatile organic compounds (VOCs) in miniature packages suitable for
personal exposure monitoring, point-of-care medical diagnostics, explosive detection,
and other applications. Examples of functional prototype uGCs, which we define as
comprising, at a minimum, a preconcentrator or a sample injector, separation column, and
detector, all of which are microfabricated from Si, glass, or other suitable materials, have
appeared in recent years [8, 10-14].

Often, it is necessary to concentrate VOC(s) of interest prior to analysis because
most detectors lack the inherent sensitivity required to attain the low detection limits
demanded in many applications. For this reason, uGC injectors that incorporate a
preconcentration function are common. Numerous reports have appeared on
microfabricated preconcentrators, which typically consist of a micromachined device

with an internal cavity packed or lined with an adsorbent material [18-20, 28, 31, 74-76].
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The VOCs in an air sample, drawn through the device by means of a small pump, are
trapped on the surface of the (typically) high-surface-area solid adsorbent. Subsequent
rapid heating leads to desorption into a carrier gas flowing at a lower rate, which leads to
an enhancement in concentration of the VOCs that are passed downstream to a separation
microcolumn and/or a microsensor or microsensor array.

One important factor affecting device performance is the dynamic adsorption
capacity, which is related to the volatility and functionality of the VOC(s), the mass and
specific surface area of the adsorbent (and therefore the size/mass of the device), and the
flow rate of the air sample being drawn through the device. Other important performance
factors are the desorption rate, efficiency, and bandwidth, which are also related to the
volatility and functionality of the VOC(s), the mass and surface area of the adsorbent, and
the desorption/injection flow rate, as well as the maximum temperature and rate at which
the device is heated. Power requirements also come into play, and often have a
significant influence on device design.

As progress is made toward smaller and more power efficient uGC components,
the power required for pumping becomes more significant. Although a few reports on
low-power, microfabricated pumps used in uGC separations have appeared [8, 9], most
uGC systems rely on commercial mini-pumps, which dissipate power on the order of 1-4
W [8, 10-17]; this is comparable to the power required for heating state-of-the-art
microscale preconcentrators and separation columns [18, 20, 39, 75, 77]. Depending on
the required sample volume and the time of analysis, the energy for pumping may exceed

that for the other power-intensive components.
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Passive diffusional samplers were developed nearly 40 years ago for sampling the
breathing zone of workers potentially exposed to VOCs [78], and they are used routinely
in environmental and occupational exposure monitoring [79-83]. Most commercial
passive VOC samplers are small (i.e., a few cm®), employ carbon based trapping
materials, and have sampling rates of ~3 to 30 mL/min. Following the sample collection
period, typically 4-24 h, the sampler is returned to the laboratory for solvent or thermal
desorption followed by conventional GC analysis. Although a miniaturized passive
sampler has been reported [84, 85], there have been no reports on a microfabricated
passive sampler with or without an integral heater.

In this chapter, we report on a microfabricated passive preconcentrator-injector
(uPPI) that captures vapors from the air at a known rate by diffusion, without a pump.
The uPPI has a top layer with a grid of precisely defined micrometer-scale channels
through which VOCs diffuse, and a bottom layer with a thermally isolated, adsorbent
packed cavity, tapered inlet/outlet sections with fluidic ports, and an integrated heater on
the underside of the cavity floor for desorbing and injecting captured VOCs downstream
upon completion of a specified sampling period. The next section provides a brief
overview of diffusional sampling theory and the scaling laws relevant to miniaturization.
A general description of the pPPI is then presented, followed by the detailed design
specifications, the fabrication process, and methods used for testing performance. The
power dissipation and response time of the device heating function along with results of
initial gravimetric tests of the mass uptake rate using toluene as the test vapor are then

briefly summarized. Finally, chamber tests showing the operation of the uPPIl are
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presented, with an emphasis on documenting the sampling rate, capacity, and desorption

(injection) capture efficiency of toluene as a function of flow rate.

3.2 Background and Theory of Passive Sampling

Passive samplers rely on the diffusion of vapors down a concentration gradient
created within the device by placing an adsorbent trap at the end of a stagnant chamber
that is open to the ambient. Assuming that the air concentration is effectively zero at the
surface of the trap, the diffusional sampling rate is given by the following equation,

derived from Fick's law of diffusion [86]:

s—=>A_M (3.1)

where D is the diffusion coefficient of the vapor (cm?s), A is the cross-sectional area of
the sampler (cm?), L is the length of the diffusion path within the sampler (cm), C is the
ambient vapor concentration (ug/cm®), and m is the mass of vapor captured (ug) over the
sampling time, t (s).

In the absence of turbulence, S is directly proportional to A and inversely
proportional to L, and it is theoretically possible to scale down the size of the sampler
while keeping S constant by maintaining a constant L/A ratio. In one sequence of articles,
Gonzalez and Levine [84, 85] described a miniature passive sampler consisting of a
cylindrical steel thimble, with a charcoal-pad trap and wire mesh cap. The dimensions of
the device, A = 32 mm? and L = 3.8 mm, resulted in a sampling rate for benzene of 2.8

mL/min, which is relatively low due to the small A/L ratio of 8.4. This sampling rate
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could be maintained for 30 min at a challenge concentration of ~0.8 ppm of benzene,
after which it started to taper off due to the limited capacity of the adsorbent.

At low vapor concentrations and sub-monolayer coverage of the adsorption sites
on the trapping material, the amount of vapor adsorbed to the surface of a granular
adsorbent at equilibrium is proportional to the air concentration of the vapor. It can be
expressed as the equilibrium adsorption capacity, W,, which is the ratio of the mass of
adsorbed vapor to the mass of adsorbent material [87]. As a monolayer is approached, W,
no longer increases in proportion to the air concentration of the vapor, and at a full
monolayer W, reaches a constant value. In the sub-monolayer regime, the adsorbent
serves as an effective vapor trap and the concentration of vapor near the surface can be
assumed to be close to zero, so that the sampling rate is governed by equation (3.1). As
the sites on the adsorbent gradually become occupied, the trapping efficiency is expected
to decrease along with the sampling rate. The point at which the sampling rate decreases
significantly is a function of time and the vapor concentration, and it defines the effective
capacity or service life, as explored below.

Once the sampling period is concluded it is necessary to desorb the captured
vapors for analysis. For a microfabricated device, this could be done thermally by heating
the adsorbent in situ and drawing the released VOCs to downstream components by
means of a small pump. This was the approach taken for the uPPI described here.
Designing the device for power-efficient heating is therefore important. In addition,
sufficient suction flow velocity must be provided to overcome the back-diffusion velocity
imparted to the VOCs by the heating process so they do not escape through the inlet

aperture. The material properties, fluidic paths, dimensional constraints, heat transfer
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efficiency, and velocity profiles related to these design and operation variables must all
be accounted for in order to realize a variable microscale device suitable for use in the

quantitative analysis of VOCs.

3.3 General Description

Fig. 3.1 shows a block diagram of a hypothetical microscale GC (uGC) system
that incorporates the puPPI as the vapor capture device. A focuser is included because the
(pump-driven) flow rate required for delivering desorbed samples from the uPPI to the
microcolumn is expected (see below) to exceed the maximum flow rate typically used in
uGC separations (i.e., <5 mL/min). Although splitting the flow downstream from the
uPPI could be considered, a properly configured focuser can function as an efficient

o

Focuser

o L]
Column
MPPI
Sensor Array
PUMP Valve

Figure 3.1. Conceptual layout diagram of a microscale gas chromatograph (LGC)
incorporating the WPPl wherein vapor samples would be collected passively,
transferred to a (micro)focuser, injected to the microcolumn for separation, and
detected by an array of microsensors.

30



Sampling
a!

oo

a
Adsorption

Desorption Outlet
EEm |||||||||||||||||||||||||||||I

Filling rrriziis
- Ports (Heater on) Inlet
Inlet

Figure 3.2. Exploded view conceptual diagram of puPPI and side views showing the
diffusional sampling and thermal desorption processes.

VOC trap at relatively high flow rates and then be heated rapidly to inject a VOC sample

at a (lower) flow rate more compatible with efficient chromatographic separations [14].

The (entire) injected mixture of VOCs would then be separated in the microcolumn and

detected by an array of microsensors [10, 14].

Fig. 3.2 shows an exploded-view illustration of the uPPI along with side-view
illustrations of the sampling and desorption processes, and Fig. 3.3 provides more
detailed diagrams and images of selected device features. The top layer contains a grid of
square diffusion channels through which vapors pass into the device (Fig. 3.3A). This
layer also has a through-hole used for fluidic interconnection to downstream components
upon thermal desorption/injection of capture VOC samples. The bottom layer contains a
cavity with tapered entrance/exit pathways on two sides and a set of walls and pillar
structures to retain the adsorbent granules in its central region (Fig. 3.3B). The area of
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Figure 3.3. Images of (A) top layer, (B) bottom layer, and (C) assembled uPPI system
in the exposure chamber. The fabricated top layer is shown in (A). The adsorbents
(Carbopack X) are packed through the filling ports (left-hand image of (B)) after
bonding the top layer and the bottom layer. The right-hand image of (B) shows the 3D
SEM image of the bottom layer. The adsorbents are confined by pillars after packing. In
(C) the packaged PPI is shown mounted in the exposure chamber.

this central region matches that of the diffusion-channel grid in the top layer. The

(desorption) inlet and adsorbent filling ports are located at one end of the cavity, and
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there are two internal side ports that help to distribute the airflow during thermal
desorption. The underside of the membrane floor of the cavity has a meander-line metal
thin-film heater and a resistance temperature device (RTD) for thermal desorption (Fig.
3.3C). The desorbed vapors are drawn through the outlet port and injected onto the

downstream focuser.

3.4 Device Design and Expected Performance

The top layer Si-substrate thickness, which defines the diffusional path length
through the grids, L;, was set at 200 um. The aperture of each element in the diffusion-
channel grid was set at 54 x 54 um (grid walls = 12 um wide). The grid can be viewed as
a rectangular subsection with dimensions of 3.2 mm x 1.7 mm and a trapezoidal
subsection with dimension of 3.2 mm (long side), 1.8 mm (short side), and 0.7 mm
(width), the sum of which contain 1530 channels with an overall area, A;, of 4.5 mm>.

Note that the need for a turbulence barrier arises if L/d < 2.5, where d is the
diameter of the sampling aperture [88]. Below this value of L/d, the path length can be
effectively reduced in windy environments by eddy currents created at the entrance to the
sampler, to an extent that increases the sampling rate significantly. For an effective grid
aperture diameter of 61 um (derived from a circle having the same area as each grid-
aperture square), the value of L,/d for each channel in the uPPI is 3.3, and the effects of

turbulence should be negligible.
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Figure 3.4. Determining the sampling rate: Concept of characteristic length.

The cavity in the bottom layer was designed with a small headspace volume
above the adsorbent layer to facilitate adsorbent loading and the subsequent capture of
desorbed vapors. Since vapors must diffuse through this gap, it affects the sampling rate.
For the selected bottom layer Si-substrate thickness of 250 um, the cavity floor thickness
was limited to 24 um (via boron-doping level, considering mechanical strength, thermal
isolation, and heat transfer as discussed below) to give a cavity depth of 226 um. The
adsorbent granules were sieved to a nominal average diameter of 200 um. Assuming
spherical particles, the characteristic length (thickness) for the single-layer adsorbent bed

is 161 um in Fig. 3.4. The effective diffusion channel length L, =L, +L,is shown in Fig.

3.4. Here, the effective diffusion channel L. is defined as the distance between the
entrance of the diffusion channel and the top surface of the C-X particle, for which we
assume a cubic shape of equivalent volume. We define the height of the cube as the
characteristic length of the C-X particle: Lo. The value of Ly is determined from the
average diameter of the C-X particle. The experimentally observed average diameter of

the C-X particle is typically 200 um. The corresponding characteristic length is Lo = 161
um. As such, the effective diffusion length L, =L +L, = 265 um is determined by

subtracting Lo = 161 um from the distance between the cavity bottom and the external
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Figure 3.5. Cross-sectional view of the uPPI structure consisting of diffusion channel
array, head space and absorbent layer.

surface of the top layer (= 426 um). This results in an effective diffusional path length
through the headspace, L,, of 65 um. The cross-sectional area of the headspace, Ay, is 6.7
mm? (note: A, is larger than A; because of the lack of any grid walls in the headspace).
Given the serial flow resistance through the grid and then the headspace (note:
diffusion into the interstitial spaces between particles is ignored), the effective sampling
rate, Se, can be estimated. Figure 3.5 shows the cross-sectional view of the uPPI structure
consisting of diffusion channel array, head space and absorbent layer. From the 1D

diffusion equation and Fick's law, the sampling rate for a diffusion channel is derived as:

j=-D—==D==-" (3.2)

where j is the vapor flux, D is the vapor diffusion coefficient, AC is the concentration
difference between two positions along the diffusion path, L is the diffusion length, M is

the vapor mass (or alternatively, the number of molecules), A is the cross sectional area
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normal to the diffusion direction, t is the sampling period. It follows that the sampling

rate S is given by

s—pA__M_ (3.3)
L AC-t
From equation (3. 2) and equation (3. 3), the mass flow rate J is expressed as:
J =(AC)S (3.4)

The vapor flow driven by diffusion takes place inside the device through two regions: (a)
the diffusion channel layer and (b) the head space. Applying the mass conservation rule

to the above two regions, we obtain the following equations.
J=(C,—C))S, =(C,—C,)S, =(C,—C,)S. (3.5)

where C; is the vapor concentration at the top surface of the diffusion channel layer of
length L; and total diffusion cross sectional area A;, C; is the vapor concentration at the

interface between the diffusion channel layer and the head space of height L, and cross

sectional area Az, C; is the concentration at the adsorbent surface, S, = D% is the sample

flow rate at the diffusion channel layer, S, = D% is the sample flow rate at the head
2

space, and S; is the overall effective sample flow rate for the entire diffusion length (L; +

L,). From equation (3. 5), we obtain
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The sampling rate for each region can be calculated from equation (3. 1) as S; = 11.4
mL/min and S, = 52.1 mL/min are achieved. A; is 4.46 mm? and the cross sectional area
(A7) in the headspace increases by 49%. Using the values of the variables given above
and a value of D = 0.0849 cm?/sec (25 °C) for toluene [86], equation (3. 6) yields an
expected sampling rate of 9.3 mL/min for the uPPI.

The graphitized carbon Carbopack X (C-X) was chosen as the adsorbent material
on the basis of previous work indicating that it would have a high affinity for toluene
(and other similarly volatile VOCs), which was used as the test vapor, while also
allowing efficient thermal desorption [70, 89]. this material also has a low affinity for
water vapor. The amount of C-X that could be packed into the device was estimated to be
about 680 ug on the basis of the cavity volume and the published packing density for
60/80 mesh C-X of 0.41 g/cm?® [90], and was subsequently determined gravimetrically to
be 750 ug for the sieved C-X used in the actual device. Since the W, value for toluene at
1 ppm on C-X is 2800 ng/g, the capacity of the device is 2.1 ug of toluene. At 9.3
mL/min, saturation would be expected after ~60 min of exposure. Since S, is expected to
decline prior to this point, the maximum time between successive thermal
desorption/regeneration cycles should be somewhat less than this value.

The primary design factors considered with respect to the desorption of VOCs

from the uPPI were the heating rate and power, and the air velocity required to capture
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(inject) the desorbed vapors. A target maximum desorption temperature of 250-300 °C
was chosen on the basis of previous work [19, 70, 89]. The membrane floor thickness of
24 um for the cavity represents a compromise between minimizing thermal mass, which
promotes rapid, low-power heating, and maximizing mechanical rigidity, which reduces
stress-induced deflection and increases the robustness of the overall structure. Although
the high thermal conductivity of the p-doped Si (~150 W/m-K) promotes the rapid
distribution of heat from the underlying heater to the entire adsorbent bed, it demands
thermal isolation from the surrounding substrate. Therefore, a 15 um layer of SiON
(thermal conductivity = 5 W/m-K) was deposited beneath the cavity floor membrane and
the perimeter of the Si membrane was removed so that the cavity floor was suspended on
the SiION. A combination of lateral wall structures and arrays of pillars was required at
the edges of the Si membrane to retain the adsorbent within the heated region; in the case
of the latter there was also a need to allow airflow to pass with minimal flow resistance.
A Ti/Pt meander-line heater was then patterned on the underside of the SiON to enable
the uniform heating of the cavity and precise, programmable temperature control with
low power. Thermal modeling, which accounted for the thermal contact resistance of the
adsorbent layer and the convective cooling from the airflow during thermal desorption,
indicated that ~1 W of power would raise the membrane temperature to 300 °C in 3 s and
that the adsorbent bed temperature would be within the targeted range.

Turning now to the fluidic factors, the first issue considered was the temperature
dependence of D, which varies as the square of the temperature ratio, T,/T;, where Ty is
the reference temperature and T, is the desorption temperature [86]. For toluene, this

leads to a D value of 0.31 cm?s at 300 °C. Assuming the flux out of the device is

38



governed entirely by back diffusion, the expected volumetric flow rate upward during
desorption, by equation (3. 6), is 34 mL/min, which corresponds to a linear velocity
through the headspace of 0.1 m/s.

The suction flow velocity required by the downstream pump to avoid loss of
toluene through the diffusion-channel grid was estimated using computational fluid
dynamics (CFD) analysis (CFD-ACE, ESI Group, Paris, France) [91]. The CFD analysis
considered the cavity dimensions, the inlet/outlet port locations and the transition
geometries, and initially assumed that the entering flow came from the inlet and the grids
and the existing flow went only through the outlet port (i.e., the side ports were not
considered).

Simulated flow patterns and trajectories were examined as a function of applied
suction pressure, taking into account both the forced convection by the air flow and the
back-diffusion of the desorbed vapor. Criteria used to determine performance were the
presence of any points where the vertical (z-direction) velocity was positive at an
elevation corresponding to the top surface of the grid and the number and locations of
stagnant loci or vortices indicative of low fluid motion within the interior cavity zone. To
keep the computational task reasonable, the presence of the adsorbent granules was
ignored (note: it can be shown that the empty cavity represents a more conservative
constraint in terms of preventing the vapor loss due to the back diffusion).

Upon heating the device membrane, vapor molecules desorbed from the adsorbent
materials may escape through the diffusion channels due to the developed concentration
gradient in the vertical direction. To understand how the carrier gas flow dynamics

affects the sample losses during the suction process, we performed CFD analysis for the
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designed device (Fig. 3. 6). The CFD analysis for the cavity design of the uPPI shows all

Figure 3.6. (A) Velocity field of all vapors flowing inside the cavity from the inlet
and the top diffusion channels divided into three regions close to the outlets. (B)
Computational fluid dynamics (CFD) analysis of the vertical (z-direction) velocity of
the carrier gas flow at the top surface of the diffusion channels (colored) under the
suction pressure at the outlet. (C) Flow patterns inside the device cavity and
distribution of velocity magnitude on cross sections normal to the outlet flows.
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thermally desorbed vapors migrate to the outlets without escaping through the diffusion
channels. The red arrows indicate the flow direction at the inlets (including diffusion
channels) and outlets. The CFD model numerically solves the full Navier-Stokes
equations assuming Newtonian incompressible flow in the cavity chamber of the uPPI. It
predicts the relatively complex flow pattern of the vapor molecules driven by a carrier
gas in either the laminar or turbulent regime. The heater temperature and the suction
pressure at the outlet are both programmable and controllable. Thus, all boundary
conditions are determined according to the operational conditions of our choice. The
initial pressure of the inlet is set at the ambient pressure here. The pressure drop at the
outlet, provided by a mini diaphragm pump, is assumed to be 15kPa. The ambient
temperature and the temperature of the cavity bottom upon the desorption process are set
at 25°C and 300°C, respectively.

In our CFD analysis, we considered the worst condition that would yield the
maximum vapor loss and the lowest vapor flow rate at a given pressure drop. The
condition is realized when the analysis assumes an empty cavity with no adsorbents,
which is verified by the model in Fig. 3.13. In the real device setting, the volume of the
adsorbents filling the cavity reduces the effective cross-sectional area through which the
vapor is horizontally carried during the sample injection process. This real condition
results in higher horizontal (x-direction) vapor velocity, hence less vapor losses at the
same pressure drop as used in the analysis. Assuming a sphere shape for the adsorbent
beads, the vapor desorption rate of 34.0 mL/min calculated for the overall cavity area
using equation (3. 1) and equation (3. 6) in the main text is converted to a vapor linear

velocity of 0.1 m/sec in the radial direction of the adsorbent sphere. The average
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desorption linear velocity projected in the vertical (z-) direction is 0.07 m/sec and used
for the boundary condition in the vertical direction with adsorbents packed. To be
conservative in our prediction, we apply a vapor desorption linear velocity of 0.12 m/sec
in the vertical direction as the boundary condition at the bottom chamber floor. Figure 3.6
shows the prediction of the net vertical (z-direction) velocity of the carrier gas containing
the vapor molecules, accounting for the vapor counter flow by diffusion. Our simulation
indicates that the carrier gas will pass through the entire open area of the diffusion
channel grid and be collected by the outlets without vapor losses. It also shows no
vortices and stagnation points inside the chamber. A suction flow rate of 60 mL/min
ensures that the z-direction velocities of the carrier gas have all negative values over the
whole area at the top surface of the diffusion channel grid under. Under this condition, it
is expected that the desorbed vapor molecules are effectively carried by the gas and
collected. Therefore, we employ the 3-outlet design as the optimal passive
preconcentrator design in our study.

CFD simulations of numerous possible design variations and flow conditions
revealed the importance of using tapered inlet and outlet transitions to promote the
uniformity of the flow profile across the width of the cavity, and adding sideport exit
paths toward the upstream end of the cavity to ensure that the vertical velocity remained
negative in this region. A minimum pressure drop of 15 kPa between the inlet and outlet
was required to avoid loss of vapor through the top-layer grid and to eliminate vapor
stagnation in the cavity. This pressure drop translates into a minimum flow rate of ~60

mL/min (1.25 m/s).
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3.5 Experimental

This chapter discusses the fabrication and experimental methods for the designed
micro-device. The uPPI fabrication was performed at the Lurie Nanofabrication Facility
(LNF) at the University of Michigan. Experimental methods include measurement of

VVOC sampling of the uPPI using the TGA and the exposure chamber.

3.5.1 Microfabrication and Assembly

Wafers of p-doped <100> Si, 200 um and 250 um thick, were used to fabricate
the top and bottom layer of the uPPI, respectively. The former was double-side polished
and the latter was single side polished. In fabricating the top layer (Fig. 3.7A), a Cr/Au
(10/450 nm) layer was first evaporated onto the backside and the grid wall pattern was
defined with photoresist. Au was then electroplated to a thickness of 3-4 um on the
perimeter of the backside of the top layer for subsequent eutectic bonding. After stripping,
a new photoresist layer was patterned to expose the grid apertures and the thin Cr/Au
layers were removed by wet etching. Through-wafer deep reactive ion etching (DRIE)
was used to create the diffusion grid and the outlet port.

The bottom layer fabrication (Fig. 3.7B) started with the growth of a 15 um thick
thermal oxide layer on the backside of the wafer, which was then patterned to permit
formation of the pillars (height: 170-190 pum; width: 90 um; spacing: 100 um), the lateral
walls (height: 170-190 um; width: 130-440 pum), the side ports (width: 780 um), and the

side-port flow channels (height: 250 um; width: 260 um) by DRIE. After that, the oxide
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Figure 3.7. (A) Top layer and (B) Bottom Layer Fabrication processes

layer was stripped. Then, a 24 um thick boron-doped Si layer was formed on the backside

of the cavity floor by a standard boron diffusion process for ~17 h. A 15 um thick low-
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stress SION layer was then deposited on the backside by plasma-enhanced chemical
vapor deposition (PECVD). The Ti/Pt meander-line microheater and the resistive
temperature sensor were then patterned and deposited on the oxy-nitride layer by a lift-
off process, followed by annealing at 400 °C to relieve thermal stress. A Ti/Au mask
layer was then deposited and patterned on the front side of the bottom layer for
eutectic bonding and DRIE was used to complete the formation of the cavity-floor
membrane, filling ports, inlet, and pillars. Finally, etching in ethylenediamine
pyrocatechol (EDP) removed residual updoped Si.

Top- and bottom-layer structures were diced, aligned, and temporarily fixed to
each other using a small amount of epoxy (Durapot 865, Cotronics, NY). This was
followed by eutectic bonding of the two layers at 330 °C for 12 hours. The device was
fixed to a set of pins on a small section of a printed circuit board (PCB) and the on-chip
heater and the RTD on the bottom layer were wire bonded to traces on the PCB. A
capillary connector with right-angle circular channels was fashioned from a piece of
Macor® and was bonded to the outlet port in the top layer using epoxy (Duraseal 1531,
Cotronics, Brooklyn, NY), and then a section of deactivated fused-silica capillary (i.d.:
530 um) was inserted and sealed with the same epoxy.

A sample of 60/80 mesh C-X (specific surface area = 250 m?g, Supelco,
Belafonte, PA) was sieved to isolate granules in the size range of 180-212 pum, and then
loaded into the device cavity via the loading ports under gentle suction pressure. Visual
inspection was used to confirm when a single layer that filled the entire cavity had been
achieved. Pre- and post-weighing of the device on an electronic balance indicated that

~750 pg of C-X was loaded. Figure 3C shows the packaged and mounted device.
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3.5.2 Performance Testing

Test atmospheres of toluene vapor were generated dynamically by passing N
through a fritted bubbler containing the liquid solvent and then diluting in a metered flow
of dry air. A portion of the flow was diverted every 5 min to a gas sampling loop
mounted on a bench scale GC equipped with a flame ionization detector (FID) (Model
6890a, Agilent, Wilmington, DE) for confirmation of the toluene concentration. The FID
was calibrated by auto-sampler syringe injections of liquid standards of toluene in CS..
Injected masses ranged from 0.4 ng to 2.2 pg and the plot of peak area vs. mass injected
(i.e., calibration curve) was linear (r* > 0.999).

As part of a preliminary assessment of uPPI performance, the device was placed
in the weighing chamber of a thermogravimetric analyzer (TGA) (Pyris 1, Perkin Elmer,
Waltham, MA) and exposed to toluene. The uPPI was suspended from the weighing pan
by a fine wire, and the N, purge line normally used to maintain an inert atmosphere
within the semi-enclosed chamber was modified to permit switching from N, to a test
atmosphere of toluene in N. The mass of the uPPI was recorded as a function of time to
monitor toluene uptake in triplicate.

To characterize the sampling rate and desorption/injection efficiency of the device
more thoroughly, the PCB-mounted pPPl was placed inside a custom-made 25-mL
environmental chamber (Figure 3.3C) in the system shown schematically in Figure 3.8. A
flow divider at the inlet to the chamber distributed the incoming flow (0.1 L/min) evenly
over the raised device mounting pedestal, and a portion of the exhaust flow was directed

to a 250-uL sample loop mounted on a 6-port valve. The loop was alternately filled and
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Figure 3.8. (A) Schematic of the test setup used to characterize the sampling rate and
the capture/transfer efficiency of the puPPI during thermal desorption. (B) The vapor
sample is transferred from the uPPI to the focuser. (C) When the valve is switched,
the sample in the focuser is thermally injected onto the column.

then purged/injected into the GC inlet port (using a separate N, tank) in order to verify
the test-atmosphere concentration (Figure 3. 8A). Following collection of a sample by the
uPPI, the loop was replaced with a C-X-packed focuser (described immediately below),
the upstream end of which was connected to the Macor® connector on the outlet port of

the uPPI via deactivated fused-silica capillary (sealed within one of the chamber exit
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lines), and the downstream end of which was connected via the 6-port valve, to a mini-
pump (N86KNDCB, KNF Neuberger, Trenton, NJ) (Fig. 3.8B). During thermal
desorption of the uPPI sample, the mini-pump drew N, through the device and then the
focuser. The valve was then switched and the focuser was heated rapidly and a separate
N, tank was used to backflush the toluene desorbed from the focuser to the GC column
(Figure 3.8C). The mass of toluene injected was determined from the FID peak area by
comparison with the calibration curve. Replacement of the focuser with the sample loop
and collection of an additional sample allowed the chamber concentration to be checked
post-exposure for residual toluene.

The focuser was a stainless steel tube (0.318 cm i.d.) packed with 5 mg of C-X
(sieved to ~200 um in diameter) held in place with wire mesh and silanized glass wool. It
was pre-conditioned initially at 300 “C for 12 h under N,. The focuser was wrapped with
an insulated Cu heater wire and thermally desorbed at 300 °C for 10 min, which served to
transfer the toluene to the GC and re-condition the adsorbent for subsequent samples. The
capacity of the focuser was verified in a separate series of tests showing that the mass of
toluene captured and transferred to the GC matched that expected to be within 1.5%.

The PCB-mounted uPPI was placed on the pedestal in the center of the exposure
chamber, electrical and fluidic interconnections were established, and the chamber was
sealed and then purged with N,. The system was programmed for repeated heating and
cooling tests using LabView. The uPPI was preconditioned at 300 °C for 4 h. A constant
concentration of 1 ppm of toluene vapor was passed through the chamber continuously
and the puPPI was allowed to collect samples for discrete periods of 5, 10, 15, 20, 30, 40,

50, or 60 min. This concentration would be considered relatively low for industrial
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working environments and relatively high for typical office or residential environments
[91, 92]. We found it a convenient concentration level to use for this study because stable
test atmospheres could be generated easily and the sampling times required to accumulate
quantities of toluene above the detection limit of the FID were not excessively long. Tests
were run in triplicate for each time period. Following each exposure, the chamber was
purged for 3 min with 0.11 L/min of N, to remove any residual vapor. Then, the flow of
N, through the chamber was stopped and the uPPI was rapidly self-heated to ~300 °C for
3 min to desorb the captured toluene. Prior to heating, a Tedlar bag filled with N, was
connected to the chamber in order to provide make-up gas. The mini-pump was activated
to draw the desorbed toluene through the device outlet port and the focuser for 6 min at a
flow rate ranging from 10 to 50 mL/min (note: 50 mL/min was the default flow rate used
for all experiments except those designed to examine the effect of varying flow rate on
capture/injection efficiency). The 6-port valve was then actuated and the focuser was
heated under a flow of N, at 1.8 mL/min to inject the captured vapor sample into the

capillary column for elution and detection by the FID.

3.6 Results and Discussion

This chapter presents thermal response, sampling rate, and injection efficiency of
the uPPI for the development of the field deployable GC system. For this goal, we
measure the temperature profile of the uPPl cavity membrane experimentally.
Preliminary results demonstrating the sampling rate of toluene using the TGA and the
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exposure chamber are presented. Finally, we test the injection efficiency of the uPPI and

compare it with the analytical prediction.

3.6.1 Thermal Response

To assess the thermal characteristics of the uPPI, the adsorbent loaded device was
cycled between the ambient temperature and the target desorption temperature (300 °C)
by repeatedly applying a constant bias of 12.5 V to the heater for 10 s and allowing it to
cool for 190 s with air flowing through the device. For the 140 Q baseline resistance of
the meander line heater, this corresponds to an average of 1.1 W of dissipated power. Fig.
3.9 shows a series of temperature response profiles indicating that the floor of the cavity
reaches 250 “C within 0.23 s and 300 °C within 3 s. The thermal cycling was continued
for 100 hours, corresponding to ~2000 cycles, during which the time to reach the
maximum temperature varied by < 10 % and the minimum and maximum temperature
varied by < 3 %. The power dissipation, thermal response, repeatability, and robustness

exhibited by the device are all quite satisfactory.

3.6.2 Gravimetric Estimation of Sampling Rate
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Figure 3.9. Thermal response of the uPPI at power input of~1W. (A) Temperature
profile of the uPPI cavity membrane during thermal cycling. Each cycle with a 200 s
period consists of a heating cycle of 10 s and a cooling cycle of 190 s. (B) Magnified
temperature profile of the uPPI cavity membrane during the heating cycle. The
temperature reaches 250 °C in 0.23 sec and 300 °C in 3 sec.

Preliminary tests of the sampling rate performed with the TGA apparatus entailed
continuous exposure to ~1.2 ppm of toluene for 60 min while monitoring the mass uptake.
Equation (3.1) was used to estimate S. Following a few minutes of induction, the mass

uptake increased roughly linearly with time up to 24 min and then tapered off
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Figure 3.10. Mass uptake rates of uPPI measured by TGA for the diffusion length of
265 um. The experimental data is ranging between the 95% confidence regions. Thus,
the test sampling rate from the data meets the accuracy criterion of £25% at the 95%
confidence level.

significantly. Unfortunately, fluctuations in the TGA output signal, which are attributable
to flow-induced vibrations of the wire-suspended device, were significant (Fig. 3.10).
Applying a 120-pt running average to smooth the data [93], followed by linear regression
(> = 0.967) yielded a value of S = 9.8 +0.49 mL/min from the slope of the line. This is
5% higher than the aforementioned theoretical value of 9.3 mL/min. The total mass
uptake for the linear portion of the curve was 0.86 pg, which is 45% of the total capacity
of 2.1 ug. Given the mass resolution limitat ions of the TGA, the precision with which

the slope and linear range can be estimated is limited. However, these results provide
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confirmation of expectations for a linear mass uptake period followed by a reduction in
that rate as the fraction of occupied adsorption sites becomes large, in this case ~45% of

the total predicted on the basis of the measured W, value.

3.6.3 Chamber Tests of Sampling Rate and Desorption/Injection
Efficiency

Subsequent tests, performed in the exposure chamber, afforded more accurate and
precise estimates of S. Fig. 3.11 shows a plot of injected mass versus sampling time from
5 to 60 min. The relative standard deviation was < 5 % in all cases. Analysis of the
residual toluene in the chamber headspace following each desorption led to values
ranging from 3-7 % of the amount initially injected, which means that the capture/transfer
efficiency ranged from 93-97 %. There was no apparent trend in transfer efficiency with
sampled mass. These results indicate that the sampling/desorption performance of the
UPPI is reproducible not only within a given sampling time but also over the entire series
of experiments.

The mass uptake rate is constant up to ~30 min, after which it declines, in rough
agreement with the results of the TGA experiments. A value of S = 9.1 mL/min was
obtained from the slope of the linear region (r* > 0.999) of the curve after correcting for
the residual mass of toluene not transferred during the initial desorption. This is only 2 %
lower than the theoretical prediction, and corresponds to a mass uptake rate of 34 ng/min
at this concentration. The linear dynamic range of the mass uptake (i.e., up to 30 min)

was 1.01 ug, which corresponds to 48 % of the total mass expected on the basis of W,
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Figure 3.11. Plots of the mass of toluene captured and thermally desorbed (injected)
by the PPl as a function of sampling time for a 1 ppm challenge concentration and
a desorption (suction) flow rate of 50 mL/min. The red line (+ symbol) reflects the
expected mass uptake assuming the designed sampling rate of 9.3 mL/min. The
black curve (filled squares) shows the experimental data obtained from the initial
desorption of each sample. The blue curve (open triangles) shows the experimental
data after addition of the residual mass of toluene that was not captured during the
The reduction in the rate of mass uptake beyond 30 minutes
reflects the decline in the sampling rate that occurs as the number of available

initial desorption.

surface sites on the adsorbent decreases.

and indicates that above this level of adsorbent loading the assumption of efficient
trapping by the adsorbent no longer holds. However, thermal desorption of the captured
sample regenerates the device for subsequent use with no apparent degradation in
performance. Beyond 30 min, the device continues to sample, but at a lower rate, which
is expected to continue to decrease as the adsorption sites on the C-X become completely

filled. Att = 60 min, the mass uptake was 1.5 pg, which is 71 % of the total (2.1 nug)
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expected on the basis of the measured equilibrium adsorption capacity, We, assuming the

designed sampling rate of 9.3 mL/min.

The capture/injection efficiency during thermal desorption was then examined as

100 -
X 80
>
e
S 60
O
=
W 40
c
o
13
D 204
£

0

20 30 40 50 60
Flow Rate / mL/min

Figure 3.12. Modeled (dashed line) and experimental (filled squares) values of
capture/transfer (injection) efficiency versus suction flow rate for the uPPI.

a function of the suction flow rate. For each of these tests, the device was exposed to 1

ppm of toluene for 15 min, leading to an expected mass uptake of 525 ng. The device was

then heated while drawing flow from the downstream mini-pump at different flow rates.

Results, plotted in Fig. 3.12, show that the capture efficiency decreases at a modest rate

on going from 53 to 20 mL/min and at an apparently higher rate below 20 mL/min. The

high efficiency observed at 52 mL/min (i.e., 93 %) is consistent with the results reported

above and with predictions from CFD analysis.
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To further explore this, a two dimensional analytical model was developed for the
capture/injection efficiency of the uPPI. Fig. 3.13 shows the top view of characteristic
flow regions within the uPPI1 and the simplified cross sectional view of the characteristic
flow region of the uPPI cavity. Fig. 3.13B is used for a model to predict the
capture/transfer efficiency as a function of the suction flow rate as shown in Fig. 3.12.
The model allows us to examine the "no vapor loss condition™ for the empty cavity
condition (Lo=0, maximum head space condition) and the adsorbent packed condition
(Lo=161 um, minimum head space condition). These two cases are studied to verify that
the CFD model in Fig. 3.6 considered the most conservative (i.e., the worst scenario)
condition.

The CFD analysis indicates that the device cavity can be divided into 3
characteristic flow regions between the central node of the flow pattern and the 3 outlet
positions (Fig. 3.13A) regardless of the suction flow rate. These regions have similar
velocity distributions and flow streamline patterns. The top of each characteristic region
represents the position of the bottom of the diffusion channel layer of the pPPI. A
spatially uniform vapor flux " driven by convention vertically enters the characteristic
region from its top. The shape of each characteristic region is approximated to be a
rectangular box defined by the cavity height (the adsorbent height L, + the head space
height L,), the effective flow length Ly, and the characteristic width L,. The values of Ly
and L, are determined by taking the average distance between the two facing sides of the
frame delineating the characteristic region in the x-direction (the direction pointing
towards the outlet from the central note) and y-direction (the direction normal to the x-z
plane), respectively. For Region 1, Ly is 1.2 mm and Ly is 2.0 mm, whereas L, and L, are
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Figure 3.13. (A) Top view of characteristic flow regions within the uPPI cavity. (B)
Simplified cross-sectional view of the characteristic flow region of the uPPI cavity.

both 1.2 mm for Region 2 and 3. L, is 89 um and 250 um for the adsorbent packed

condition and the empty cavity condition, respectively.

The model derives a mathematical formulation which accounts for the fraction of
the amount of the vapors arriving at the bottom of the diffusion channel layer in the z-

direction before reaching the outlet to the total vapors leaving the C-X surfaces. The "no
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loss condition” refers to the condition where the desorbed vapors leaving the adsorbent
surface should horizontally reach the outlet without vertically arriving at the bottom
surface of the diffusion channel layer. The vapor velocity distribution is assumed to be
uniform across the x-y plane. The x-direction velocity V is estimated from the volume
flow rate at each outlet. The vapor velocity to the z-direction V; is equivalent to the vapor
desorption linear velocity. The no loss condition requires the following relationship for
the motion of the vapor molecule leaving the adsorbent surface at the left end corner at x

=0:

t, <t, (3.7)

where ty is the time required for the particle to pass through the cavity in the x-direction,
t; is the time required for the particle to reach the bottom of the diffusion channel layer in
the z-direction. Applying mass balance for the differential control volume between x and

x+dx, the governing equation for Vy is derived as

v, _ 9" _g (3.8)

dx L

Solving the equation with the boundary conditions: V,(x=L,)=q"(L, +L,)/L,, and
V, =q", which are derived from conservation of mass for the entire cavity and from

Bernoulli equation, yields
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(x+1L,)
L

4

V,(0=q" (3.9)

Now, the horizontal travel time t, and the vertical travel time t, are given as follows:

L1
=, \Tde (3. 10)
L
t =—=% 3.11
=y (3.11)

Then, the critical position x. where tx =t, for the vapor molecule leaving the adsorbent

surface can be found using equation (3. 10) and equation (3. 11), yields

t =" = dx (3. 12)

From equation (3. 12), the critical position X, can be determined with the suction flow
rate. The vapor molecules desorbed at 0 < x < X, escape from the diffusion channel while

those desorbed at x > X are injected. Thus, the capture/transfer efficiency eff is given by

x100 (3.13)

Using equation (3. 13), the minimum volume flow rate of 58.73 mL/min and

50.12 mL/min satisfying "no loss condition™ are achieved for the empty cavity and the
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packed cases, respectively. Therefore, we can conclude the empty cavity condition
(maximum head space case) represents the most conservative condition leading to the
maximum vapor loss. The flow rate value of 58.73 mL/min is consistent with the one
used in the aforementioned CFD analysis.

In other words, this 2D model derives a mathematical formulation for the ratio of
the sampled mass to the mass capture (and transferred to the focuser for GC analysis)
during thermal desorption as a function of the suction flow rate. As shown by the dashed
line in Fig. 3.12, the agreement of the model with the experimental results is reasonably
good, particularly at the extremes of the range tested; the experimental value of 93 %
efficiency at the highest flow rate of 52 mL/min is only 7 % lower than predicted by the
model. Notably, a flow rate > 10 mL/min is required to capture > 50 % of the desorbed
vapor sample, hence the need for a focuser (or split-flow adaptor) to interface with a GC

(micro)column.

3.7 Summary

The design, fabrication, and preliminary testing of a micromachined-Si passive
vapor preconcentrator-injector (uPPI) have been described. Intended for incorporation in
a gas chromatographic microsystem (uGC) for analyzing organic vapor mixtures, the
uPPI captures vapors from the air at a known rate by means of passive diffusion (i.e,
without pumping) and then desorbs the vapor sample thermally by means of an integrated
heater and transfers it downstream (with pumping). The uPPI chip comprises a 1.8-uL
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deep-reactive-ion-etched (DRIE) Si cavity with a resistively heated membrane floor and a
DRIE-Si cap containing >1500 parallel diffusion channels, each 54x54x200 um. The
cavity is packed with 750 ug of a commercial graphitized carbon adsorbent. Fluidic and
heat-transfer modeling was used to guide the design process to ensure power-efficient
sample transfer during thermal desorption. Experiments performed with toluene at
concentrations of ~ 1 ppm gave a constant sampling rate of 9.1 mL/min for up to 30 min,
which is within 2% of theoretical predictions and corresponds to a linear dynamic mass
uptake range of ~ 1 ug. The cavity membrane could be heated to 250 °C in 0.23 s with 1
W of applied power and, with 50 mL/min of suction flow provided by a downstream
pump, provided > 95% desorption/transfer efficiency of adsorbed toluene samples over

an 8-fold range of captured mass.
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CHAPTER IV

IMPACT OF MICROSCALE ON-CHIP HEATING ON VAPOR
RELEASE AND INJECTION

4.1 Introduction

Volatile organic compounds (VOCs), emanating from solids or liquids at finite
vapor pressure, may cause adverse health risks from breathing indoor/ambient air. A gas
chromatographic system (GC) is widely used to measure and monitor VOCs. It is often
challenging to obtain on-site data in indoor or ambient air due to high costs, high power
requirements, and large sizes. Therefore, in-situ analysis and on-site monitoring of VOCs
in moderately complex mixtures require the use of a microscale gas chromatographic
(uLGC) system that can serve as a highly portable micro-analytical tool. The valuable
applications of a uGC system include point-of-care medical diagnostics, homeland
security, worker exposure assessment, and so on. A uGC system generally comprises the
following three essential components, all of which are fluidically interconnected and
microfabricated: (1) a preconcentrator, (2) a separation column, and (3) a detector [8, 10-

14]. In particular, microfabricated preconcentrator devices (u-preconcentrators) play a
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critical role to enhance the detection sensitivity and separation resolution of uGC systems;
they trap and concentrate VOC:s initially at low concentrations with integrated adsorbents
and inject high-intensity sharp plugs of the trapped VOCs via rapid thermal desorption to
a downstream GC column.

As part of our on-going effort to establish a real-time field-deployable gas micro-
analytical system, we introduced an on-chip device named the "microfabricated passive
vapor preconcentrator/injector (uPPI)" in chapter 3 [94]. This device is the first
microfabricated VOC preconcentrator that enables both zero-power diffusion-based
passive sampling and preconcentration of VOCs and sample release/injection by
controlling the temperature of its integrated on-chip micro-heater. The uPPI achieves a
high sampling rate of 9.1 mL/min by diffusion and delivers the sampled vapor to a
downstream GC component by thermal desorption at a low power of ~ 1 W. The sample
loss is <5 % when a carrier gas flow rate was set at 50 mL/min. The device is used for
on-chip gas chromatographic (GC) analyses in a matter of minutes with high separation
and detection performance. The function of zero-power sample trapping and focusing of
this device is to significantly reduce the total energy use required for GC analyses. The
uPPI1 holds great promise to realize a battery-operated standalone field-deployable uGC
system.

Over the last decade, significant research efforts have been made to develop p-
preconcentrators for field-deployable uGC systems [18-20, 28, 30, 31, 74-76]. However,
little study has been performed to quantitatively assess their release/injection
performance, which could significantly influence the separation resolution and sensitivity

of GC analyses. Existing knowledge is only limited to elution peak tailing phenomena
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due to the undesirable condition of a separation column where non-equilibrium
interactions occur between analyte molecules and its stationary phase [95-102]. A
separation column is normally optimized to suppress these interactions before its use in a
uGC system. Such an optimized column has been shown to successfully minimize elution
peak-band tailings in a standalone setting [45, 99]. Yet, significant peak-band tailings [8,
10, 13, 14] are still consistently observed after the optimized column is integrated with
other uGC components [39, 45]. We hypothesize that these peak tailings are attributed to
a p-preconcentrator yielding non-ideal vapor injection peak band profiles. The peak
tailings induced by the unoptimized u-preconcentrator would cause overlapping between
consecutive vapor effluents, thus limiting the system’s ability to resolve even moderately
complex VOC mixtures. In addition, conventional p-preconcentrators are heated for an
excessive heating period to ensure the completion of vapor delivery to a GC column
without fully examining fundamental phenomena governing the device performance and
their impact on GC analyses [18-20, 28, 30, 31, 74-76]. The excess heating seriously
compromises the original purpose of reducing the total energy consumptions of uGC
systems with these devices.

In this chapter 4, we investigate the influence of microscale heating conditions on
the vapor release and injection performance of the uPPI to fill the knowledge gap
existing for the device. We employ the modified desorption kinetic model [76, 103-105],
together with the transient heat transfer theory to predict the dynamic process associated
with the thermal release of vapor trapped within the puPPI. Using the model prediction,
we quantify the elution peak tailing effect induced by the uPPI prior to column separation

and carefully study the. peak height and full width at half maximum (FWHM) of elution
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peak band signals. All of these signal characteristics are experimentally observed using
an on-column optical fiber-based Fabry-Pérot (FP) gas sensor directly embedded in an
interconnect tubing connected to the outlet of the uPPI. To our best knowledge, this
paper presents the first study that quantitatively elucidates the correlation between the
thermal desorption/vapor injection behavior of a p-preconcentrator-type device and the
resulting peak band signal characteristics. The presented results clearly support our
original working hypothesis that the p-preconcentrator performance is critically
important for GC analyses as well as the column condition. This study provides us with
an approach to optimizing chromatographic peak-band signal conditions and to

minimizing the energy consumption of a uGC system incorporating the uPPI.

4.2 Materials and Methods

This chapter discusses the fabrication and experimental methods for the designed
micro-device. The device fabrication was performed at the Lurie Nanofabrication
Facility (LNF) at the University of Michigan. Experimental methods include
measurement of vapor desorption and injection, transient thermal response, and vapor

peak signals.
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4.2.1 Device Design and Fabrication

The uPPI is designed on the basis of the classical Fickian diffusion theory, heat
transfer, and fluid dynamics. The device consists of two layer structures (Fig. 4.1A); the
top layer incorporates vertical square diffusion channel grids for passive VOC sampling
from air; and the bottom layer contains a membrane cavity structure with tapered
entrance/exit on its two sides, pillar structures to retain the graphitized carbon beads
inside, and a meander-line Ti/Pt micro-heater and a resistance temperature detector (RTD)
on its backside. As the first step of the device operation, the graphitized carbon
(Carbopack X) beads on the cavity floor adsorb VOCs in the presence of a concentration
gradient across the diffusion channel grids with no power requirements. Subsequently,
the device is heated to thermally release the captured VOCs and to inject them to a
downstream GC system with a carrier gas flow driven by a miniature pump. In our
previous study [94], the uPPI was fabricated using silicon micromachining and Au
eutectic water bonding. The device achieved a sampling rate of ~9.1 mL/min by means of

the passive diffusion process at a carrier gas flow rate of 50 mL/min.

4.2.2 Experimental Setup

4.2.2.1 Vapor Desorption Characterization Setup

To study the vapor desorption effect within the uPPI, we first use a custom-made

exposure chamber setup introduced in chapter 3 [94] and characterize the device using
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Figure 4.1 (A) Conceptual diagram of the uPPI showing the diffusional sampling and
thermal desorption processes. (B) Schematic of the test setup incorporating a Fabry-
Pérot (FP) optical gas sensor that was used to characterize the uPPI performance for
real-time desorption and injection of toluene. (C) Optical image showing the top layer
of the uPP1 with diffusion channel grids and see-through image of Carbopack X beads
packed underneath. (D) Optical image of the micro-heater and RTD sensor on the
backside of the bottom layer of the uPPI. (E) Optical image of the uPPI mounted in
the exposure chamber with its PCB packaging.

toluene as a model VOC. The experimental setup used for the characterization of vapor
desorption within the uPPI incorporates the same custom-made exposure chamber setup

as shown in Fig. 4.1E and a commercial CG system (Model 6890a, Agilent, Wilmington,
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DE) fluidically connected to this chamber via a focuser and a separation column [94].
After mounted on a wire-bonded printed circuit board (PCB), the uPPI is placed on the
pedestal in the center of the exposure chamber. A flow splitter is placed at the chamber
inlets to evenly distribute the incoming carrier gas (N,) flow over the uPPI placed inside.
The exhaust flow is directed to the chamber outlet connected to the downstream GC
system. After electrical and fluidic interconnections are established, the exposure
chamber is sealed. The system is programmed to control the device temperature using the
LabView (National Instruments, Austin, TX) program. The sealed chamber is initially
purged with N, and then filled with toluene in N, which is followed by the passive
sampling with the uPPI. After finishing loading the toluene sample to the uPPI, the
chamber is re-purged to remove the residual toluene vapor. A mini-pump (KNF
Neuberger, Trenton, NJ) is operated to draw the vapor in N, through the device outlet to a
focuser at a flow rate of 50 mL/min. The flow rate of 50 mL/min is necessary to
minimize the vapor loss during the vapor desorption process by the uPPI. But it exceeds
the maximum flow rate usually permitted in conventional GC separations (< 5 mL/min).
As a result, we first re-capture the toluene injected from the uPPI at the focuser and then
deliver it to the flame ionized detector (FID) at a lower flow rate compatible with the GC
system. We determine the total toluene mass released from the uPPI from the integrated
signal of the FID and its calibration data. The exposure chamber is cleaned with N, upon
the completion of each desorption characterization cycle for subsequent repeated

measurements.
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4.2.2.2 Injection Peak Signal Characterization Setup

We further modify this setup such that it incorporates an FP gas sensor built in a
stationary phase-free inert tubing (50 cm (L) and 0.23 c¢cm (i.d.)) and characterize the
injection peak signals generated by the uPPI (Fig. 4.1B). The interconnect tubing with
the relatively large inner diameter is necessary to retain the original injection profile with
minimum band dispersion at the detection point. A relatively high N, carrier gas flow rate
of 10 mL/min is used to minimize the height equivalent to a theoretical plate in the tubing

as shown in Fig. 4.2. The FP gas sensor is fabricated by sequentially depositing a metal

0.5
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Figure 4.2 Height equivalent to a theoretical plate (H) versus average carrier gas (N>)
velocity for the stationary phase-free, inert, interconnect tubing used in the device
characterization. Assuming toluene as the test vapor, the theoretical plot for the
circular cross-section tubing is obtained from the simplified Golay and Spangler
equation. The minimum plate height of ~ 0.05 cm occurs at the carrier gas velocity of
4 — 10 cm-™, which corresponds to the sample flow rate of 10 — 25 mL-min™.
Considering that the conventional gas chromatographic (GC) separations need a lower
flow rate (< ~ 5mL-min™), our experiments employ the lower bound for the flow rate
value of 10 mL-min™* in the above optimal range.
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layer and a gas-sensitive polymer layer on the end-face of an optical fiber to form an FP
cavity [55, 106, 107]. Light coupled in the optical fiber is partially reflected at the metal
layer and the interface between the polymer and air, generating an interference spectrum.
When the FP sensor is exposed to gas analyte, the polymer interacts with gas analyte,
resulting in the shift of the interference spectrum. By monitoring the shift, we are able to
obtain the kinetic information of gas analytes. Here, the FP sensor enables real-time
signal detection at this flow rate, which is not typically allowed by the conventional
GCl/flame ionization detector (FID) system. Toluene vapor at 1 ppm is passed through the
chamber for 90 min and loaded to the device, then followed by purging the chamber for
30 s with N2 at 1 L/min to remove the residue of the toluene vapor. The top layer of the
device is then temporally covered with a glass substrate to prevent vapor loss through the
open diffusion channel grids during the thermal desorption process. After the purging
process is completed, the micro-heater is turned on to heat the device up to ~ 300 °C at
different heating rates for different periods of time. N, gas in a Tedlar bag is replenished
to maintain the same pressure inside the chamber during the injection process. The
toluene vapor was released from the uPPI and injected to the interconnect tubing. The

toluene injection peak signal is eventually detected by the FP gas sensor.

4.2.3 Transient Thermal Model

We develop a heat transfer model to quantitatively predict the thermal response of
the uPPI. Heat transfer equations are obtained from applying energy balance to each of

the control volumes (CVs) assigned to several device structure sub-segments (Fig. 4.3A).
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The equations account for changes in energy storage and heat transfer due to conduction
and convection associated with the CVs. The contribution of radiation is estimated to be
less than 1 % of the total heat transfer. Thus, our model neglects it. Because of the high
thermal conductivity of the structural materials of the device and the adsorbent
materials, we assume the isothermal condition for each CV. This allows us to apply

the lumped thermal capacitance model to predict the temperature of each CV.
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Figure 4.3 (A) Cross-sectional schematic of the uPPI and top views of its top and
bottom layers with the control volumes used for the thermal analysis. (B) SEM image
showing microfabricated structures of the open-cut device. (C) SEM image showing
the Carbopack X-cavity floor interface. The contact area between the Carbopack X
bead and the floor surface is measured from this image. (D) SEM image used to
estimate the thicknesses of the boron doped silicon layer and the SiON layer.

71



Using the lumped thermal model, we have developed a series of governing

equations for the temperatures at the seven segments of the uPPIL: T; (i=1, 2, 3, 4, 5, 6,

and 7) (Fig. 4.3A). Applying energy balance to the seven control volumes (CVs)

surrounding the segments allowed us to derive these equations. The CVs include the

membrane cavity floor (CV,), the Carbopack X layer (CV,), the isolation pillar structures

(CV3), the Si structure of the bottom layer bonded to the top layer (CV,), the Si structure

of the top layer bonded to the bottom layer (CVs), the part of the Si top layer surrounding

the diffusion channel grids (CVe), and the array of the diffusion channel grids (CV7). The

resulting equations are given as:
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where TM, -Ti represents the rate of energy storage for the thermal mass of the i control

volume, which can be expressed as:

T

T™M..T. =(pC V) —*-
T, =(pCV), it

(4.8)

where , (Si: 2330 kg-m™, SION: 2400 kg-m™, Carbopack X: 410 kg-m?), C, (Si: 712
Jkg K™, SiON: 691 J-kg*K™), and V are the density, specific heat, and volume of one of
the constituent materials (Si and SiON) or the adsorbent (Carbopack X) occupying the i
control volume. The value of the specific heat of graphite (709 J-kgK™) is used for
Carbopack X. Generally, Rjj represents the thermal resistance due to conduction between
the i™ and the j" CVs.

Now, Rj, represents the contact resistance between the membrane floor and the

Carbopack X bead, given by:

R,=—= (4.9)



where R, =10 m?-K W™ is the intrinsic thermal contact resistance at the interface and

A, = 4500 um? is the total effective contact area between the Carbopack X layer and the

cavity floor membrane. Rys is the thermal resistance due to conduction across the contact

area between the bottom and top layers, given by:

R45 = (4. 10)

where ks is the thermal conductivity of Si, L, = 200 pum is the thickness of the top layer
and A, is the bonding area between the top and bottom layers.

To estimate the values of R, =R,,, R,;, we model the device to have a composite

451
structure consisting of cylindrical shells with an outer radius r;. In this model, each shell
represents one of the above control volumes CV; (Fig. 4.4). We introduce the following

boundary conditions in the radial direction:
T(r)=T (i=1,3,4,5,6,and 7)

where T; represents the temperature of CV; defined in the original lumped thermal model.

Applying these conditions, the analytical expression for R;; is obtained as:

p _In(r/r)
! 27k L,
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where k; is the thermal conductivity of the constituent material in CVj, and L; is the

thickness of CV;j, respectively. The values used for k; and L; are listed in Table 4.1.

V1 (Cawty FI
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L pppbLELE r(lll

Figure 4.4 Top view of the bottom and top layers of the uPPI (Left) and cylindrical
shell models approximating the structures of these layers for the analysis based on the
lumped thermal method (Right). These figures show the control volumes (CVs) used
for the transient heat transfer analysis. The right figure indicates the reference
locations of the CV temperatures T; (i=1, 2, 3, 4, 5, 6, and 7) used for estimating the
thermal resistance between adjacent CVs.
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ik Wm'KY) L (um)
3 16 15
4 148 250
5 148 200
6 148 200
7 148 200

Table 4.1. List of thermal conductivity (k;) and thickness (L;) of each control volume
(CV)).

Inside the device cavity, we assume forced convection at the surface of CV; with
an area of A; exposed to the carrier gas flow, a heat transfer coefficient of h, and the

ambient temperature T- = 23°C. Assuming the physical properties of N, for the carrier

gas, Reynolds number is Re = 512.2 for the flow rate of 50 mL-min™. To estimate the
value of h, we first calculate the Nusselt number Nu = hDy/k =6.22 using the convection
correlations for a noncircular tube (rectangular cross section) in the laminar flow regime
under the uniform surface heat flux boundary condition [108]. Estimating the hydraulic
diameter of the flow channel inside the device cavity Dy = 1.05 mm allows us to obtain
the value of h =153 W-m?K™ from the above value of Nu and k = 0.026 W-m™K™ (N,

thermal conductivity).

The heat generation by the integrated micro-heater E, is given by

gen

E, =—" (4. 12)
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where V, and R are the applied input voltage and the electrical resistance, respectively.

With all the values of these parameters estimated, the governing equations 4.- 4.7 are
solved using the ode45 solver in MATLAB.

These simultaneous thermal equations are given in the following matrix form:
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where TM, (i=1, 2, 3, 4,5, 6, 7) represents the thermal mass of the i control volume
CV;, Ti(i=1,2,3,4,5,6,7) is the temperature of CV;, Ti (i=1,2,3,4,5,6,7)is the
rate of temperature change of CVi, R, is the thermal resistance due to conduction

between CV; and CV;j, h is the heat transfer coefficient due to convection by the carrier

gas flow over the Carbopack X surface within the device cavity, A; is the surface area of

CVi exposed to the ambient, T_ is the room temperature (23 °C), and E... is the rate of

gen
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heat generation at the micro-heater, respectively. We obtained the transient temperature

profile of each CV by solving equation 4. 13.

4.2.4 VVapor Desorption Kinetics

The passive sampling of VOCs by the uPPI is based on the physisorption of the
vapor molecules at the adsorbent surface. The mechanism of physisorption involves weak
interactions between the gas molecule and the solid surface by means of the Van der
Waals force. The physisorbed vapor molecules can be rapidly desorbed by increasing the
surface temperature. Raising the internal (i.e., vibrational) energy of the molecules results
in breaking the weak bonds. With its simplicity and reversibility, the physisorption
process is widely employed in VOC preconcentration.

Upon heating, the adsorbed molecule receives the thermal energy equivalent to
the heat of desorption AEges, Even after this, there exists a certain period of time for the
molecule to remain on the surface. This period is called the surface residence time 7,
which is determined at a given temperature T and pressure as
/ RT) (4. 14)

T =17, exXp(—AE

des

where z, is the period of vibration of the molecule adsorbed on the surface and is

typically on the order of 10™% s [109], and R = 8.3144621 J-mol™K™ is the ideal gas

constant. It is experimentally shown that the value of AE,_. ranges from 9.5 KJ-mole™ to

des

32 KJ-mole™ for toluene adsorbed on Carbopack X at the atmospheric pressure in the

range of sample concentration used in our study [76]. From equation 4. 14, the residence
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time is calculated to be much shorter than 1 ms during the desorption process, which is
negligible as compared to the heating time constant of the uPPI of ~ 100ms. This allows
us to simply assume that the vapor desorption occurring in a system instantaneously
reaches its equilibrium state at a given temperature.

We next obtain the adsorption capacity of the uPPI from adsorption isotherms -
theoretical curves representing the equilibrium mass of vapor adsorbed per mass of
adsorbent as a function of vapor concentration at a given temperature T. Among existing
isotherm models, the Dubinin-Radushkevich-Kaganer (DRK) model is appropriate for the

nonporous Carbopack X [76, 103-105]. The DRK model is given as:

N, = N, ore exp{—((;;)ln( p[:at D } (4. 15)

where N, is the molar amount adsorbed (mmol/g) and N, .« iS the monolayer

capacity (mmol/g) of the adsorbent, f is the affinity coefficient of the adsorbent, E, is
the adsorption energy, p is the partial pressure of the vapor, p,, is the saturation vapor

pressure of the adsorbate at the test temperature. All parameters in the equation for
toluene and Carbopack X are obtained experimentally and derived from published

polarizability data [76, 110, 111]. The parameter values are given in Table 4.2.

79



vapor: toluene adsorbent: C-X

Parameter

Yéi 1.19

E, 9.5-32 (kJ - mol™)
v 17 (mL)

D, 0.0849 (cm*-s7)
L 50 (cm)

u 3 (cm-s7)
r 16.7 (s)

Table 4.2. Physical properties of toluene and Carbopack X, and experimental conditions.
L. the affinity coefficient of the Dubinin Radushkevich Isotherm model (given as a ratio
of the molar polarizability of the analyte to the molar polarizability of a reference,
benzene), E,: the adsorption energy, V: the volume of the gas, D, : the vapor diffusion

coefficient in the carrier gas, L: the length of the tubing, u : the average carrier gas
velocity, and t, : the retention time of the vapor to elute.

The partial pressure p (mmHg) and saturation vapor pressure p., (mmHg) of

toluene can be obtained as functions of the adsorbent temperature T from the ideal gas

law and Antoine equation as [112]:

D= ”\;ﬂ (4. 16)
Pt = [6'95464?5:3;:382] (4 17)

where n is the number of moles of gas, V is the volume of gas used during desorption,

respectively.
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Now, the temperature profile of the adsorbent (i.e., Carbopack X) T,(t) as a

function of time in equation 4. 13, the partial pressure in equation 4. 16, and the
saturation vapor pressure of toluene at the temperature of T, in equation 4. 17 are
substituted into equation 4. 15. The total amount of the vapor released from the adsorbent
at a given time during the thermal desorption process is then obtained by subtracting the

real-time adsorption capacity N, (T(t)) from the initial capacity at room temperature

N, (T (0)) . Thus, the real-time cumulative desorption profile N (t) is expressed as:

des

Ny (1) = N, (T (0)) = Ny o €XP| - [RTZ “)j In nRT, (1 (4. 18)
PE, (6.95464— 1344.8 J
V -10

T, (1)+219.482

4.2.5 Vapor Peak Prediction

The theoretical chromatographic elution profile with respect to a delta-function

injection input is given by the Gaussian distribution. The normalized elution profile f (t)

is given as:

20 1 (t—t)?
f(t)= L~ = exp[——f2 j (4.19)
" Cp XD (— (tz_ L) ) oo 2o
Y >

where Cmax IS the concentration at the peak maximum, t, is the retention time to elute, ¢

is the standard deviation, respectively.
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Once vapors are desorbed from the adsorbent, these are immediately injected to a
downstream component by a continuous suction air stream. The dispersion of
chromatographic bands of vapors still occurs via the circular interconnect tubing during
the vapor injection process. Golay and Spangler developed kinetic models that address
the elution profile of VOCs leading to the band broadening in the moving phase [113-
115]. The simplified Golay and Spangler equation that describes band dispersion in the

inert interconnect tubing with a circular cross-section is given as:

u (4. 20)

where H is the height equivalent to a theoretical plate, u is the average carrier gas

velocity, D, is the vapor diffusion coefficient in the carrier gas, r is the radius of the

circular tubing, respectively. The first term on the right side of equation 4. 20 describes
band dispersion from longitudinal diffusion. The second term describes band dispersion
from nonequilibrium effects in the gas phase. Also, the band broadening, which is
generally expressed as the elution curve bandwidth of 4¢, is intimately related to H, the

retention time of the vapor t, to elute, and the column length L. The retention time is also

expressed as the column length L divided by the carrier gas velocity u. Assuming that the
elution profile is the normal distribution and the injection pulse is the delta function, the

standard deviation o is expressed as:

o=t  |[— (4 21)



Using equations 4. 19 — 4. 21, we can theoretically predict the chromatographic peak
band signal resulting from a delta-function injection pulse. Substituting the values of the
variables given in Table 4.2 into equation 4. 21 yields an expected standard deviation o of
0.69 s. This number is applied in equation 4. 19 to theoretically obtain the elution profile
of toluene with respect to a delta function injection profile.

The real-time injection profile of the target vapor g(t) at the exit of the uPPI can
be obtained by taking the time-derivative of equation 4. 18 (Fig. 4.5A). Then, we can
calculate the theoretical peak band signal by taking the convolution of g(t) and its
impulse response corresponding to the normalized elution profile f (t) (Fig. 4.5B), which

is given by

(f*o) =" f(D)gt-r)ds (4.22)

The formulation in equation 4. 22 allows us to predict the band signal characteristics of
the vapor peak detected by the FP optical gas sensor, including the peak height, the full
width at half maximum (FWHM), and the tailings resulting from the real-time injection
profile of the uPPl. All of these predicted band signal characteristics are directly

compared to experimental results.
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Figure 4.5 (A) Elution profile f(t) resulting from chromatographic dispersion in
response to delta-function injection input &(t) . (B) “Real” injection peak band profile

of toluene at the concentration of 1ppm generated by the uPPI g(t) (the left plot) and
elution profile resulting from chromatographic dispersion in response to g(t), which is
given by the convolution of g(t) and f(t) = (f*g)(t) (the right plot). The time derivative
of the theoretical plot of the cumulative mass of toluene released via thermal
desorption (Fig. 4.7) gives the theoretical plot of g(t). The result of this convolution
(the right plot of (B)) represents the analytical prediction of the elution peak band
signal measured by the FP optical sensor at the detection point.
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4.3 Results and Discussion

This chapter demonstrates fast-thermal response and low-power operation of the
uPPI, vapor desorption behavior, and effect of micro-heating on the vapor peak elution
signals. For this goal, we show the experimental thermal responses of the uPPI for
different heating durations and compare the results to the theoretical predictions.
Experimental results demonstrating the effect of the thermal response of the uPPI on the
vapor desorption phenomena are then presented. Finally, we theoretically and
experimentally investigate the effect of on-chip micro-heating of the device on the elution

peak signals.

4.3.1 Thermal Response Validation

The heating response of the uPPI was characterized experimentally and compared
with the theoretical prediction provided by the aforementioned lumped thermal model.
We estimated the parameters, such as thermal conductivity of the constituent materials,
the membrane thickness, and the total effective contact area between the Carbopack X
layer and the cavity floor from published data and scanning electron microscopy (SEM)
images (see Fig. 4.3). The thermal conductivity and the thickness of the membrane affect
the heat transfer rate by conduction across the membrane structure from the micro-heater.

The thermal contact resistance R, between the cavity membrane floor surface and the
Carbopack X layer can be expressed as:
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where R;_ is the intrinsic thermal resistance of the interface (i.e., the reciprocal of the
thermal conductance per unit area) and A, is the total effective contact area, which is

estimated to be 4500 um? from a SEM image (Fig. 4.3C). The intrinsic thermal contact

resistance R, generally ranges from 107 to 10 m?*-K W™ for an interface between a

carbon material and silicon [116, 117]. With the contact resistance at the Carbopack X-

silicon interface unknown, we used the upper bound for the value of R’ = 10" m*-K W™

for the thermal equations for conservative model prediction resulting in a minimum heat
transfer rate.

The uPPI was heated for durations of 2, 3, and 5 s at 1.1 W of average dissipated
power and was allowed to cool for 50 s. The predicted heating responses of the cavity
floor and the experimental results measured by the RTD sensor on the device membrane
are both plotted (Fig. 4.6). The experimental data and the theoretical prediction are
consistent with each other for all the heating durations. They indicate that the temperature
of the membrane floor could reach 250 °C within 0.3 s under the above conditions. The
device reached the maximum temperature of 289 °C, 300 °C, and 315 °C for the heating
duration of 2 s, 3s, and 5s, respectively. The heat transfer model was verified by these
tests. The predicted temperature profile of the cavity floor matched the measured

temperature profile with an error as small as 2 %.
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Figure 4.6 Theoretical (T, at CV;) and experimental plots of the temporal temperature
profile of the cavity floor membrane of the uPPI for three different heating durations (2 s,

3's, and 5 s) at a heating power of 1.1 W. The red squares ([1), green triangles (A), blue

circles (0) represent experimental data obtained for different heating durations. The red-
dotted, green-dotted, and blue-dotted lines are the theoretical profiles for heating periods
of 2 s, 3s, and 5 s, respectively. The lower plot showing the initial temperature rise
during the 2 s (we should include 3 s and 5 s theoretical results to match the experimental
results) heating duration indicates the small thermal time constant of ~ 100 ms for the
UPPI, which allows the device to rapidly reach the high temperature of 250 °C within
~0.3s.
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4.3.2 Thermal Desorption Behavior

Our theoretical model coupled the thermal equations predicting the real-time
adsorbent surface temperature with the modified DRK equation. Assuming no sample
loss, this heat transfer-desorption hybrid model enabled us to estimate the cumulative
total mass of the vapor released from the uPPI by the transient thermal desorption
process. Then, we performed tests to explore the correlation between the heating duration
and the desorption kinetics. Toluene was first loaded to the uPPI by passive sampling for
15 min at the concentration of 1 ppm. The total mass of the toluene released by the
subsequent thermal desorption process was measured for various heating durations by the
downstream GC/FID. We repeated tests for additional 2 different concentrations of 350
ppb and 270 ppb in order to thoroughly understand the desorption behavior of toluene
within the puPPI and validate our analytical model. During the initial sampling process,
the amounts of 496 ng, 175 ng, and 140 ng were sampled for 1 ppm, 350 ppb, and 270
ppb, respectively. The results show that the predictions from the coupled thermal
desorption kinetic model agree with the experimental results with a £10 % error. Both the
theoretical prediction and the experimental results indicate that by the desorption process
completes the release of 90% of the total mass of the sampled toluene within 3 s, which
obviously results from the rapid thermal response of the pPPIl. The quantitative
characterization of the transient desorption behavior of toluene within the device cavity

successfully validated our model.
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4.3.3 Effect of Heating Rate on the Peak Band Broadening

Subsequently, we studied, both theoretically and experimentally, the effect of the
heating rate of the integrated micro-heater on the injection peak band broadening. The

real-time injection profile was numerically derived from the time derivative of the
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Figure 4.7 Theoretical and experimental plots of the total cumulative mass of toluene
released from the uPPI by thermal desorption as a function of heating duration. They are
given for toluene originally sampled for 15 min at 3 different concentrations of 270 ppb

(red), 350 ppb (green), and 1 ppm (blue). The red squares ([1), green triangles (A), blue

circles (0) represent experimental data points obtained for different heating durations. The
red, green, blue solid lines are the theoretical predictions at 270 ppb, 350 ppb, and 1 ppm,
respectively. The inset shows the input voltage profiles applied to the micro-heater for a
varying duration (i.e., heating duration) ranging from 1 s to 20 s. All of the off-state periods
between the adjacent heating cycles involve sampling, desorption/injection, and cleaning
processes.

89



theoretical cumulative desorption curve in Fig. 4.7. The standard deviation ¢ of the
injection peak band was calculated to be 0.69 s by substituting the values of the test
condition parameters, such as the gas flow rate, the length and radius of the interconnect
tubing, and the diffusion coefficient of toluene, into equation 20 and equation 21. Then,
solving equation 22 allowed us to obtain the theoretically predicted injection peak band

signal of toluene.
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Figure 4.8 Theoretical and experimental plots of the injection peak band profile of
toluene generated by the pPPI at different heating rates of 90 °C-s™ (black), 80 °C-s™
(red), and 70 °C-s™ (blue).
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Figure 4.9 Optical image showing the thermomechanical structural failure of the
uPPI after applying a high voltage of 25 V to the integrated micro-heater on the cavity
floor membrane. This input voltage yields an average heating rate as high as 300 °C-s’
! To prevent this device failure, we avoid setting the input heating rate at an
arbitrarily high value.

Figure 4.8 shows the theoretically predicted injection peak band signals for 3
different heating rate conditions of 90 °C-s?, 80 °C-s?, and 70 °C-s™ and those
corresponding experimentally detected signals. Here, the higher heating rate is obviously
more desirable for the peak intensity enhancement. There exists, however, the upper
bound for the heating rate to prevent the device from breaking down due to a thermal
shock. We observed that the uPPI failed when the average heating rate reached the value
as high as 300 °C-s™ (see the Figure 4.9). To avoid this, we selected the heating rate of 90
°C-s™ at a relatively low power of 1.1 W as the upper bound. The signal profiles in the
transient ramping and quickly declining regions up to 12 s match quite well the

theoretical predictions (Fig. 4.8). After the period of 12 s in the plot, they decline slowly

and show residual signal intensity. This signal behavior is due to the continuous release
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of the toluene from the device for a prolonged heating period in the thermal desorption
process.

We quantified the peak tailing effect by taking the ratio of the maximum peak
height (A) to the residual peak height (B) (Fig. 4.10) for the experimental result at the
heating rate of 70 °C-s™ and compared the experimental value to that of the theoretical
curve. The stationary-phase free tubing used to interconnect the uPPI and the FP sensor
removes the possibility of the peak tailing effect caused by the non-equilibrium
interaction between the mobile and the stationary phase in a conventional capillary

column. We choose t = 20 s in Fig. 4.8 as the reference time point at which the residual
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Figure 4.10 Plots of the theoretical and experimental injection peak band profiles of
toluene at the heating rate of 70 °C-s™. These plots clearly show injection peak
tailings affected by the heating rate.

92



peak height is determined. Additionally, the peak sharpness or the column efficiency was
determined from the full width at half maximum (FWHM) values. Figure 4.11 both
theoretically and experimentally shows the tailing effect and the FWHM values as
functions of the heating rate. Again, the results indicate that the experimental data are in
good agreement with the theoretical predictions. The higher heating rate leads to the
smaller tailing effect as well as the shorter FWHM. The increase of heating rate from 70
°C-s™ to 90 °C-s™* enhances the peak intensity with the tailing effect reduced by 11.2 % in
the experiment (11 % in the model prediction) and the FWHM reduced by 1.24 s in the

experiment (1.2 s in the model prediction).
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Figure 4.11 FWHM values and quantified injection peak tailing effect at different
heating rates of 70 °C-s™, 80 °C-s™, and 90 °C-s™.
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4.3.4 Effect of Heating Duration on the Maximum Injection Peak

Intensity

Excessive energy consumption due to a prolonged heating duration is undesirable
for the development of a portable chromatographic microsystem incorporating the uPPI.
On the other hand, an insufficient heating duration also yields a weak injection band
signal with incomplete desorption of vapors. As such, it is critical to precisely select the
optimal heating duration to achieve the best vapor injection performance of the device
with a quantitative understanding of this trade-off. To assess the effect of heating

duration on the peak band intensity, the device was tested for various heating durations of
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Figure 4.12 Theoretical and experimental plots of the injection peak band profile of
toluene for different heating durations of 1 s (black), 3 s (blue), and 10 s (red).
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1s, 3 s, and 10 s at the heating power of 1.1 W (Fig. 4.12).

In this case, we also found reasonably good agreement between our theoretical
prediction and experimental results. The experimental FWHM mean value increases
slightly with the heating duration from 1.47 s to 1.83 s (Fig. 4.13). Accounting for the
error bars in the experimental data, it is consistent with the observation that the variation
among the theoretical FWHM values = 0.003 s is insignificant regardless of the heating
duration. The maximum peak height for the heating duration of 1 s is 30 % less than the
values for other heating durations of 3 s and 10 s (Fig. 4.12 and 4.13). The heating
duration of 1 s, which is insufficient to complete the full release of the sampled toluene
(Fig. 4.7), results in the small peak height, which is 35 % smaller than that for the heating

duration of 10 s. In contrast, the maximum peak height for the heating duration of 3 s is
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Figure 4.13 Maximum peak height and FWHM value for heating durations of 1s, 3 s,
and 10 s.

95



only 3 % less than that for the heating duration of 10 s. It is shown that 70 % of the total
energy consumption is saved by reducing the heating duration from 10 s to 3 s with the
small decrease in the maximum peak height (Fig. 4.14). Thus, the heating duration of 3 s
provides the optimal heating condition for our device to achieve low-power, high-

intensity vapor injection.
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Figure 4.14 Maximum peak height and energy consumption for heating durations of 1 s,
3s,and 10 s.
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4.4 Summary

This chapter studies thermal desorption and delivery of toluene vapor by a
microfabricated device that serves as a passive preconcentrator/injector of volatile
organic compounds (VOCs) in gas chromatography (GC) analysis. Here, we develop a
theoretical model simultaneously accounting for transient heat transfer and vapor
desorption Kinetics to quantitatively predict the microscale vapor sample release/injection
performance of the device. We characterize the total mass and real-time peak band profile
of toluene injected to a downstream inert tubing with various temporal heating profiles of
the device’s integrated micro-heater. The model predictions are in good agreement with
experimental results from device characterization using an on-column optical fiber-based
Fabry-Pérot gas sensor. Heated from room temperature to 300 "C within 3 s at a carrier
gas flow rate of 10 mL/min, the device injects 90% of the originally collected toluene,
forming a peak band profile with a full width at half maximum bandwidth as small as
1.69 s. The narrow-band injection suppresses the peak tailing effect and limits the total
heating energy consumption to 3 J per cycle, which is less than 10% of conventional

injection processes.
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CHAPTER V

SAMPLING, INJECTION, AND SEPARATION PERFORMANCE
FOR VOC MIXTURES

5.1 Introduction

Over the last decade, several laboratories have been developing gas
chromatographic microsystems (uGCs) for in-situ analysis and on-site field monitoring
of volatile organic compounds (VOCs). These uGC systems may represent the most
promising technology for complex VOC mixture analyses in real-time air monitoring,
point-of-care biomedical diagnostics, homeland security, and worker exposure
assessment. Most uGC systems consist of fluidically interconnected subsystems: a
preconcentrator/injector, a separation column, a detector, and a pump [10-14, 37]. These
subsystems are typically microfabricated using silicon microelectromechanical system
(MEMS) technology [8, 9, 18-36, 38-60]. Miniaturization enabled by microfabrication
allows rapid temperature programming of the GC subsystems with low power, which is
critical for the development of a battery-operated handheld GC system. In particular, a

microfabricated preconcentrator (u-preconcentrator) is one of the key components of a

uGC system for its ability to enhance the system’s detection sensitivity by trapping and
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accumulating low-concentration VOCs. Due to the limited sensitivity of existing gas
sensors, a uGC system without a u-preconcentrator is prohibited to detect VOCs at the
parts-per-billion (ppb) concentration level, which is required in many applications. A p-
preconcentrator additionally serves as a vapor injector delivering plugs of the
preconcentrated VOCs to a downstream separation column by thermal desorption. The
injection sharpness critically affects the separation resolution of a GC system. Therefore,
the device must be capable of generating sharp injection plugs. Microfabricated
preconcentrator devices developed in previous studies [94] generally require substantial
energy for both carrier gas pumping and VOC thermal injection.

In our previous work, we demonstrated diffusion-based passive sampling of low-
concentration toluene using our on-chip device, namely the "microfabricated passive
vapor preconcentrator/injector (uPPI)" [94] (Fig. 5. 1A). The uPPI first achieved a
sampling rate of 9.1 mL/min for toluene in an air sample. Subsequently, temperature
ramping of an integrated micro-heater allowed the uPPI to release and inject the collected
vapor sample at a low heating power of ~ 1 W and a carrier gas flow rate of 50 mL/min
with an injection sample loss < 5 %. The pPPI device is the first microfabricated GC
component that has the potential of realizing battery-operated on-chip VOC sampling and
injection because of its low power consumption. This device may open a way for highly
energy efficient field-deployable GC analyses. However, our previous study was limited
to use of the single VOC species (i.e., toluene) for the device characterization. Fully
demonstrating the utility of the uPPl in GC analyses still requires a through

characterization of the device’s performance using VOC mixtures.
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Figure 5.1 (A) Conceptual diagram of the uPPI showing the sampling of VOC
mixtures by diffusion and thermal desorption/injection processes. The uPPI comprises
two layer structures; the top layer incorporates vertical square diffusion channel grids
for passive vapor sampling; and the bottom layer contains a membrane cavity structure
with tapered entrance/exit on its two sides, pillar structures to retain the graphitized
carbon granules inside, and an integrated heater and a resistance temperature detector
(RTD) on its backside. (B) Schematic of the test setup incorporating two Fabry-Pérot
(FP) interferometic optical gas sensors used to characterize the preconcentration,
desorption/injection, and separation performance of the uPPI for VOC mixtures. (C)
Optical image of the uPPI mounted in the exposure chamber. Inset images show the
micro-heater and RTD sensor on the backside of the uPPI. (D) Optical image of the
sealed exposure chamber. (E) Conceptual diagram of the on-column FP sensor
showing its working principles. (F) Optical image of the FP optical gas sensor
assembly.
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In this chapter, we explore preconcentration, desorption/injection, and separation

of VOC mixtures with a broad spectrum of analytes using the uPPI to demonstrate the
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general utility of the device. Toward this goal, we verify that the uPPI can (1) collect a
quaternary mixture containing highly common VOC species as well as single individual
compounds on the basis of a zero-power diffusion process, (2) sufficiently preconcentrate
analyte VOCs to enhance detection sensitivity, and (3) generate a sharp peak pulse of
these concentrated vapors by thermal desorption to achieve a sufficient vapor separation
ability. To demonstrate the full uPPI-based GC operations, we have developed a custom
GC system employing the device in front of a separation column and two on-column
optical fiber-based Fabry-Pérot (FP) gas sensors at the both ends of the separation
column (Fig. 5. 1B). These dual sensors detect in situ the vapor signals at both of the
column inlet and outlet. This sensor arrangement provides the means to directly observe
vapor mixture injection profiles of the uPPI as well as accurately measure the retention
time for each analyte to take to pass through the separation column. This GC system
permits quantitative differentiation and identification of the components of a quaternary
VOC mixture with a much simpler fluidic setup than conventional GC instruments. To
perform quantitative measurements, we first calibrate the signals of the optical sensors
for each of 4 vapor analytes, each having different diffusivity, volatility, and affinity. We
next determine the sampling rates for these analytes. Then, an optimal heating condition
of the uPPI is explored to generate a sharp vapor injection profile leading to complete
separation of the quaternary VOC mixture while preventing a device failure due to
thermal shock. Finally, chromatogram peaks obtained by the complete separation are
analyzed and quantified. This allows us to quantitatively characterize the detection
sensitivity enhancement for each analyte species and the device’s vapor sampling
performance in the presence of competing adsorptions of the different VOC components
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in the quaternary mixture sample. With all the device functions for the VOC mixture
sample verified, the puPPI proves its capability to enable low-power, signal-enhanced,

high-fidelity analyses for its use in a uGC system.

5.2 Materials and Methods

This section discusses materials and methods used for fabricating and
characterizing the designed micro-device. The device fabrication was performed at the
Lurie Nanofabrication Facility (LNF) at the University of Michigan. The experiment
entails calibration of the on-column FP sensor signal as a function of vapor mass,
measurement of the sampling rate of VOCs in the pPPI, and separation of the VOC

mixture with the custom GC system at varying micro-heating rates.

5.2.1 Materials

Our experiment used 4 different individual VOCs (benzene, TCE, toluene, and m-
xylene) that represent a broad spectrum of VOCs ranging from low- to high-volatility
compounds (8.29 - 95.2 torr. The detailed properties of these compounds are given in
Table 5. 1. All VOC analytes with purity > 99 % were purchased from Sigma-Aldrich (St.
Louis, MO) and were used as received. A non-polar dimethylpolysiloxane (PDMS)
coated separation column (HP-1, i.d. = 250 um) was obtained from Agilent Technologies

Inc. (Santa Clara, CA). For GC separation tests, we prepared test atmospheres of VOC
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mixture comprising the 4 different analyte compounds (i.e., benzene, TCE, toluene, and
m-xylene) in the N gas of a Tedlar bag of 10 L. The concentration of each component in
this VOC mixture sample was 50 ppb. A small amount of each analyte equivalent to 50
ppb in the 10 liter N, gas was injected into the bag by a syringe. Carbopack Xs (C-X,
specific area = 250 m?/g, 60/80 mesh) graphitized carbon beads, which were used as the
adsorbent materials of the uPPI, were purchased from Supelco (Belafonte, PA) and were
used as the adsorbents packed in the uPPl. The separation column and C-Xs were

preheated for cleaning at 250 °C before use.

Properties
VOC analyte p, (torr) D, (cm?/s) MW (g/mol)
Benzene 95.2 0.0932 78.11
TCE 69 0.0875 131.39
Toluene 284 0.0849 92.14
m-xylene 8.29 0.0670 106.16

Table 5.1. List of quaternary compounds and their vapor pressures (py), diffusion
coefficients (Do), and molecular weights (MW)

5.2.2 Experimental Setup

To demonstrate the general utility of the uPPI for VOC mixtures in a complete
GC system, we modified our previous setup (Fig. 5. 1C and 5. 1D) used for

characterizing the vapor injection by the uPPI in Chapter 4. As shown in Fig. 5. 1B, the

103



uPPI-mounted exposure chamber system is fluidically interconnected to two on-column
Fabry-Perot (FP) interferometirc optical sensors, a separation column, and a mini-pump.
The VOC sample in the N, carrier gas is drawn into the system by a mini-diaphragm
pump (BTC IIS, Parker, Cleveland, OH). The FP optical sensors were installed at the
both ends of a 10 m long (250 um (i.d.)) stationary phase coated tubular separation
column (HP-1, Agilent, Santa Clara, CA). The incident light coming from the external
laser source was coupled into the optical sensor through an optical circulator and then
partially reflected on the metal layer and the interface of the PDMS layer and air,
generating an interference spectrum. When the PDMS layer of the sensor is exposed to
VOC analytes, the surface interaction between the polymer and the analytes causes a shift
of the interference spectrum. This spectrum shift provides us with the real-time Kkinetic

information of VOC analytes.

5.2.3 Microfabrication of the uPPI and the On-column Sensor

Detailed information on the processing steps of the uPPI device is provided in
Chapter 3. The fabrication and assembly of the on-column FP sensor were also
previously reported [94]. Briefly, the uPPI was fabricated using bulk micromachining
based on growth of thin thermal oxide layer, Si deep reactive ion etch (DRIE), SiON
dielectric thin-film deposition, integrated metallic heater/temperature sensor patterning,
selective ethlenediamine pyrocatechol (EDP) wet etch of boron-doped silicon, and

modified eutectic wafer bonding. The sensor was fabricated by sequential deposition of a
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metal layer, such as gold or silver, and a polydimethylsiloxane (PDMS) layer on the end-

face of a single mode optical fiber to create a FP cavity (Fig. 5. 1E and 5. 1F).

5.2.4 Sensor Signal Calibration

The sensing signals rely on sorption characteristics between the PDMS layer of
the optical sensor and VOC analytes. To quantitatively assess the performance of our
custom GC setup we calibrated the on-column FP sensor signals for the 4 individual
VOCs. We first removed the uPPI-mounted exposure chamber from the test setup, and
then connected a Tedlar bag containing benzene vapor of 3 ppm to the setup. The
benzene sample in the Tedlar bag was then injected into the first on-column FP optical
sensor, installed at the inlet of the separation column, for 10 s at a flow rate of ~1.8
mL/min generated by the mini-pump. The peak signal of the injected vapor was
monitored in real-time and was recorded at a rate of 20 Hz, using a customized LabView
program. The same tests were consecutively performed for the additional 4 different
concentrations of 4 ppm, 5ppm, 6ppm, and 10 ppm in order to obtain a calibration curve
showing the correlation of the peak area and the concentration of analyte (benzene) in the
tested sample volume. The vapor mass was calculated from the concentration and the
sample volume used (sample injection time x flow rate). We then repeated these tests for

other analytes of TCE, toluene, and m-xylene.
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5.2.5 Sampling Rate Measurement with the uPPI Device

To quantify the uPPI’s passive vapor sampling capability upon exposure to
various VOCs, we steadily passed each of the 4 different analytes (benzene, TCE, toluene,
and m-xylene) through the exposure chamber containing the device for discrete periods of
15, 30, 45, 60, or 90 min while maintaining each analyte concentration at 500 ppb. In this
particular test, we removed the separation column and the second on-column FP optical
sensor, installed at the outlet of the separation column, from the setup and only used the
first on-column FP sensor for detection. After each sampling was completed, we covered
the diffusion channels of the puPPI top layer with a glass, and next purged the chamber for
1 min with nitrogen gas at ~ 1 L/min to remove any residual VOC analyte. The N, flow
through the chamber was then stopped and we rapidly heated the uPPI from room
temperature to ~ 300 °C for 30 s to desorb the trapped vapors. The released vapors were
drawn through the device outlet port to the sensor at a flow rate of 10 mL/min by the
mini-pump, and the mass of each vapor injected by the uPPI was measured using the on-

column FP sensor.

5.2.6 VOC Mixture Separation

The VOC mixture sample was passed through the exposure chamber for 60 min
by the mini-pump and was collected by the uPPI. The analytes were passively trapped in
the uPPIl at a constant sampling rate determined by their own diffusivity. We next

temporally covered the top layer of the device with a glass chip to avoid sample loss from
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the diffusion channels during the thermal desorption. The device was then heated up to ~
300 °C at varying heating rates of the integrated Ti/Pt meander-line micro-heater. The
thermally desorbed analytes were delivered to the first on-column FP optical sensor at a
flow rate of ~ 1.8 mL/min, which is typically used in GC analysis, during the thermal
desorption from the puPPI. The first sensor detected superimposed injection band peaks of
the four thermally desorbed VOCs from the uPPI. These vapors were then drawn into the
separation column which was maintained at ~ 80 °C, and were separated due to the
different analyte volatilities. Finally, we obtained complementary chromatograms for the

VVOC mixture using the second on-column FP optical sensor.

5.3 Results and Discussion

This chapter presents results from the on-column FP sensor calibration and the
sampling rate measurement for each VOC analyte, and successfully demonstrates
injection and complete separation of the VOC mixture at an optimal heating rate of the
uPPI. We obtained sensor calibration curves indicating the peak area as a function of the
sample mass for the 4 vapor compounds. From the chromatogram data, our study
determined the mass fraction of the quaternary VOC mixture collected by the uPPI
device. We next explored the optimal heating condition of the uPPI, which resulted in a
high-resolution chromatogram indicating a full separation of 4 analyte compounds. By

comparing mass uptake data for single-analyte sampling and mixture sampling, we
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quantitatively assess the interference among the mixed 4 analyte compounds during the

desorption process at the adsorbents of the uPPI.

5.3.1 Calibration of the On-column FP Optical Sensor

Our results show unique responses of the on-column FP optical gas sensor to the 4
different analyte compounds. A calibration curve for each analyte is provided by the
correlation between the area of the sensor signal peak and the analyte concentration in the
tested sample volume, which enables the quantitative measurement of vapor mass from
the chromatograms. Figure 5. 2 shows a set of calibration curves for 4 individual vapors
of benzene, TCE, toluene, and m-xylene obtained by collecting samples for 10 s at a flow
rate of ~ 2 mL/min for 5 different concentrations of 3, 4, 5, 6, or 10 ppm. The sampled
masses achieved from 3 ppm (1.0 ppm-mL) to 10 ppm (3.3 ppm-mL) range from 3.5 ng
to 11.7 ng for benzene, 5.8 ng to 19.4 ng for TCE, 3.7 ng to 12.2 ng for toluene, and 4.6
ng to 15.3 ng for m-xylene. As shown in Fig. 5. 2, peak responses increase linearly with
concentration (r* > 0.99). At a given concentration of 6 ppm (2.0 ppm-mL), the
corresponding peak areas are 0.202 (benzene), 0.296 (TCE), 0.399 (toluene), and 0.717

(m-xylene).
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Figure 5.2 Calibration curves generated from injecting different concentrations of 4
individual analytes in Tedlar bags to the on-column FP optical sensor. Samples were
injected to the sensor for 10 s at 2 mL/min. The tested concentrations ranged from 3
ppm (1.0 ppm-mL) to 10 ppm (3.3 ppm-mL). Linear regression r” values for all
analytes are all > 0.99. Inset shows chromatograms of 4 individual analytes (benzene,
TCE, toluene, and m-xylene) at the concentration of 6 ppm (2 ppm-mL).

5.3.2 Sampling Rate Tests for VOCs

To show that the uPPI can effectively trap a broad spectrum of analytes, we
performed tests of the sampling rate for each of 4 individual VOC analytes of benzene,
TCE, toluene, and m-xylene. Figure 5. 3 shows plots of sampled mass versus sampling
time from 15 to 90 min for each analyte. In all cases, the standard deviation was less than
10 %. All the sampled mass in the puPPl was delivered to the optical sensor with no
residual analyte in the chamber headspace because we covered the diffusional grids of the

top layer with a glass chip. Thus, there was no vapor loss escaping through the diffusion
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channels by back-diffusion during the desorption process. The results indicate that the
sampling performance of the uPPI is consistent and reproducible for each analyte over

the entire series of experiments.
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Figure 5.3 Plots of the mass trapped and thermally desorbed by the uPPI as a
function of sampling time for each analyte at a concentration of 500 ppb and a suction
flow rate of 10 mL/min. The reduction in the mass uptake rate beyond 45 minutes for
all analytes reflects the decline of the sampling rate as the number of available surface
sites on the adsorbents get decreased.

For all the VOC analytes tested in the experiments, Figure 5. 3 indicates that the
mass uptake rates are constant up to ~ 45 min (r? > 0.99) at a given concentration of 500
ppb. Sampling rates of 8.7 mL/min, 8.6 mL/min, 9.0 mL/min, and 6.9 mL/min were
obtained from the slopes of the linear region of the curves for benzene, TCE, toluene, and
m-Xxylene, respectively. Using the sampling rate equation in Chapter 3 and the diffusion
coefficients of these analytes in Table 5. 1, the theoretical prediction values are 10.2

mL/min (benzene), 9.6 mL/min (TCE), 9.3 mL/min (toluene), and 7.3 mL/min (m-
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xylene). These experimental values are 3 % (toluene, 9.0 mL/min) - 15 % (benzene, 8.7
mL/min) lower than the theoretical predictions. The corresponding mass uptake rates for
the experimental data are 13.9 ng/min (benzene), 23.2 ng/min (TCE), 16.7 ng/min
(toluene), and 15.0 ng/min (m-xylene). The discrepancies between the experimental
sampling rate and the theoretical prediction are more significant for benzene (15 %) and
TCE (10 %) than the other analytes (3-5 %). By taking the narrow linear region up to 30
min, the discrepancies for benzene and TCE become 9 % (9.3 mL/min) and 7 % (8.9
mL/min) lower than predicted by the sampling rate equation, respectively. Yet the errors
for these analytes are still high, which might be caused by relatively lower responses to
the optical sensor due to their higher volatilities.

Beyond ~ 45 min, the uPPI continues to trap the vapor sample, but at a lower
sampling rate for each analyte. This sampling process is expected to continue to decrease
until the surface adsorption sites on the adsorbents (C-Xs) get completely filled. At the
sampling time of 90 min, the mass uptakes for 4 individual analytes of benzene, TCE,
toluene, and m-xylene were 0.99 ug, 1.62 ug, 1.25 ug, and 1.17 ug, respectively. These
values, sequentially, are 68 %, 70 %, 80 %, and 82 % of the total amounts expected (i.e.,
benzene: 1.47 ng, TCE: 2.33 ug, toluene: 1.55 ng, m-xylene: 1.43 nug) assuming the

designed constant sampling rate on each of analytes.

5.3.3 VOC Mixture Injection by the uPPI

Our previous study in Chapter 4 indicates that a higher heating rate yields a

sharper injection profile with the uPPI. A sharp injection profile is expected to provide
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Figure 5.4 Experimental plots of the superimposed peak signals of the released VOC
mixtures generated by the uPPI at the different heating rates of 60 °C/s (red), 75 °C/s
(green), and 90 °C/s (blue). The released/injected peak band signals of VOC analytes
are detected at the first FP optical sensor in the custom GC system prior to separation.
The reference time point (t = 0) is the time at which the heating power starts to be
applied to the uPPI for thermal desorption.

high chromatogram resolution. However, a heating rate exceeding a certain value results
in a device failure due to thermal shock. Thus, we monitored in situ vapor injection
profiles of the uPPI using the first on-column sensor installed at the column inlet by
gradually increasing the heating rate from 60 °C/s to a higher value. Here, the injection
time (t;), i.e., the time for the desorbed analytes to travel from the uPPI to the column
inlet, was monitored at the heating rates of 60 °C/s, 75 °C/s, and 90 °C/s. (Figure 5. 4). As
expected from the result in Chapter 4, the superimposed peak signal enhancement of

VOC mixtures was reflected in the decrease from 34.3 s to 20.8 s in the full width at half
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maximum (FWHM) value along with the increase of heating rate from 60 °C/s to 90 °C/s.
It was also shown that the peak tailings of VOC mixtures were decreased by increasing
the heating rate. Based on these superimposed peak signal data, we found that the
injection time was consistently ~ 60 s regardless of the heating rates. The accurate
retention time data obtained by our GC setup promises to facilitate the differentiation and

identification of the compounds.

5.3.4 VOC Mixture Analysis

Figure 5. 5 shows the chromatograms corresponding to the injection profiles at
the heating rates of 60 °C/s (0.7 W), 75 °C/s (0.9 W), and 90 °C/s (1.1 W). The 4 different
analyte VOCs injected into the column were separated in < 400 s by means of their
different interactions with the stationary phase of the column. The chromatogram data
were achieved from the second on-column FP optical sensor in the optofluidic GC system.
The accurate retention time for each separated analyte was obtained by subtracting t; from
the time (t,) it took for the peak height signal of each vapor monitored at the column
outlet to appear. Benzene and TCE have similar retention time values of ~ 59 s (t,: 119 s)
and ~ 90 s (t,: 150 s), respectively, shorter than the other analytes of toluene (~ 188 s (t,:
248 s)) and m-xylene (~ 319 s (t,: 379 s)). Figure 5. 5A and 5. 5B indicate that the peak
signals of benzene and TCE overlapped with each other at both heating rates of 60 °C/s
and 70 °C/s generated from the uPPI while toluene and m-xylene were clearly separated
even at the lower heating rate of 60 "C/s. For the maximum heating rate condition of 90

°C/s, the eluted peak of benzene was distinctly differentiated
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Figure 5.5 Chromatograms from the second on-column FP optical gas sensor for the
3 different heating rates of (A) 60 "C/s, (B) 75 °C/s, and (C) 90 °C/s, generated by the
uPPI. Peak assignments are as follows: 1, benzene; 2, trichloroethylene (TCE); 3,
toluene; 4, m-xylene.
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from that of TCE (Fig. 5. 5C). The peak height was also significantly enhanced by ~ 73
%, ~ 37 %, ~ 70 %, and ~ 52 % for benzene, TCE, toluene, and m-xylene, respectively,
compared to that for the lowest heating rate of 60 °C/s. Here, it would be possible to
obtain more enhanced chromatograms at a higher heating rate than 90 °C/s. However, we
used this heating rate for our further analyses as a sufficiently high value to avoid the

aforementioned thermal damage of the device.

5.3.5 Analysis of VOC Mixture Adsorption by the uPPI

Low volatility compounds are often easily trapped on the adsorption sites of the
adsorbents at room temperature, so-called cold trapping, since the analytes have been
cooled below their boiling points. The tested mixture sample contains a broad spectrum
of VOCs with different vapor pressures, diffusion coefficients, and affinities. Significant
competing interferences among these compounds are expected during the sampling
process. To examine these interferences, we calculated the mass of each analyte collected
by the uPPI from the chromatogram peak signal obtained at the heating rate of 90 °C/s.
The calculation shows that the masses of benzene, TCE, toluene, and m-xylene for the
sampling time of 60 min and the concentration of 50 ppb were 30.6 ng, 46.5 ng, 55.1 ng,
and 92.1 ng, respectively. Figure 5. 6A shows the mass uptake distribution of the
compounds adsorbed on the surface of the adsorbents in the uPPI. The device trapped the
mixture in the mass ratio of 13.6 % for benzene, 20.7 % for TCE, 24.6 % for toluene, and
41.1 % for m-xylene. The experimental mass uptake for each analyte was reduced by
68.8 % in benzene, 69.8 % in TCE, 47.6 % in toluene, and 5 % in m-xylene in
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comparison to the mass uptake calculated by the theoretical sampling rate on the
assumption of the single analyte sampling (Figure 5. 6B). These results demonstrate that
the uPPl can trap all the quaternary mixtures with particular adsorption fractions

although the effective sampling rate for each analyte is consequently reduced.
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Figure 5.6 (A) Mass uptake distribution of the compounds of the quaternary mixture
adsorbed on the surface of the adsorbents and (B) theoretically predicted mass uptake
and experimentally obtained mass uptake for the sampling time of 60 min at the
concentration of 50 ppb.
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5.4 Summary

This chapter studies the applicability of a microfabricated passive
preconcentrator/injector (uPPI) for its general utility in a gas chromatographic
microsystem (uGC). This study shows that the pPPI enables diffusion-based passive
sampling performance of the uPPI for low concentrations of volatile organic compound
(VOC) analytes of benzene, TCE, toluene, and m-xylene. Using an optofluidic GC
system incorporating the puPPIl and dual on-column optical sensors, we quantitatively
analyze the chromatographic separation resolution of the system with the output signals
of the optical sensors calibrated for each test VOC analyte. From the chromatogram, the
uPPI achieves high sampling rates of 8.7, 8.6, 9.0, and 6.9 mL/min for benzene, TCE,
toluene, and m-xylene, respectively, for up to ~ 45 min at a concentration of ~ 500 ppb.
The study identifies an optimal heating condition of 90 °C/s of the uPPI that results in
separation resolution allowing the quaternary VOC mixture to be completely separated.
For the sampling time of 60 min at the concentration of 50 ppb, the uPPI traps the
mixture in the mass-ratio of 13.6 % for benzene, 20.7 % for TCE, 24.6 % for toluene, and
41.1 % for m-xylene. Results show that analyzing each chromatogram peak enables us to
characterize the adsorption fractions of VOC species with different vapor pressures and

affinities within the puPPI.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORKS

6.1 Summary of Thesis

6.1.1 Passive vapor sampling of microfabricated preconcentrator/

injector

This thesis study reports on the first development of a microfabricated passive
VOC sampler. The puPPI also has an integrated resistive heater that permits in situ
thermal desorption of captured vapor samples. The results presented demonstrate that the
UPPI can capture low-concentration VOCs from the air with zero power dissipation (i.e.,
without active pumping) at a known and predictable rate. Efficient thermal desorption
using the integrated heater and injection of discrete samples to downstream components
(with pumping) have also been documented.

The sampling rate of 9.1 mL/min observed for the test vapor, toluene, is
remarkably high given the size of the device, and similar rates would be expected from
numerous other vapors with comparable diffusion coefficients in air. Thus, sufficient
mass can be collected within a few minutes from environments containing low- or sub-

ppm analyte for detection. The linear sampling range can be maintained is a function of
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the vapor concentration and its affinity for the adsorbent material packed in the device.
For 1 ppm of toluene and the graphitized carbon adsorbent, Carbopack X, used in the
uPPI, we have shown that sampling is maintained at a constant rate for 30 minutes prior
to having to thermally desorb the sample and regenerate the adsorbent surface. More than
1 million sampling/desorption cycles are possible without any apparent degradation in
performance. These sufficient passive sampling performance and thermal reliability meet
the need for use of the uPPI in field-deployable uGC systems for personal exposure
monitoring to assess the health impacts of VOCs.

The experimental sampling rate is in excellent agreement with theory prediction
based on Fickian diffusion, and the heating power dissipation and capture efficiency of
thermally desorbed samples are also in close agreement with the values predicted by the
heat transfer and fluid dynamic models. These models guide the device design and

operating parameters.

6.1.2 Impact of microscale on-chip heating on vapor release and

injection

This chapter presents a quantitative analysis of the impact of microscale heating
on the performance of the uPPI, our microfabricated device achieving on-chip vapor
sample preconcentraion and injection. We have characterized the total mass of toluene
released from the device by thermal desorption as a function of heating duration. This
study is the first to quantitatively show the effect of thermal desorption on injection peak

tailings and signal intensity. Our analytical model accounting for heat transfer,
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temperature dependent desorption kinetics, and peak band broadening well predicts the
real-time vapor peak band signal profiles in good agreement with experiment. The small
thermal mass of the membrane cavity structure of the uPPI realizes the device’s
significantly rapid heating response; it reaches 250 °C and 300 °C from room temperature
within ~0.3 s and 3 s, respectively, with the micro-heater power of 1.1 W. The heating
response of the uPPI is well predicted by our lumped thermal model with an error of < 2
%. As a result of the rapid thermal response, more than 90 % of toluene can be released
from the graphitized nonporous carbon adsorbent (Carbopack X) of the uPPI within 3 s.
Furthermore, our study has investigated the effects of the heating rate and
duration on the injection peak band signals by both theory and experiment. We have
quantitatively shown that a higher heating rate increases the injection peak band
sharpness and height. A higher heating rate also suppresses injection peak tailings, which
would severely limit the ability to separate VOC mixtures with a GC capillary column
connected to the device. Excessive thermal desorption of toluene with the uPPI
significantly wastes energy. A careful analysis has allowed us to determine the optimal
heating conditions to achieve the maximum signal detection sensitivity and
chromatographic resolution at minimum energy consumption (< 10% of conventional

cases).
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6.1.3 Sampling, injection, and separation performance for VOC

mixtures

This chapter demonstrated the general utility of the uPPI in a GC system. We
characterized the passive preconcentration performance of the device for 4 individual
VOC analytes at 500 ppb. Our fluidically simplified custom GC system incorporating the
dual on-column optical sensors was capable of observing vapor injection profiles upon
the thermal desorption process using the uPPIl. The precise chromatographic retention
time data obtained for the system facilitated the identification of each component of the
VOC mixtures. The calibration data of the optical sensor enabled the quantitative
assessment of the chromatographic separation resolution. The optimal heating condition
of 90 °C/s was determined to achieve complete VOC separations while avoiding thermal
shock to the uPPI device. From the chromatogram peak analysis, we determined the
adsorption fraction (selective adsorption) of the quaternary mixture to study the
interference among the analytes during the adsorption process.

The sampling rates of 8.7 mL/min, 8.6 mL/min, 9.0 mL/min, and 6.9 mL/min
observed for the test VOC analytes of benzene, TCE, toluene, and m-xylene, respectively,
were remarkably high and in good agreement with theoretical predictions (< 15 % error)
for the linear sampling region up to 45 minutes. Thus, sufficient masses of low-
concentration VOC analytes can be collected for GC analysis within a few minutes from
the environment by virtue of passive diffusion-driven sampling. With the sampling time
of 60 min, the C-Xs in the uPPI adsorbed the quaternary mixture at the weight ratio of
13.6 % in benzene, 20.7 % in TCE, 24.6 % in toluene, and 41.1 % in m-xylene.
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Compared to the predicted mass uptake for each analyte, which was calculated from the
theoretical sampling rate for the single vapor sampling, we estimated that the mass ratio
would be 31.2 % in benzene, 30.2 % in TCE, 52.4 % in toluene, and 95 % in m-xylene if
no analyte interference occurred. It follows that the compounds with lower volatility tend
to more occupy sorption sites on the adsorbent surface than those with higher volatility in
the sampling process. In summary, this study validated the general utility of the uPPl in a
uGC system using the quaternary vapor mixture representing a broad spectrum of VOCs.
We demonstrated that the device reliably collected vapor mixtures without any power
requirements and permitted high-resolution chromatographic separation for the mixtures

with signal enhancement.

6.2 Future Research and Applications

The continued study on the uPPI promises to have prominent impact on several
research fields. Potential future work can explore the following three features: (1)
assessment of the influence of the sampling time on multiplexed VOC analysis, (2)
reduction of sampling time for high-speed preconcentration of low-concentration analytes
in a GC system, and (3) full integration of our puPPI into a battery-operated micro gas

chromatography system (system integration).
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6.2.1 Adsorption preference of the adsorbents for each component of
VOC mixtures

To determine if the adsorbents effectively capture VOC mixtures for separation
and detection, accurate data for the adsorbents indicating their gas mixture adsorption are
required. Each analyte has a different vapor pressure and interaction with adsorbents.
When mixed with other compounds, the sampling rate of reduction is expected to be
lower than that of a pure sample. This sampling rate is attributed to competition among
the compounds for surface sites during the adsorption process. The time for the adsorbent
to become saturated with the analyte in a mixture sample is expected to be shorter than in
a pure sample. This saturation time is called “breakthrough.” When the sampling time
exceeds the breakthrough, further analyte sampling for the mixture no longer contributes
to increase the preconcentration gain. For this reason, determination of the optimal
sampling time for each analyte in a given VOC mixture is required to avoid reaching the
breakthrough. The optimal sampling time used in the device operation reduces the total
analysis time, thus enabling a fast analysis desirable for a portable microanalytical system.

In this thesis work, we have individually characterized the passive sampling rate
of the uPPI for each of four VOCs. Our study further determined the preferential
adsorption of the components of a quaternary VOC mixture by the adsorbent at a
sampling time of 60 min. The result suggests that low-volatility compounds more
preferentially occupy the adsorbent surface sites than high-volatility compounds.
However, our current data are insufficient for us to fully determine the breakthrough of

each analyte in VOC mixtures. As we are unable to assess how the sampling time affects
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the reduction in the analyte's effective sampling rate. Therefore, it is necessary to repeat
the device characterization for several different sampling times. To avoid injection peak
tailings, the test should be repeated at the optimal heating condition of 90 °C/s for all
different sampling time conditions (15, 30, 45, 60, and 90 min), followed by
chromatogram peak analysis to determine the breakthrough of each analyte of VOC
mixtures. These experiments will provide insight into the preferential adsorption of the
VOC mixture components within the puPPI and its effect on the sampling rate of each
analyte. From this study, we can finally optimize the sampling time enabling the fast
analysis time which is useful for the realization of a uGC system incorporating the uPPI

device.

6.2.2 Rapid sampling and preconcentraiton of low-concentration vapor

compounds

Another future study will explore the device’s performance for high-speed
preconcentration and separation of VOC mixtures at concentrations as low as sub-ppb.
Real-time in situ gas monitoring is very crucial especially when the toxicity of a
particular VOC imposes immediate risks on human health. In this case, a significant
reduction in the sampling time is needed as it dominates the total GC analysis time.
Sampling analytes at sub-ppb by the current uPPI design may typically take a few hours.
To reduce the sampling time for the analytes at such a low concentration, we could
redesign the diffusion channels, change the adsorbent dimensions, or replace the
adsorbent with a new material. For example, diffusion channels with a shorter length and
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a larger cross-sectional area could increase the sampling rate. But this approach would be
challenging from the device manufacturing point. The device fabrication would require a
thinner Si wafer (< 200 um) with numerous apertures. Such a wafer could easily break
during wafer bonding and dicing processes. A promising alternative method would be to
utilize carbon nano-tubes (CNTs) vertically grown from the uPPI cavity floor as the
adsorbents. Controlling the CNT synthesis process permits adjusting of the analyte
diffusion length for the passive sampling process. A higher sampling rate can be achieved
by reducing the diffusion length with longer CNTSs. In addition, the use of CNTSs as the
adsorbent significantly enhances the thermal response of the pPPl by the expected
increase of the thermal contact conductance between the adsorbents and the device cavity
floor. This approach will also contribute to shorten the total analysis time of the GC

system incorporating the uPPI.

6.2.3 System integration

Our ultimate goal is to demonstrate a battery-operated gas chromatographic
microsystem with the uPPI for fully field-deployable VOC detection under a complex
environment. To achieve this goal, a complete uGC system comprising the uPPI, a
microcolumn, a microsensor, a micropump, and a battery needs to be fabricated and
assembled together. The elimination of the energy used in collecting sample by a pump,
which is the most energy-hungry step in the GC analysis, represents perhaps the most
promising technological advancement towards developing a battery-operated

microanalytical system. Furthermore, innovative packaging and fluidic interconnection
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schemes need to be explored for the aimed system integration. Ultimately, a hand-held
uGC system incorporating the uPPI could be effectively utilized for personal exposure

monitoring to study the impact of VOC exposure on human health.
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APPENDICES

Appendix |

Top Layer Fabrication

q
nN
8
5
4
1. Deposne CrAuon 3. .Plate backside wnth.Au 5. Pattem for Si DRIE
backside using gold electro-plating
2. Pattern for plating 4. Etch Seed Layer 6. Etch Grid and Hole and

remove PR

Figure 1. Fabrication steps for the Top Layer of the Microfabricated Passive
Preconcentrator/Injector

1.1. Prefurnace Clean (Prefurnace Clean Bench)
100 Si wafer, thickness 200 + 10 um
Organic Clean (H20 : NH4,OH : H,0,=2:1:1):90 °C, 10 min
DI Water Rinse: 2 min
HF (100 : 1) Dip: 30 sec
DI Water Rinse: 2 min
lonic Clean (H,0 : HCIl : H,0,=2:1:1): 90 °C, 10 min
DI Water Rinse: 15 min
Spin Rinse and Dry: until resistivity reaches 15.1 Q/em?

1.2. Cr/Au deposition (Enerjet Evaporator)
Thickness: 20/500 nm
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2.1. Photoresist Patterning for Au Electroplating
HMDS: 4000 rpm, 10 s
Photoresist: PR 1827, ~ 2.7 um
Spin: 500 rpm, 8 s + 4000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 1 min 10 s
Cool Down in Ambient: ~ 5 min
Exposure (MA6 Mask Aligner): 17 sec
Development (MF 319): 1 min 30 s
DI Water Rinse: 3 min
Descum in March Asher: O,, 80 W, 250 mT, 1 min

3.1. Au Electro Plating
Gold plating bath: 50 °C, 200 rpm
Plating current; 2 mA/cm?
Volt limit: 2V
Negative electrode: attached to the sample
Positive electrode: attached to the platinum electrode
Plating: 4 h, 4 um
DI Water Rinse: 5 min

3.2. Photoresist Removal (Organic Wet Bench)
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

3.3. Photoresist Patterning for Seed Layer Removal
HMDS: 4000 rpm, 10 s
Photoresist: PR 1827, ~ 2.7 um
Spin: 500 rpm, 8 s + 4000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 1 min 10 s

Cool Down in Ambient: ~5 min
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Exposure (MA6 Mask Aligner): 17 sec
Development (MF 319): 1 min 30 s

DI Water Rinse: 3 min

Descum in March Asher: O,, 80 W, 250 mT, 1 min

4.1. Au Seed Layer Removal
Soak in Gold Etchant: ~ 3 min
DI Water Rinse: 3 min

4.2. Cr Seed Layer Removal
Dip in Cr Etchant: ~ 20 s
DI Water Rinse: 3 min

4.3. Photoresist Removal (Organic Wet Bench)
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

5.1. Photoresist Patterning for Diffusion Channel Etching
Photoresist: AZ 9260, ~8 um
Spin on Frontside: 500 rpm, 4 s + 3000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 3 min 30 s
Cool Down in Ambient: > 5 min
Exposure (MA6 Mask Aligner): 28 sec
Development (AZ 400 : DI =1:3): ~4 min
DI Water Rinse: 3 min

6.1. Frontside DRIE - Diffusion Channels
DRIE in STS ICP Machine: Recipe TYC-HR2
Target depth: 200 um, Etching time: ~ 90 min
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6.2. Photoresist Removal
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

131



Appendix 11

Bottom Layer Fabrication

N Q0G2—>

. 5. Strip oxide and deposit low stress
1. Grow oxide, and pattem dielectrics

8. Pattern for Si DRIE

6. Mask and pattern backside metal
2. Etch cavities for inside walls and (TirPY)
pillars into backside of wafer 9. Etch topside

10. Clean out extra Si using EDP

. . 7. Mask and pattem frontside metal
3. Dope backside with boron (Cr/Au) etching

Figure Il. Fabrication steps for the Bottom Layer of the Microfabricated Passive
Preconcentrator/Injector

1.1. Prefurnace Clean (Prefurnace Clean Bench)
100 Si wafer, thickness 250 + 10 um
Organic Clean (H20 : NH4OH : H,0,=2:1:1):90 °C, 10 min
DI Water Rinse: 2 min
HF (100 : 1) Dip: 30 sec
DI Water Rinse: 2 min
lonic Clean (H,O : HCI : H,0,=2:1:1):90 °C, 10 min
DI Water Rinse: 15 min
Spin Rinse and Dry: until resistivity reaches 15.1 Q/em?
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1.2. Thermal Oxidation - Boron Diffusion Barrier (A4 Furnace)
Recipe: DWDA1
Parameter Table: OXIDIZE
Temperature: 1100 °C
Dry: 5 min, Wet: 3 hour 20 min, Dry: 10 min, N Aneal: 5 min
Thickness: 1 um

1.3. Photoresist Patterning- Oxide Etching
HMDS: 4000 rpm, 10 s
Photoresist: PR 1827, ~ 2.7 um
Spin: 500 rpm, 8 s + 4000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 1 min 10 s
Cool Down in Ambient: ~ 5 min
Exposure (MAG6 Mask Aligner): 17 sec
Development (MF 319): 1 min 30 s
DI Water Rinse: 3 min
Descum in March Asher: O,, 80 W, 250 mT, 1 min

1.4. Oxide Patterning (Acid Wet Bench)
BHF Dip: ~ 10 min

1.5. Photoresist Removal (Organic Wet Bench)
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

2.1. Photoresist Patterning for Thermal Isolation Pillars
Photoresist: AZ 9260, ~8 um
Spin on Frontside: 500 rpm, 4 s + 3000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 3 min 30 s

Cool Down in Ambient: > 5 min
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Exposure (MA6 Mask Aligner): 28 sec
Development (AZ 400 : DI=1:3): ~4 min
DI Water Rinse: 3 min

2.2. Backside DRIE - Thermal Isolation Pillars
DRIE in STS ICP Machine: Recipe TYC-HR2
Target depth: 200 um, Etching time: ~ 90 min

2.3. Photoresist Removal (Organic Wet Bench)
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

3.1. Prefurnace Clean (Prefurnace Clean Bench)
Organic Clean (H,0 : NH4,OH : H,0,=2:1:1):90 °C, 10 min
DI Water Rinse: 2 min
HF (100 : 1) Dip: 30 sec
DI Water Rinse: 2 min
lonic Clean (H,0 : HCI : H,0,=2:1:1):90 °C, 10 min
DI Water Rinse: 15 min

Spin Rinse and Dry: until resistivity reaches 15.1 €/cm?

3.2. Deep Boron Doping (A2 Furnace)
Recipe: BDEP99
Parameter Table: BORON99
Dep Time: 8 hour, Dilution Time: 10 min, Temperature: 1175 °C

3.3. Boron Drive-in (A4 Furnace)
Recipe: N2ANL/OX
Parameter Table: N2ANL/OX
Set Time: 10 min, ANL Time: 8 hour, Temperature: 1175 °C
134



Dry: 5 min, Wet: 20 min, Dry: 5 min, N,Aneal: 5 min, Temperature: 1000 °C

5.1. Oxide Removal (Acid Wet Bench)
BHF Dip: ~ 10 min

5.2. Oxynitride Deposition for Membrane Heater (GSI PECVD)
Recipe: Oxynitride 400
Thickness: 15 um

6.1. Photoresist Patterning for Frontside Protection and Backside Ti/Pt Heater Lift-off
HMDS: 4000 rpm, 10°s
Photoresist: PR 1827, ~ 2.7 um
Spin: 500 rpm, 8 s + 4000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 1 min 10 s
Cool Down in Ambient: ~ 5 min
Exposure (MA6 Mask Aligner): 17 sec
Development (MF 319): 1 min 30 s
DI Water Rinse: 3 min
Descum in March Asher: O,, 80 W, 250 mT, 1 min

6.2. Ti/Pt Deposition (Enerjet Evaporator)
Thickness: 10/100 nm

6.3. Ti/Pt Lift-off
Soak in Acetone for 10 min
DI Water Rinse: 3 min

7.1. Photoresist Patterning - Cr/Au Patterning on Frontside
HMDS: 4000 rpm, 10 s
Photoresist: PR 1827, ~ 2.7 um

Spin: 500 rpm, 8 s + 4000 rpm, 30 s
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Soft Bake on Hotplate: 110 °C, 1 min 10 s

Cool Down in Ambient: ~ 5 min

Exposure (MAG6 Mask Aligner): 17 sec
Development (MF 319): 1 min 30 s

DI Water Rinse: 3 min

Descum in March Asher: O,, 80 W, 250 mT, 1 min

7.2. Cr/Au deposition (Enerjet Evaporator)
Thickness: 20/500 nm

7.3. Photoresist Removal
PRS-2000 Soak: > 10 min
DI Water Rinse: 5 min
Spin Rinse Dry

8.1. Photoresist Patterning for Cavity to retain C-Xs
Photoresist: AZ 9260, ~8 um
Spin on Frontside: 500 rpm, 4 s + 3000 rpm, 30 s
Soft Bake on Hotplate: 110 °C, 3 min 30 s
Cool Down in Ambient: > 5 min
Exposure (MA6 Mask Aligner): 28 sec
Development (AZ 400 : DI =1:3): ~4 min
DI Water Rinse: 3 min

9.1. Frontside DRIE - Cavity to retain C-Xs
DRIE in STS ICP Machine: Recipe TYC-HR2
Target depth: 200 um, Etching time: ~ 60 min

10.1. EDP Wet Etching
DI Water : Catechol : Pyrazine : Ethylenediamene =432 mL : 432g:8.19:135L

Temperature: 110 °C, Time: ~ 100 min
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DI Water Rinse: 10 min @ 80 °C

10.2 Wafer Dicing
Dicing with MA 1006 dicing Saw: Blade 42525
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