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ABSTRACT

CAPILLARY SCALE REAGENT INTRODUCTION
AND OPTICAL DETECTORS FOR
CAPILLARY SCALE

ANALYSIS

Santosh K. Mishra, PhD

The University of Texas at Arlington, 2011

Supervising Professor: Purnendu K. Dasgupta

Atmospheric aerosols are of great interest as they have the potential to perturb
the earth’s radiative energy balance, influence the climate, reduce visibility, and adversely affect
human health. The composition of atmospheric particulate matter, especially the concentrations
of metals and their ratios, provide insights into sources of the aerosol. Capillary scale ion
chromatography systems have several advantages over conventional chromatographic analysis
systems like low reagent consumption, small sample requirement, higher efficiencies and better
absolute mass detection limits. Hence, to achieve source identification and source
apportionment, optical detector based capillary ion chromatography systems are proposed to
perform qualitative and quantitative analysis of metal ions in a continuous fashion.
Optical absorption detection is the most common mode of detection in analytical chemistry and
chromatography. A simple, economical, versatile, light emitting diode based capillary scale

multi-reflection absorbance detector was investigated. The detector performance is better than



commercial absorbance detectors and the fabrication cost for the detector is a small fraction of
the cost of commercial absorbance detectors.

The sensitivity of fluorescence detection is often much better than that of absorbance
detection. A capillary ion chromatography compatible, simple, versatile, liquid-core waveguide-
based fluorescence detector was developed. A commercially available Teflon® AF coated fused
silica capillary was used as a liquid core waveguide detection cell; this was transversely excited.
Very high detection sensitivities (low picomol to low femtomol level detection limits) were
achieved with very good reproducibility.

Postcolumn reagent addition is a very common technique utilized in liquid/ion
chromatography because the detection selectivity and sensitivity can be increased considerably
thanks to the derivatization reaction. A capillary scale, low volume, dilutionless, pulseless,
electrodialytic reagent introduction device was investigated for large ionizable ligands such as
2-(4-pyridyl azo) resorcinol that can form intensely colored metal chelates. The electrodialysis

current is easily controlled and governs the amount of reagent introduced.

Vi
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CHAPTER 1
INTRODUCTION
1.1 Aerosols
The term ‘aerosol’, originally coined in 1920 as an analog of ‘hydrosol’ (stable

liquid suspension of solid particles), connotes two phase systems consisting of solid or liquid
particles in gas [1]. Aerosols, also called suspended particulate matter, aero colloidal systems
or dispersions, are simply defined as solid or liquid particles suspended in gas [1]. The
atmosphere, whether urban or rural, contains high concentration of aerosol particles
(approximately 10"-10® cm'3) [2]. The chemical composition of aerosols as a function of size is
different as aerosol formation can occur via different possible routes like chemical reaction,
nucleation, condensation, coagulation, cloud/fog processing, evaporation of gases, mechanical
disruption and suspension of solids [3]. The stability of aerosols varies from a few seconds to a
year or more [1]. The concentration of aerosols, depending on meteorological conditions and
the source of emission, varies considerably spatially and temporally [4]. Also, the composition of
atmospheric particulate matter for a given location changes during the year depending on the
weather [4].

The size, shape and density are important parameters of aerosol particles (often called
atmospheric/airborne particulate matter (PM)) for characterizing their behavior [1]. The mean
diameter of aerosol particles span over five orders of magnitude, from 0.001 to 100 pm [1].
Atmospheric PM are mostly non-spherical, whose size is represented by equivalent Stokes
diameter or aerodynamic diameter [5]. Stokes diameter is the diameter of the sphere that has
the same settling velocity (rate at which the particle settles in still fluid) and the same density as
that of the particle while aerodynamic diameter (AD) is the diameter of the unit density (1 g/cms)

sphere that has the same settling velocity as that of the particle [5]. Aerodynamic diameter is



the more commonly used term for representing the particle size [5]. Particles less than 2.5 ym
diameter (PM, ) are generally called “fine” while those greater than 2.5 um in diameters are
called “coarse” [1].

The physical and chemical properties as well as the lifetime of the particle are affected
by its size [2]. Source of atmospheric aerosol particles can either be natural like windblown dust,
pollens, plant fragments and sea-salt or anthropogenic (e.g., automobile exhaust, wood
combustion, power generation), etc. [2]. Atmospheric particulate matter is a complex mixture of
small solid particles and it consists of various components like salts (sulfates, nitrates and
ammonium), organic material (like carbon compounds, aromatic compounds and polyaromatic
hydrocarbons), crustal species, sea salt, metal oxides, hydrogen ions, water, etc. [4]. Coarse
particles contain crustal elements like magnesium, aluminum, silicon, calcium and iron and
biogenic organic materials like pollen, spores, plant fragments, etc. [4]. Fine particles usually
contain sulfates, nitrates and ammonium salts along with organic and elemental carbon and
certain transition metals [4].

Particles may be either directly emitted into the atmosphere (primary particles) or
formed there by chemical reactions (secondary particles) [6]. Primary fine mode particles are
largely generated by combustion and high temperature processes while coarse mode particles
are usually originate from mechanical processes like grinding and entrainment of soil and dust
[6].

Various trace elements have been routinely detected in atmospheric particulate matter
[6]. These may originate from different sources including dust, waste incineration, smelters,
boilers, steel furnaces, combustion of coal, vehicle exhaust and brake wear [6].

1.2 Health hazards associated with particulate matter and metals in particulate matter

The average amount of air inhaled by a human is 13 m*/day [7,8]. Impact on human
health by a specific source is calculated by the equation: impact = emissions x intake fractions x

toxicity, where, emissions is mass emitted (per unit time), intake fraction is mass inhaled per



mass emitted, toxicity is health impact (like disease rate or numerical risk of adverse outcomes)
per mass inhaled [8]. Parameters like population density, wind speed and atmospheric mixing
height affect the intake fraction [8]. The height of an emission source plays an important role in
fate and exposure to the PM emitted from that source. Hence emission sources can be
categorized as high stack (100 m), low stack (25 m) and ground level sources [8].

United States Environment Protection Agency (U.S. EPA) is currently concerned about
particulate matter 10 um and smaller as this size range particle passes through the throat, nose
and enter into the respiratory system [9]. EPA categorizes inhalable particles according to their
sizes viz., PMyq (particles with aerodynamic diameter < 10 ym), PMyq., 5 (“coarse” particles with
aerodynamic diameter between 10-2.5 ym), PM, s (“fine” particles with aerodynamic diameter <
2.5 ym) and PM ; (“ultrafine” particles with aerodynamic diameter less than 0.1 ym) [9]. PM, 5
intake fraction is 4 times higher for ground level (mobile) sources as compared to elevated
stationary sources (s.g., stacks) [8]. Coarse and fine particles differ in their composition [10].
Fine and ultrafine particles have carbonaceous core (with metals and organics adsorbed on the
surface cavities) while coarse particles typically consist of insoluble crustal minerals, biological
material, sea salt, etc. [10]. PM shape and size determine the location of deposition in the
respiratory system. PM, 1o i.€., coarse particles deposit in the upper respiratory tract while fine
particles (PM,s) reach the alveolar region [11]. Water soluble metals can be released into lung
alveoli and can get deposited in the lung parenchyma [10]. Water insoluble metals stay in the
lower respiratory tract for a longer duration compared to water soluble metals [12]. Because of
its small size and large surface area, PM, s sorbs more toxic chemicals per unit mass and can
be easily deposited in the body and is hence closely related to morbidity and mortality [11,13].
Metals can be present as water-soluble salts, or as water-insoluble oxides or can be complexed
to soluble or insoluble components [12]. Metals present as insoluble oxides can have natural or
anthropogenic origin whereas, water soluble metals can be originated from certain emission

source pollution particles [12]. In general, metals originating from anthropogenic sources are



more soluble than those from crustal sources [14].

US EPA classifies Cr, Cd, As, Ni, Mn and Pb as mobile source air toxics (MSAT) [15].
Cu and Fe are redox-active metals and are linked to reactive oxygen species (ROS) generation
in-vivo, detrimental to health [15]. PM (containing transition metals like Fe, Zn and Cu) are toxic
because they may dissolve in lung fluid and cause cellular inflammation via release of free
radicals due to Fenton's or like reactions [16]. The soluble fraction of PM containing transition
metals can cause oxidative damage (due to reactive oxygen species like hydroxyl and
superoxide anion radicals) to proteins, enzymes, cellular membrane lipids and DNA [10]. Water
soluble transition metals with that easily undergo redox changes adversely affect membrane
lipid peroxidation and initiate oxidative DNA damage [10]. Soluble metals (Fe, Ni, V, Co, Cu, Cr)
in/on inhaled particles are linked to cellular oxidative stress in airway epithelial cells of the
respiratory system [10]. A study was carried out to investigate the adverse effect of PM, 5
constituents on DNA damage induction in A549 human lung cells [17]. The extent of oxidative
damage was proportional to qualitative and quantitative composition of metals in PM, 5 [17]. Zn
has been correlated to lung problems [18]. Water soluble metals in PM adversely affect the
blood coagulation times and exacerbate thrombotic diseases like atherosclerosis [19]. A recent
study suggests that ambient air pollution affects the birth weight of full term infants [20]. PM, 5
water soluble metals and other components were associated with small reduction in birth
weights [20]. These metals might deposit in fetal tissues and consequently affect fetal growth
[20]. Ni, Cr and Cd (human carcinogens) salts have clastogenic and/or uneugenic properties

[21].

As particulate matter metals may cause severe damage to human health, it is very
important to identify the emission sources that normally emit characteristic metals (singly or in

specific ratio (isotopically within metals) and among metals) and accordingly apportion the

metals to their respective sources i.e., carry out a source apportionment study.



1.3 PM source apportionment

Source identification helps policy makers and modelers develop control strategies to
reduce PM concentrations [22]. Correct sampling procedures, chemical analysis methods and
knowledge of predominant anthropogenic sources are important for successful source
identification as well as source apportionment studies. Source apportionment is performed to
validate the data, establish the relationship between emission sources and ambient air quality
and update the emissions inventory [22]. Various sources may contribute to a specific event and
their contribution will typically vary from event to event. Chemical speciation assists in
determining the contribution of known emission sources as well as identification of new particle
emission sources [22].

If a constant ratio is obtained between the concentrations of two chemical species for
multiple studies, then the two chemical species can be considered to come from the same
source. Also, if a constant ratio is obtained between two chemicals, then one chemical can be
used as the indicator (or surrogate) for the other chemical [23]. When a specific ratio of
chemicals is used to identify the sources, extreme caution has to be observed as chemicals
undergo degradation at different rates [24]. Metals, however, cannot be transmuted. Also
chemicals, which are ubiquitously present in large concentrations, should not be used for

determining the ratio [24].

To determine the adequacy and completeness of the collected data, a statistical
evaluation must be performed, which must be consistent with data quality objectives. However,
if statistical methods are not applied or interpreted correctly, then it might lead to flawed, even
fatally flawed opinions [25]. To evaluate and demonstrate measurement trends, researchers use
regression, correlation and multivariate statistical techniques like Principal Component Analysis
(PCA) [25].

Two basic techniques to compare and evaluate relationships between multiple



constituents (or variables) from a given data set are regression and correlation [26]. The
correlation coefficient is primarily used for exploratory data analysis [27-32]. It is advisable to
establish a correlation matrix if multiple species are considered. Depending on favorable
guantitative value of the correlation coefficients, they can be termed to have ‘high’ correlation,
‘close’ correlation and ‘significant’ correlation in decreasing order of significance [26].

Some particles formed via atmospheric chemical reactions may undergo chemical
transformations leading to the changes in their chemical and physical properties. Hence,
receptor models (like PCA) are used for source identification and source apportionment [33].
Correlation and regression also form the backbone of more sophisticated techniques like
Principal Component Analysis and Receptor Modeling [26]. Receptor models quantify source
contribution using a theoretical and mathematical framework [33]. Multivariate statistical
methods can be utilized (only if a source exhibits one or more characteristic chemical
fingerprints) to determine the number of fingerprints of a given source, chemical composition of
each fingerprint and relative contribution of each fingerprint in each collected sample [34]. PCA
mainly includes following 4 steps viz., (1) data transformation, (2) singular value or eigenvector
decomposition, (3) determination of number of significant eigenvectors and (4) visual display of
loading plots and scores [34]. PCA reduces the number of correlated variables in a given data
set by transforming the variables to a new set of principal components (PCs) or uncorrelated
reference variables. PCs are then sorted out so that almost all variability between the samples
can be accounted for by a small number of PCs and the relationships between multivariate
samples can be assessed easily using visual scores and plots [34]. PCA is a commonly used

method used in source apportionment studies [13,34-41].

1.4 PM metal determination techniques

Atmospheric transportation of metals largely occurs via the aerosol phase. The
concentrations of metals in atmospheric aerosols depend on their sources. Throughout this

document by metal aerosols we mean aerosol particles that contain metals, in whatever form,
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elemental or combined or a mixture thereof. Natural metal aerosol sources include crustal
minerals (from soil or dust resuspension, erosion, surface winds, volcanic eruptions), volcanic
eruptions, forest fires and oceans. Anthropogenic sources of metal aerosols include
incineration, fossil-fuel combustion, industrial activities, vehicle tire and brake lining abrasions,

etc.

Several techniques have been utilized for the determination of metals in atmospheric
aerosols. These techniques include particle-induced X-ray emission (PIXE) [40], inductively
coupled plasma mass spectrometry (ICPMS) [15, 16, 17, 30, 32, 37, 39, 41, 43,45, 47, 52, 54],
inductively coupled plasma optical emission spectroscopy (ICP-OES) [12, 42, 44, 46, 48, 51,
54],ion chromatography (IC) [16,27,37, 43,45, 49, 51],energy dispersive X-ray fluorescence
(XRF) [44, 49, 53], atomic absorption spectrophotometry (AAS) [11, 29, 35, 36],laser ablation

coupled to inductively coupled plasma mass spectrometry (LA-ICPMS) [28].

1.5 Need for on-line study

Normally, heavy metals, found in particulate matter and aerosols, are present in the
concentration range of low to sub ng/m3 and hence long sampling periods (usually many hours)
are required for the collection before sufficient sample is available for analysis [13]. Inertial
methods such as gravitational settling, centrifugation and electrostatic/thermal precipitation as
well as filtration are available for ambient aerosol collection. Filtration is the most common
approach for sampling aerosols. Air sampling is usually performed for long duration (6-24 h) to
accumulate an easily measurable amount of the samples; many different filter types like mixed
cellulose esters, polycarbonate, polyvinyl chloride, glass or quartz fiber and silver membrane
filters may be used [39,40,55,56].

The field-collected sample is typically transported to the laboratory and then analyzed.
Depending on the analyte sought, the composition of the sample may change during such

transport and hence may not reflect the actual composition of the collected sample. Also, some



atmospheric species exhibit short half-lives and their concentration can change rapidly [3].
Dasgupta et al. have established the instrumentation for near continuous (15 min time
resolution) measurement of acidic and basic atmospheric gases and simple cationic and anionic
constituents of atmospheric PM as well as the acidity of atmospheric aerosols [57-67].

There has been a lack of instrumentation that could provide real time or near-real time
information about the atmospheric metals in a reasonably short time. Mukhtar and Limbeck
performed on-line flow-injection analysis of Zinc present on PM,, using flame atomic absorption
spectrometry (FAAS); however, the sampling was performed separately on filter for few hours.
Only the analyte was dynamically extracted from the collected sample and the extract was
injected into the FIA system [18]. Dasgupta et al. have successfully analyzed atmospheric Cr
(VI) in an automated manner wherein the air sampling time was reduced to 15 minutes and the
sample (collected on one of the two filters used in the set up) was washed and preconcentrated
on anion exchange minicolumn and eluted with 0.1 M sodium perchlorate followed by reaction
with sym-1,5-diphenylcarbazide before being detected by a light emitting diode-based dedicated
flow through absorbance detector [68].

In case of on-line or real-time analysis, sampling, sample preparation and analysis must
be coupled in an integral and automated manner. This reduces the contamination due to human
error, labor cost and analysis cost per sample, improving data quality, system reliability and
sample throughput. To characterize metal concentrations in atmospheric aerosols with high time
resolution, to prevent loss of sample integrity and to deliver accurate qualitative and quantitative
information (for source identification and source apportionment purposes) on-line analysis is
essential.

1.6 Capillary ion chromatography: advantages and challenges

The word Chromatography (which in Greek means “color writing”) is defined as the
‘physical method of separation in which the components to be separated are distributed

between two phases, one of which is stationary (stationary phase) while the other (the mobile



phase) moves in a definite direction’ [69]. The origin of chromatography can be traced back to
Tswett’s scientific discovery (in early 1900’s) of separating chlorophyll pigments, which were
adsorbed in several colored zones over the length of a glass column packed with CaCOs;
particles. This initial discovery led to other chromatographic techniques like paper
chromatography, thin layer chromatography and ion exchange chromatography (in the 1930’s),
gas chromatography and gel chromatography (in the 1950’s), supercritical chromatography (in
the 1960's), high pressure (or performance) liquid chromatography (in the late 1960’s) and ion
chromatography (in the 1970s) [70]. Horvath et al. in late 1960’s demonstrated the separation of
ribonucleotides using 1.0 mm i.d. stainless steel capillary packed with 30 um particles [71]. This
led to the advent of micro or capillary liquid chromatography (containing columns less than 1.0
mm i.d. and micro flow detector cells) [72]. Capillary scale liquid chromatography has several
advantages over its conventional size counterparts that use 4-6 mm i.d. columns: more efficient
separation, improved mass sensitivity, lower reagent consumption, small sample requirement,
small footprint and easy coupling to detectors that can handle low flow rates. Micro liquid
chromatography and capillary liquid chromatography has progressed rapidly and several
reviews are available [73-75].

lon chromatography is the separation of ionic or ionizable compounds wherein ‘the
separation is based on the differences in the ion exchange affinities of the sample components’
[69]. The pioneering work in the field of ion chromatography is attributed to Small, Stevens and
Baumann who published a seminal paper in 1975, which described a chromatographic system
with an electrical conductivity detector and two columns (one with a low exchange capacity for
separating the ionic/ionizable analytes and the other with high exchange capacity for reducing
the background conductivity) [76].

Research has been carried out to perform ion chromatography on a capillary scale for a
long time. Several challenges have been associated with capillary scale ion chromatography

separations. These include: (a) preparation of packed capillary columns of small dimensions (<1



mm i.d.), (b) preparation and efficient use of narrow bore open tubular capillary columns (<0.01
mm), (c) reliable pumping of extremely small flow rates (< 20 yL/min), (d) reproducible injection
of minuscule amounts of sample (to avoid overloading of column as well as to prevent band
broadening), (e) using a small enough detection volume but have sufficient detection sensitivity
to measure small amounts of an analyte, etc. [77]. Rokushika et al. in 1983, reported their work
on the separation of anions and carboxylic acids using a capillary ion chromatography system,
which was based on a capillary column (0.19 mm i.d. fused silica capillary) packed with anion
exchange resin and a capillary scale Nafion® perfluorosulfonate hollow fiber tubing suppressor
[78]. They also demonstrated the use of an UV detector for the detection of UV absorbing
anions (like aminobenzoic acids, nucleotides and nucleobases) in capillary ion chromatography
[79].

The first capillary ion chromatography system equipped with NaOH electrodialytic
eluent generator (on the high pressure end) was established by Sjogren et al. [80]. Boring et al.
successfully established capillary scale anion chromatography set up (small enough to fit in
custom briefcase) and utilized it for the field study to analyze the atmospheric water soluble
gases [81,82]. Capillary scale anion chromatographic separation and detection have been
carried out by many researchers, but separation and detection of cations on capillary scale has
remained a challenge [77]. Capillary scale separation and indirect photometric detection of
monovalent cations (Li*, Na*, K*, NH,") has been attempted with capillary columns (0.35 mm x
50 mm, packed with 10 um particles) and a capillary scale suppressor (0.35 mm x 35-40 mm)
[83]. Alkali and alkaline earth metals have been separated using capillary open tubular
chromatography using 4.6 um i.d. polybuytadiene-maleic acid column [84]. Very recently,
Dionex Corp. (now Dionex/Thermofisher) has commercialized capillary scale chromatography
instrumentation and has showed its utility for the determination of alkali and alkaline earth
metals viz., Li, Na, K, Mg and Ca using a suppressed conductivity detector [85]. But capillary

scale cation chromatography for the detection of transition or heavy metals has not been
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successfully achieved: In addition to previously mentioned limitations, it is difficult to obtain a
‘metal free’ chromatographic system and this hinders trace level metal detection. However,
macro scale detection of many metal ions has been achieved by Dasgupta et al. using highly
sensitive fluorescence detectors based on light emitting diodes and Teflon® AF coated fused
silica capillaries [86,87].

1.7 Dissertation overview

The primary objective of this research was to improve presently existing metal analysis
technique(s) so it could be utilized for source identification and source apportionment studies.
This was partly accomplished by the development of capillary scale detection schemes (mainly
optical detection) as optical detection is the most common method of detection used in the field
of analytical chemistry.

Chapter 2 provides our initial work i.e., development of a capillary scale optical detector
with high sensitivity. This chapter describes the development of a simple, inexpensive, versatile
capillary scale light emitting diode based multi-reflection absorbance detector that relies on
commercially available fused silica capillaries [88]. Different parameters like capillary cross-
section, length of the multi-reflection coating, and the angle of light incidence were optimized for
the best possible configuration. The effective pathlengths were observed to be greater at low
absorbance values, indicating that the detection cells were truly multipath systems. The
component cost, including data processing electronics, is a fraction of the cost of the
commercial instruments and the multi-reflection detector shows over 50-fold gain in signal-to-
noise (S/N) as compared to single-pass on-tube configuration with the same capillary. Under
pneumatic flow (pulseless) conditions, the limit of detection (LOD) was 4.4 fmol (2.6 pg) of
Bromothymol Blue (BTB).

Fluorescence detection has better detection sensitivity (about three orders of magnitude
better) than the absorbance detection as the fluorescence detection of analyte takes place at a

different wavelength (emission) as compared to the excitation wavelength and hence the
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detection takes place in absence of bright background used for exciting the molecules. Chapter
3 provides an account of my next attempt in attaining high detection sensitivities for the
detection of metals. This was achieved by the fabrication of capillary scale liquid core
waveguide (LCW) based fluorescence detectors that could be utilized for capillary ion
chromatography and other microflow or capillary systems [89]. | had worked on the preliminary
design of the LCW based fluorescence detector wherein conventional LED was used as the
light source and an economical light-to-voltage convertor (photosensor) was used as the
detector. Other members of the group performed the rest of the work in this chapter. A Teflon®
AF coated fused silica capillary served as the LCW and it was transversely excited with a
conventional or a high power LED or a laser source. The detection sensitivity increased with the
power of the light emitted by the source. The S/IN=3 LOD for the constructed fluorescence
detector (with high power LED and miniature photomultiplier tube (mPMT) detector) was 3.8
fmol Al with relative standard deviation of 1.5% (n=10) at the 20 fmol level.

Additionally, capillary scale post-column reagent introduction was developed to expand
the horizon of capillary scale detection by introducing reagents that either form chromogenic or
fluorogenic compounds with the analyte of interest [90]. Postcolumn reagent introduction is an
important and one of the oldest techniques used in liquid/ion chromatography. Detection
selectivity and sensitivity can be significantly improved by the introduction of a derivatization
reagent. Chapter 4 of this dissertation deals with the development of a novel capillary scale
electrodialytic reagent introduction device, which (in combination with the LED based multi-
reflection capillary absorbance detector) was successfully utilized for the detection of several
metals. This electrodialytic reagent introduction device introduced minimal band broadening
effect as it had very low internal volume of 300 nL. It had the added advantage of introducing
reagents without any pulsations as the reagent ions were introduced into the analyte channel
under the influence of electric current, thus improving the detection limits. A limit of detection of

0.5 fmol Zn (S/N = 3) was observed with a capillary scale flow injection system with simple LED
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based multi-reflection absorbance detector. | concluded that capillary scale post electrodialytic
reagent introduction device can be successfully used for the trace detection of atmospheric
metals.

Overall, the work documented here has contributed to the overall goal of the group to
use atmospheric metals for source identification and source apportionment studies. Chapter 5
presents some conclusions and future directions of the techniques presented in this work. The
work presented in Chapter 2, 3 and 4 have been published and a part of the research
mentioned in this Chapter 5 (viz., on-line detection of atmospheric metals using inductively

coupled plasma mass spectrometry) is currently under preparation for publication and has not

been included in this dissertation.
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CHAPTER 2

CAPILLARY SCALE LIGHT EMITTING DIODE BASED MULTI-REFLECTION
ABSORBANCE DETECTOR

2.1 Introduction
UV-Vis absorption measurement is by far the most common detection
technique in analytical chemistry especially as such measurements have been extended to
optically transparent analytes by detecting them as negative peaks in separation systems that
use an absorbing background. The interest in capillary scale optical absorbance detectors was
originally in context with capillary electrophoresis (CE) systems. However, capillary scale
analysis systems now encompass a lot more than CE systems and the same principles apply to
microfluidic devices. In fact, high efficiency CE must also have very small illuminated volumes
to maintain the fidelity of the separation achieved, in capillary scale flow injection analysis (FIA)
etc., this is not a major requirement. As the drive to miniaturization continues, capillary scale
small detectors will doubtless continue to play a more important part. However, relative to some
other means of detection such as amperometry and laser-induced fluorescence, detection
sensitivity is substantially poorer, this is where capillary scale absorbance detection really needs
improvement [91].
2.1.1 Linearity, sensitivity and optical aperture
One of the problems with designing a conventional on-capillary detector is that great
care must be exercised in designing the optical aperture; else, much of the light travels around
the liquid, generating stray light and reducing the linear dynamic range and deteriorating
detection limits[92,92]; the situation is particularly exacerbated with capillaries having an i.d. of
<50 um [95]. Boring and Dasgupta [95] advocated twin razor blade based slits width about the
same as that of the capillary i.d. Kitagishi and Sato [92] have more recently reported on the

optimized slit width for a 75 ym i.d. capillary to be 67 um. Even when the slit width has been
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properly chosen and stray light has been minimized, the sensitivity is essentially controlled by
the limited path length: the light passes through the capillary radially, only once. The effective
path length is somewhat less than the i.d. of the capillary; obviously an infinitely small slit width
would be necessary if only the diametric path were to be strictly addressed. Methods for
calculating the average pathlength from the geometry of the aperture has been discussed in the
literature [96]. To improve the limit of detection (LOD), either the signal must be increased or
the noise must be decreased. In the present case, the signal is directly dependent on the
pathlength.
2.1.2 Increasing the signal

We explore efforts to obtain better signal in chronological order below. Albeit in
macrosystems, the senior author explored the use of reflective cells early on [97,98]. An
externally silvered helical path cell [97] resulted in increased path length but the light loss was
very large. The cell effectively behaved as a multipath cell and thus as a nonlinear absorbance
amplifier. Similar behavior was reported for a cell with partially reflective entrance and exit
windows placed orthogonal to the light beam [98]. Tsuda et al. [99] used a rectangular capillary
and absorption was monitored across the long dimension of the cross section. Axial detection,
which involves launching light directly into the bore of the capillary was introduced in a
preliminary form by Xi and Yeung [100] but was far too complicated to be adopted for routine
use. In a subsequent paper, they advocated the use of high Rl solvents in the capillary for the
capillary to function as a waveguide and to transmit light efficiently [101]. Only very recently this
approach has been used in a more practical fashion with aqueous solutions in Teflon AF coated
silica tubes that then function as liquid core waveguides [102], This does require tees at each
end resulting in additional dispersion, and use in Microsystems may be complicated.

In 1991 Wang et al. [103] were the first to use a geometry where a segment of the
capillary wall is rendered reflective, a focused laser beam enters through an entrance window

and is multiply reflected before exiting through the cell at another window on the opposite side
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located approximately 1.2 mm away from the entrance window. The arrangement was
subsequently patented [104] but to our knowledge, never commercialized. A Z-cell was
patented even earlier [105] and subsequent improvements were reported by others [106].
Modest gains in pathlength are possible with a larger bore “sleeve” detection capillary
connected at the end of the narrower bore main conduit but the overall gain is often modest.
This approach was introduced by the senior author [94] and subsequently reinvented by others
[107,108]. In a “bubble” cell, the detection area of the capillary is blown out to a bubble form
and thus a larger pathlength is attained [109]; however, it was fairly immediately realized that
the approach is not without problems [110].
2.1.3 Decreasing the noise

At the other end of the effort to improve S/N, noise has to be decreased. Culbertson
and Jorgenson [111] have utilized a dual photodiode array detection and signal averaging
arrangement to reduce noise sufficiently to obtain an LOD 6.3x lower than a comparable
commercial capillary scale detector. Small apertures lead to poor light throughput creating a
need to measure low photocurrent levels. Liu et al. [112] first used switched integrator based
low current measuring circuitry and described fully referenced radial path capillary scale
absorbance detectors with 3-10 microabsorbance units (WAU) noise levels under use
conditions. Noise considerations not only include the need to measure low photocurrents but
also source noise itself. Dedicated detectors meant for use at a single wavelength can use light
emitting diodes (LEDSs) as light sources which intrinsically have lower noise [95] and full
advantage can then be taken of the switched integrator based circuitry. Our laboratory has
been an advocate of the use of LEDs as spectroscopic sources in analytical chemistry for some
time now [113,114]; presently there are many aficionados. Solid state light sources like LEDs
also permit themselves to be easily modulated without the need for mechanical choppers and
this in turn allows synchronous detection. Source light is of course exponentially extinguished

as path length increases. Increased signal from increasing the pathlength is sooner or later is
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thus offset by excessive noise caused by light starvation of the detector. Even so, recently Eom
and Dasgupta [115] achieved a noise level of 7 pAU with a pulsed LED source, lock-in-amplifier
detection for a 7 cm path length macrobore z-path cell.
2.1.4 The multireflection cell, flow injection and refractive index (RI) artifacts

The multireflection arrangement can be traced back to White [116] and the “White cell”
is still widely used for gas phase measurements. The original work of Wang et al. [103,104] for
capillary scale liquid phase adaptation was certainly promising. However, there were several
shortcomings which might explain why it was never commercialized or pursued in that form by
others. The account strongly suggests a focused coherent source such as a laser is essential
and the number of lasers available in the UV-Vis range are limited and only a few are
affordable. Moreover, they are noisy sources; the data in Wang et al. indicate a noise level of
approximately 700 pAU. Second, the system was acutely dependent on the angle of the
incident light. Around the sweet spot of 7°, going to either a 5° or a 10° incidence angle
resulted in a approximately40% attenuation in transmitted light. Nearly a decade went by
before Moosavi et al. [117] microfabricated devices with integral aluminum mirrors to devise
multi-reflection cells with effective path length of 50-272 ym where the straight through
orthogonal path lengths were 10-30 um, i.e., a sensitivity gain of 5-10x was realized; the light
source remained a He-Ne laser. More recently Ellis et al. [118] constructed a multi-reflection
cell from 0.8 mm bore conduit where the entrance and exit apertures were placed 10 mm apart
and interrogated with an optical fiber coupled LED and photodiode. The primary focus of this
work was to provide a low-dispersion cell which will be more immune to refractive index artifacts
compared to standard commercial Z-path cells. Results are discussed in these terms,
particularly in comparison with commercial cells. The effective path length is (theoretically)
computed to be approximately 17 mm compared to the light entry — exit distance of 10 mm (this

would correspond to a gain of approximately 22x compared to the 0.8 mm diametric
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pathlength). Our best estimate of the noise levels from the presented figures were that this was
<200 pAU.

Relative to CE or chromatography where the analyte(s) is (are) typically separated from
the matrix, in flow injection there is no separation. Any optical effects elicited by the matrix will
be superimposed on the analyte signal, regardless of any chemistry performed. Especially for
trace analysis, this is a particular problem. A suggested solution is to inject the sample into a
carrier which is matrix matched [119]; obviously this is not an option when the matrix salinity is
continuously changing [118]. Minimizing or eliminating RI effects has been a continuous
preoccupation for us. We observed that RI effects are dramatically reduced when the light path
is orthogonal to the fluid flow direction and the light path is reversed on itself [120]. This was
confirmed in a somewhat different flow cell design but where the same relative geometric
relationship between light and fluid flow was maintained [121]; this has since been
commercialized [122]. Depending on the cell geometry, the RI effect can be much larger than
one may expect. Further, even a small RI mismatch can have a large effect. For a Z-path cell,
even the injection of 10 mM NaOH into a water carrier can cause a Rl induced signal of
approximately 1 milliabsorbance Unit (mAU) in amplitude [123]. Both refractive index and
turbidity problems can be successfully solved with multiple wavelength monitoring; it has been
shown that that an analyte present in a solution containing milk and alcohol can be selectively
determined if the analyte is selectively made to undergo a color change or generate a differently
colored product and optical absorption is monitored at a sufficient number of wavelengths
before and after the color change [123]. The general approach of multiwavelength absorbance
detection to compensate for Rl effects was later simplified by operating different wavelength
LED emitters at different frequencies and applying frequency-selective detection methods [115].

In the present chapter we wish to examine the optimum construction of an affordable
multireflection-type capillary scale absorbance detector intended for miniaturized FIA use. We

have deliberately chosen a conduit diameter intermediate between those used by Wang et al
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[103] and Ellis et al [118] that will be well suited for capillary scale FIA use and utilize a
minimalist configuration where the effect of light launching angle can be studied. We used a
readily available commercial LED of medium brightness to establish attainable performance
specifications and report on its immunity to RI induced effects.

2.2 Experimental

2.2.1 Reagents

All reagents were used as received. Bromthymol blue (BTB) was prepared in 1 mM
NaOH. A stock solution of 0.5 mM BTB was diluted with 1 mM NaOH as needed. A saturated
solution of Eriochrome Black T (EBT) was prepared in 1 mM NaOH and then filtered through
0.22 ym pore size nylon membrane syringe filters. All solutions were made in distilled
deionized water.
2.2.2 Cell design and electronics

A cell holder that allows the use of different launch angles and capillary cells of different
length was machined out of Aluminum and is shown in Figure 2.1(a) as a photograph. Itis
composed of two cylindrical parts A and B. Part B is shown separately on the right; it can slide
into and fit snug inside A. A 0.6 mm dia. hole is bored straight through the cylindrical axis of
both A and B through which a 375 pum o.d. fused silica capillary (silvered and epoxy coated,
vide infra) passes. Holes 1-5 (4 and 5 are not visible in the photograph) are drilled into part A in
a V-pattern and basically ends in the same general axial location, distributed radially around the
central capillary passage. These holes are bored at different angles and end-polished optical
fibers (0.5 mm o.d., P/N 02-532, www.edmundoptics.com ) are inserted into these holes to
launch light into the capillary, the choice of the specific hole governs the choice of the launch
angle (15°, 30°, 45°, 60° and 75°) of the incident light. Figure 2.1(b) illustrates the geometric
arrangement in which light is launched (45° launch angle is shown) into the capillary and
detected. A machine drawing is provided in Appendix A in Figures Al(a) and Al(b). In B, the

hollowed out area provides a space for locating a miniature hemispherical lens equipped light to
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Figure 2.1 (a) Capillary detection cell holder, photographically shown. The holder is consists of
two machined components A and B, the latter slides into the former. It is shown assembled on
the left panel and right panel shows B alone. Holes 1, 2, 3 etc. are drilled in part A at different
angles to insert an optical fiber and light launch into a capillary at different angles. (b) Schematic
representation (not to scale): C-polyimide coated capillary, F — 0.500mm diameter optical fiber, |
— inner diameter of capillary (0.180 mm), O — outer diameter of capillary (0.350 mm), P —
0.900mm diameter light receiving area of photo-detector, S — silver coated length of capillary
(20.0 mm), W — transparent window of capillary (1.0 mm), 8 — angle of incidence of optical fiber
with respect to capillary axis.
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voltage converter (TSL257R, www.taosinc.com) which is simply affixed by optical grade epoxy

adhesive to a clear window made in a silvered capillary. The output of this photodetector was
further amplified by a two-stage FET-input operational amplifier (TSLO72CP, www.ti.com)
before acquisition.

Sections of polyimide-coated fused silica capillaries (180 um i.d., 375 um o.d.

TSP180375, www.polymicro.com), 9 cm in length, were taken. The polyimide coating was

removed with hot concentrated sulfuric acid over a desired length (from 12-55 mm) and then
treated with H,O»-conc. H,SO, mixture. Prior to silvering this area by a commercial silvering kit
(Lilly Industries, Woodbridge, CT), the intended light entry and exit windows (1.0 mm each)
were protected by masking with Teflon tape banded around the capillary, thus eventually
creating a ring-shaped window. The quality of the silver coating obtained is very dependent on
surface cleanliness. After silvering, the coating was checked for its uniformity and protected
from mechanical and chemical damage with an epoxy coating (mixed two-component epoxy
adhesive was diluted with 4 volumes of acetone) being painted over the silvered and the
window area, after the protective PTFE tape has been removed. Similar experiments were
conducted with a square capillary (100 um on each side, circular outer cross section with 375
pm dia, WWP100375, Polymicro Technologies).

The other end of the optical fiber bringing light to the capillary is provided with a
protective sleeve and threaded into a %-28 threaded chromatographic union with a ¥2-28
threaded male nut and ferrule. It is coupled to a clear-bodied 5 mm (T 1-*/,) LED (Stanley

Electric EFA5366x, www.digi-key.com, nominal A,ax 609 nm, measured Ao 613 nm) via a 5.0

mm diameter sapphire ball lens (NT43-646, Edmund Optics); the ball lens was found to
increase the light intensity at the distal end of the fiber approximately 6-fold. The LED was
powered by a 5V source via a 68 Q resistor, resulting in a drive current of 44 mA. Another light

to voltage sensor (TSL252R, TAOS, this device has less intrinsic sensitivity compared to the
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detector at the light exit end) was used as the reference detector. This was cemented at the
bottom of the LED; there was no need to amplify this signal.

When the cell holder part B is fully pushed into part A, the dimensions accommodate a
capillary with an entrance-exit window separation of 10 mm. As longer spacing is used, part B
is removed further away from part A to adjust to the necessary distance. Both components are
affixed by modeling clay on an Al base plate, painted black. The capillary and cell holder are
covered by an inverted box to prevent intrusion of ambient light.

For comparison purposes, a single-pass radial path cell was used, with a construction
similar to that described by Boring and Dasgupta [95], using a pair of razor blades to define the
slit. The cell holder is necessary only for variable length and variable incidence angle
experiment. When launch angle and length parameters have been decided on, a much simpler
breadboard cell construction is used which works equally well. This is described in Sl for a 10
mm cell using a 45° incidence angle.

2.2.3 Experimental arrangement

The experimental setup was that of a single line flow injection system. The carrier (1
mM NaOH) was pneumatically pumped through a 1 uL external loop volume 6-port injection
valve (070-0134H, www.vici.com) through which the sample (unless otherwise stated, 0-1.1 uM
bromothymol blue (BTB) in 1 mM NaOH) was injected. The valve outlet terminates in a 75 mm
length of a 100 um i.d. fused silica capillary which was connected to the detection cell by a PVC
sleeve tube butt-joint. The pneumatic pressure was adjusted to obtain a flow of 10 uL min™.
The amplified signal detector output and the reference detector output were acquired by a
laptop personal computer (PC) using a model 1608FS data acquisition module

(www.measurementcomputing.com) via the universal serial bus at a frequency of 5 Hz.

A saturated solution of Eriochrome Black T (EBT) was put in the cell with a syringe and
the signal detector output was measured. This relatively small value was taken as the “dark

signal” and subtracted from all signal detector outputs before further processing. Absorbance
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was calculated by the PC by log transformation. The stability of the LED output was indicated
by the reference detector output and was found to be very stable. However, no improvement in
the observed noise level resulted by ratioing the signal detector output to the reference detector
output prior to log transformation and in general, the reference detector output was not further
used.

The molar absorptivity BTB at 613 nm (LED A4, and at 616 nm (gq2,) Was measured
to be 40,059+32 and 40,420+54 Mcm™, respectively, with an Agilent XA6/350 diode array
spectrometer based on 1-60 uM BTB in 1 mM NaOH (measurement on 20 separate solutions).

2.3 Results and discussion

2.3.1 Stray light

Traditionally, stray light is defined as light that does not travel through the sample but
still reaches the detector. This definition assumes that the source light is essentially
monochromatic with a bandwidth much less than the absorption band of the analyte. With
LEDs as light sources, a good match between the analyte absorption band and the LED
emission band cannot always be obtained. As a result some of the light that passes through the
sample is in a wavelength domain that has no interactions with the sample. This situation is
analogous to atomic absorption spectroscopy with a continuum source and a low resolution
monochromator. The net effect of light reaching the detector that goes around the sample and
that goes through the sample but is at a wavelength that does not interact with the sample is
essentially the same. Restricting ourselves with conventionally defined stray light for the
moment, based on initial experiments with water and concentrated solutions of Eriochrome
Black T respectively filling the cell (as well as the LED being turned off altogether), we
determined that as much as approximately 20% of the light reaching the detector does not pass
through the sample. Painting the inside of the cell holder with a flat black paint reduced the
stray light to approximately 5%. No efforts were made to reduce this further; it has been shown

elsewhere [121] that small amounts of stray light have virtually no effects on LODs or absolute
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absorbance values at low absorbance values. However, the upper range of linearity is
sacrificed. The latter is not a prime concern in capillary scale detection systems where analyte
signals will rarely exceed 10 mAU.
2.3.2 Pathlength and launch angle dependence

It can be readily ascertained from first principles that if an ideally collimated narrow
beam was reflected between two infinitely thin parallel plates, the overall path length, without
consideration of the refraction through the walls, will be L/sin 6 where the light entry and exit
windows are separated by distance L and 6 is the angle of incidence. In other words, in this
ideal and hypothetical case, as the launch angle approaches 90° (parallel to the axis of the
conduit), the observed pathlength will approach L whereas as it approaches 0° (orthogonal to
the capillary axis), the pathlength will approach infinity. Wang et al. [103] provided ray tracing
approaches in their original exposition of the multi-reflection concept that took into account the
finite thickness of the capillary wall and the refraction caused by the interface. Although Ellis et
al [118] used a non-coherent LED source they also adapted the same approach. With a
diverging source of significant beam diameter where the beam increasingly explores smaller
traverses than the largest possible traverse (the diameter), there are of course limitations of this
approach. In reality, it is doubtful, even with a laser source, how well the observed pathlengths
will correspond with the values thus computed. Wang et al. state, for example, that in going
from 6 = 5° to 6 = 3°, the pathlength should have increased by 170% but the observed increase
was 2.8%. Using the ray-tracing approach, Ellis et al calculated a pathlength of 17.3 mm for 6 =
30° in their system. Their calibration slope intercomparison with conventional cells and
corresponding dispersion coefficient (D) data suggest an actual pathlength of 11.1+0.4 mm
[118], barely larger than the 10 mm distance separating the windows. However neither Wang et
al nor Ellis et al studied their systems over a broad range of light incidence angles.

Granted that illumination with non-coherent light via a fiber-optic of diameter larger than

the inner bores of the capillaries (and with all the additional less-than-ideal features of the
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interface) may not allow us to reach any fundamental theoretical insights, it does allow us to
reach practical conclusions from practical arrangements of what may be the best angle to use.
It is also important to note that the acceptance angle of the fiber (which is also the angle at
which light emanates from the fiber) is substantially larger than the 15° launch angle increments
studied here. A similar situation applies at the light detection end; the photodiode uses an
integral hemispherical lens that has a significant acceptance angle. Figure 2.2 presents the
observed absorbance —concentration best fit linear calibration curves for (a) a 180 um bore
capillary of circular cross section and (b) a capillary of 100 um square cross section for launch
angles of 15°, 30°, 45°, 60° and 75°. In (a) it is observed that 15°, 30°,and 60° illumination
angles lead to virtually the same response that are barely distinguishable from each other. An
illumination angle of 75° led to a slightly greater apparent pathlength and an illumination angle
of 45° the pathlength is decidedly higher than the rest. In (b), all but 45° and 60° illumination
angles produce nearly the same response, which is somewhat lower than the 45° and 60°
illumination responses that are close to each other. A slightly different picture emerges from
Cassidy plots [124] in Figure 2.3 in which sensitivity is plotted as a function of concentration.
The characteristics of a multipath cell, in which light propagates in different paths of different
effective lengths, is that the larger pathlengths have a greater influence at relatively low
absorbance values of the solution than at higher absorbances [97]. The reason for this is
simple: the detector cannot discriminate between paths through which various rays of light
might come through when the attenuation is already high, further passage through a long path
has little effect on the total amount of light reaching the detector. As a result, as seen in Figure
2.3, for either the round or the square capillary, the apparent sensitivity (or apparent molar
absorptivity of the dye) increases at lower dye concentrations (low absolute absorbances)
clearly indicating that there is some degree of multipath behavior. However, stable sensitivities
(linear calibration behavior) are observed beginning at fairly low absolute absorbances, starting

with about 0.4 -0.5 uM BTB - the flat regions of the plots in Figure 2.3 correspond to the slopes
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Figure 2.2 Response as a function of injected BTB concentration at different angles of incidence
of launched light for (a) round and (b) square cross section capillaries.
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in Figure 2.2; the best fit lines in the latter are of course weighted more heavily by higher values.
We have deliberately plotted Figure 2.3 with the ordinate origin starting at zero, to illustrate that
while there is a dependence on the launch angle, across the range studied this difference is
less than a factor of 2 whereas a 1/sin6 dependence would have resulted in a nearly 4x
difference between the 15° and 75° launch angles. In fact, it would be obvious from either
Figure 2.2 or 2.3 that the observed calibration slope/pathlength order does not follow the
expected order of the sensitivity increasing monotonically with decreasing angle of incidence.
For the square capillary, efforts were made to carefully ensure that the optical fiber was
perpendicularly oriented to one of the square sides, but the same results were obtained.

Beside the multipath effect, a broadband source also contributes to greater apparent
molar absorptivities at lower concentrations as discussed in the next section, albeit in the
present case the analyte absorption and LED emission are particularly well matched and this
effect is relatively small.
2.3.3 Effective absorptivity of solutions encountered with a broadband source

To compute the pathlengths actually attained, one requires the value of the molar
absorptivity of the dye. Many investigators now use LEDs as light sources and it is well known
that bandwidths of such sources are often larger than desired. Further, the match between the
emission spectrum of the LED and the absorption spectrum of the analyte is rarely as good as it
is in the present case (Amax.Lep 613 NM; Amax.ets 616 NM). Hauser et al. [125] originally
discussed the computation of the effective absorptivity of the analyte in such a case. Since this
can be useful in many applications beyond the present context, we discuss this in some detail
below.

Figure 2.4 shows superimposed absorption spectra of BTB, plotted in terms of molar
absorptivity (left ordinate) including +1 standard deviation error bars compared to the LED
emission spectrum (right ordinate). Also shown is the transmittance spectrum of a 10 uM

solution of BTB that is transformed from the molar absorptivity data (rightmost ordinate)
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assuming a 1 cm pathlength. The LED emission occurs between 565 and 660 nm and the total
incident light intensity 1° is given by the summation of the light intensities at each of the
wavelengths 1%;

|°:Z|°x ..(1)

A = 565-660

To calculate the effective transmittance of the 10 uM solution shown, the total transmitted light |
is computed by multiplying the incident light intensity at each wavelength by the corresponding
transmittance value T, and then summing these values:
I = 2 LT, ...(2

Absorbance is then calculated from the usu;I: Seﬁigioession A = -log (I/IO) and the absorptivity is
then calculated in the usual manner. This exercise carried out for the data in Figure 2.4 will
lead to an effective molar absorptivity of 37,820 Mtem™, significantly less than the 40,059 M
tem™ value simply taken for the LED maximum emission wavelength. Further, if the same
exercise is repeated for solutions of different concentration, it will be observed that the effective
molar absorptivity decreases monotonically from 37,949 M'em™ for a 0.1 uM concentration to
37,094 M*cm™ at 50 uM. This variation occurs because it is absorbance and not transmittance
that linearly scales with concentration. The change here is relatively small because within the
intensity weighted bandwidth of the LED, the absorption of BTB is relatively uniform. The
effective absorptivity will vary a great deal more when this is not the case. In the following we
use e = 3.75 x 10° M'cm™ as an average value.
2.3.4 Effective optical path length of the cell

We measured the dispersion coefficient (D) in our particular system, this is the factor by
which an injected sample is diluted by the time it reaches the detector. For a 20 mm circular
cell and 1 pL injection volume, this was found to be 1.85+0.05. For a 10 mm cell, this D-value

would be comparable or lower (less dilution).
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In interpreting the absolute ordinate values in Figure 2.3 (or the slopes in Figure 2.2),
for a dye of g = 3.75 X 10* Mcm™, a D-value of 1.85, an ordinate value of 10 mAUopM'1
corresponds to a pathlength of 4.6 mm. The best case pathlengths in the round and square
capillary cases will this be calculated to be approximately 7.4 and 2.8 mm, respectively. These
absolute values are remarkable in that they are in fact lower than the shortest path separating
the entrance and exit windows (the distance between them in both the circular and square
capillary cases is 10 mm). These results therefore suggest that at least in these small bore
relatively thick wall capillaries, after the initial entrance, a significant, if not major, part of the light
actually does not bounce back and forth between the entrance and exit windows as one may
imagine but after a relatively finite distance of passage through the solution, finds its way into
the glass wall through which it travels, resulting in a path length that is shorter than the distance
between the entrance and the exit windows. In a fashion, this also explains the unexpected and
non-monotonic nature of the dependence of the pathlength on the launch angle. Note that the
o.d./i.d. aspect ratio of the glass tube used by Ellis et al. [119] was 1.6, in the present case it is
2.1; this is likely to further promote any light conduction through the relatively thicker glass wall.
2.3.5. Light throughput, noise and signal to noise ratio
While the absorbance signal is directly dependent on the pathlength, the analyte detectability is
ultimately dependent on the signal to noise ratio. In general, at low light levels reaching the
detector, the noise increases with decreasing light levels. At higher levels of light, however,
there is no further decrease in noise above some threshold value of light [115]. Figure 2.5
shows this same behavior where data from (a) round capillaries at different launch angles
(circles), (b) square capillaries at different launch angles (squares) and (c) round capillaries with
10-50 mm lengths and a 45° launch angle (circles with lines) are shown. It will be observed that
the noise reaches a more or less constant value at primary detector output values above
approximately 60 mV, regardless of the nature of the arrangement or the geometry of the cell

but below this value, the detector noise begins to increase exponentially. It is also further
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observed that for case (c), the noise increases monotonically with the increase in cell length. It
is clear that the 50 mm cell suffers from poor light throughput and high noise and any advantage
of increased pathlength will not translate into a better S/N. The angular dependence of light
entry for both types of capillaries is more complex. For the capillary with a square hydraulic
cross section (case (b)), there is relatively small dependence on the launch angle: while the 15°
launch angle produced the highest light throughput (Figure 2.5), the actual pathlength was the
lowest. For the round capillaries (case (a)), the light throughput increased and the noise
decreased systematically with increasing launch angle (60° results were almost the same as
that of 75°).

These factors combine to influence the observed signal to noise ratios, which are
shown in Figure 2.6 for 110 nM injected BTB for the same three cases a — ¢ previously
discussed. Note that because of superior light transmission, the square capillaries provide
relatively greater S/N. The best case S/N for the square capillary is only 25% lower than the
best case value for the round capillary, even though the latter has a hydraulic diameter 1.6x
lower. (However, the dispersion in square capillaries was not measured, if this dispersion is
larger than round capillaries, significant lengths of square tubing will need to be avoided to
realize the optical superiority.) The response behavior dependence on cell length is discussed
in more detail below.

2.3.6. Length dependence and limits of detection

Length dependence was studied with the round capillaries using a single entrance
angle of 45°, Each exhibited excellent Beer’s law linearity over a range of 22-1090 nM (n=7)
with a zero intercept linear r* value ranging from 0.9978 to 0.9994 (see Appendix 1, Figure A4).
The respective effective path lengths for 10, 20, 30, and 50 mm cells were 8, 17, 28.5 and 32.6
mm. Considering that our accuracy in defining the distance between the light entry and exit
points is probably no better than £1 mm, the effective path lengths, especially for the three

shorter wavelengths clearly indicate an approximately linear increase of the effective pathlength
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with the physical distance between the light entrance and exit windows. Cassidy plots (see
Appendix 1, Figure A5) further indicate a greater effective pathlength at lower solution
concentrations, except for the longest tube where accurate measurement at low concentrations
is made difficult due to increased noise and seemingly, a behavior opposite to the other cases is
observed.

Returning to Figure 2.6, the increase in S/N in going from a 10-mm to a 20-mm cell is
large but the 30-mm cell actually produces a S/N that is statistically no better than the 20-mm
cell. The 50-mm cell clearly performs the worst. If the illuminated volume was not an issue, it is
possible that a brighter light source may permit the maximum S/N at a greater physical cell
length. However, what is presently attainable is very respectable. The right panel of Figure 2.6
shows the response of the 20 mm cell to 22 nM injected BTB; at the prevalent noise levels this
peak has a S/N greater than 15. This corresponds to a S/IN=3 LOD of 4.4 nM or 4.4 fmal, i.e.,
approximately 2.6 pg BTB. In the present case, the noise level is <80 HAU with an effective
pathlength of 17 mm; in comparison, the single radial pass cell of Boring et al. [95] of 75 um
inner diameter exhibited a noise level of approximately 15 pAU.
2.3.7 Refractive index effects

It was of interest to determine whether the immunity to schlieren effects reported by
Ellis et al [118] persist as the system is further miniaturized. We compared the behavior of a
single radial pass cell with that of a multireflection cell (180 pm bore round capillary, 45° launch
angle, 10 mm) when 10 uM alkaline BTB or 10 uM alkaline BTB prepared in a matrix of 100 %o
NaCl is injected into a water carrier. Figure 2.7 will indicate that in the case of the single pass
cell, due to the presence of 100 %0 NaCl in the sample, there is very evident decrease in the
peak height and there is also apparent peak broadening occurs. Hence, interference in
guantitative measurement will be expected due to refractive index effects with such a cell. In
contrast, the multi-reflection cell has considerable immunity to refractive index effects. We echo

the sentiments of Ellis et al. [118] that such cells would be well suited for samples with variable
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salinity. These results are expected; refractive index effects are maximized when the
propagation of light is coaxial with fluid flow such that the light is most directly affected by the
lens that develops. This effect is reduced when the direction of light propagation is
perpendicular to that of fluid flow and especially when it is reflected back to more or less retrace
its path [120,121]. With multiple reflections, this should reduce further.
2.4 Conclusions

We have demonstrated that the multireflection absorbance detectors with noncoherent
light sources provide impressive gains in sensitivity and are also remarkably immune to
schlieren effects. We demonstrate an LOD of 4.4 fmol for injected BTB dye solution. We have
studied the effects of changing the light incidence angle and find that the results do not
necessarily agree with a model of simple reflections where the effective path length continues to
increase as the launch angle becomes more acute. It appears that such cells really behave as
multipath devices where a significant amount of the light might travel through the glass after one
or a limited number of reflections and the extent of the latter may depend on the launch angle.
Nevertheless, as the demand for sensitive capillary scale optical absorbance detection

increases, multireflection cells can play a very significant role.
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CHAPTER 3

CAPILLARY SCALE LIQUID CORE WAVEGUIDE BASED FLUORESCENCE DETECTORS
FOR LIQUID CHROMATOGRAPHY AND FLOW ANALYSIS
3.1 Introduction
Since the past decade, there has been a significant interest in capillary scale
separation and detection techniques [88,126]. The capillary format allows for high efficiency
rapid separations with low sample and reagent consumption. In favorable cases, it allows for
very low pressure, even gravity-flow separations [127-129]. However, the measurement of trace
amounts of analytes in <1 yL injected sample volumes demand a lot from detection techniques.
Fluorometry is among the most sensitive of analytical techniques. A focused laser beam
offers an ideal way to provide small volume intense excitation. Although laser induced
fluorescence (LIF) has been most often used in capillary electrophoresis (CE) and reviewed in
that context [130,131], it is applicable for non-electrophoretic capillary scale applications as well.
Nevertheless, commercial LIF instrumentation is still too complex and expensive to allow wide,
especially pedagogic, use. Further, many laser sources are intrinsically noisy, degrading LODs
from what would be predicted on the basis of illumination flux alone. More importantly, the
limited number of wavelengths that laser sources can presently conveniently and affordably
address require the proverbial changing of the foot to fit the shoes; a whole host of
derivatization agents and methods have been developed to fit available LIF instruments. The
recent availability of violet laser diode (VLD) sources in digital video disc (DVD) players and
recorders, complete with focusing optics, does offer, however, inexpensive opportunities to build
fluorescence detectors with such sources and optics.
The attractive performance of liquid core waveguides (LCWSs) for transverse/radial
excitation fluorescence detection was demonstrated a decade ago [132]. We have since
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reviewed the general use of LCWs for optical detection [133]. Recently Okada has reviewed
LCW- based absorbance and fluorescence detection (with either axial or radial illumination)
[134]. The following developments in LCW- based fluorescence detection are noteworthy:
imaging the capillary lumen on a CCD detector and being able to discriminate against the
scattered light that primarily propagates along the wall [135], using a similar detector with a
multicapillary separation system to perform multiplexed detection [136], imaging the whole
column with either axial [137,138] or scanning transverse [139] illumination, detecting ammonia
at the low nM level with a photodiode detector [140], utilizing the scheme with CCD based
detectors in CE [141] and in flow injection coupled miniature CE systems [142], using
multiwavelength array excitation coupled to a CCD spectrometer [143], separating and
detecting DNA fragments in microfluidic systems [144] with LODs comparable to LIF detection
(aided by modulation, lock-in detection and second wavelength referencing techniques) [145]. In
our laboratories, we have extensively used light emitting diode (LED) excited LCW-based
fluorescence detection for the determination of atmospheric H,0, [146], HCHO [147] and H,S
[148], developed a flash lamp-excited gated fluorescence detection system for anthrax spores
[149], a multiplexed, pulsed-LED detection system for hematin-differentiated [150]
measurement system for H,O, and organic peroxides [151] and methods for coating glass and
silicon microchannels to render them into waveguides [152,153].

In LCW fluorescence detectors described to date, coupling the emitted light to the
detector has generally been accomplished by a distally located optical fiber coupled detector;
the convenience unfortunately leads to significant light loss. Preserving the lumen image
[135,136] requires an involved optical arrangement where the fluid exit end remains in a liquid
reservoir and the termini are imaged by a lens, filter, prism and camera objective before
coupling to a CCD detector. Direct coupling to the detector window has only been achieved by
allowing the liquid to leak past an exit window in an uncontained manner [144] precluding the

possibility of using a subsequent serial detector. To perform affordable multi-dimensional
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detection in capillary scale analyzers, it is our objective to develop absorbance [88],
conductance [154] and fluorescence detectors in a concerted manner. These detectors should
be capable of being deployed singly or serially with a high performance/cost ratio.

In the present chapter, we describe generic designs for inexpensive capillary scale flow
through fluorescence detectors and demonstrate attractive performance in flow systems.

3.2 Experimental

3.2.1 Reagents

Sulfoxine, 8-hydroxyquinoline-5-sulfonic acid (HQS), was twice recrystallized (as the
monohydrate) from large volumes of hot water. Aluminum sulfate (reagent grade), Coumarin 30
(3- (2-N-methylbenzimidazolyl)-7-N,N-diethylaminocoumarin), Good buffering agents [155] 3-(N-
Morpholino)-ethane sulfonic acid (MES), 3-(N-Morpholino)-propane sulfonic acid (MOPS) and 2-
(cyclohexylamino)-ethane sulfonic acid (CHES) were used as received (all of the above from
www.sial.com). For the present experiments, the stock solutions of the Al salts were diluted
serially by the carrier used in the flow analysis system. Coumarin 30 was dissolved in 50% (v/v)
methanol and injected for detection in the same solvent. All other solutions were made in
distilled deionized water.
3.2.2 Fluorescence detector cell design

Only the HPLED—-mPMT detector is described here in detail; the other two designs are
discussed here briefly; greater details appear in Appendix B.
3.2.2.1 Light emitting diode: photodiode design

The simplest and least expensive (total electronics cost <$20) scheme uses a modest
power UV LED (NSHU550B, www.nichia.com, 5.4 mm dia. metal can) that is estimated to put
out ~1.5 mW @ 365 nm at the operative drive current of 15 mA. Refer to Figure B1 in Appendix
B and attendant description. The detector is a miniature “light-to-voltage converter”, a
photodiode with an integral operational amplifier (TSL250R, www.TAOsinc.com) a square-

shaped (4.8 mm x 4.8 mm) clear epoxy bodied 3-pin (power, ground, signal) device that is
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1.8mm thick. A centrally placed integrally molded hemispherical lens (80.90 mm) completely
covers the photosensitive area (sensitivity 77100 mV/W per cm” @ 500 nm). We drilled a
perpendicular hole (1/32 in., @ 0.79 mm) directly through/atop the lens terminating just atop the
photosensitive surface. A second aperture (0.014 in., 0.37 mm) is drilled parallel to the plane of
the device and joins the first aperture atop the photosensitive area to form an L-shaped pas-
sage. After cleaning out the debris and polishing the bottom of the vertically drilled aperture as
best as possible, a thin coat of clear epoxy was applied to the bottom to restore transparency.
The LCW capillary (TSU100375, www.polymicro.com, the same LCW capillary was used in all
designs) is inserted in a opaque PEEK sleeve 0.015 in. i.d., 1/32 in. 0.d., F-385x,
www.upchurch.com)—this is inserted through the vertical aperture. The exit capillary, 180 um
i.d., 350 um o.d. (TSP180350) is inserted through the horizontal aperture. The assembly is
covered over with epoxy adhesive intimately mixed with activated charcoal to prevent ambient
light from reaching the detector. The assembly was put into an opaque Delrin fixture with
provisions for illuminating the LCW capillary radially by the LED approximately 10 mm above
where it enters the detector.
3.2.2.2 Laser diode: miniature photomultiplier tube design

A “Blu-Ray” DVD reader (Pioneer model BDC-2202b) was dis- assembled to gain
access to the read/write laser sources. This particular model uses three different discrete laser
diode (LD) sources at different wavelengths. The VLD is believed to have an output of 5-7 mW
and is used for read functions only. Connections to the VLD leads were made directly on the
board and these were then connected to external circuitry to apply power. LD’s are static and
surge sensitive. As shown in Figure B3 in Appendix B, a switch keeps the VLD disconnected
both before power was applied and before power was shut off. The drive current is read by a
digital panel meter via the voltage drop across a 10 ohm resistor in series that connects the
VLD to ground. A 10-turn 1 kilo-ohmIpotentiometer allows control of the drive current

(monitored and displayed continuously) via circuitry based on a LM317 (www.nsc.com) based
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regulator. The fluorescence cell itself was identical to that described for the HPLED—-mPMT
design below, except that fluid exit connection was made here via a tee for convenience. The
manner in which the LCW was illuminated was as follows. The optical lens element (1.5
mm) through which the laser beam emerges is located centrally between two horizontal highly
magnetized bars (ca. 10 mm long, 2 mm wide, spaced 11 mm apart). The optics is spring-
loaded and can be pushed down. At its maximum elevation, the top of the lens is flush at the
same level as the magnetized bars. This enables a very simple and effective means of affixing
the LCW capillary to the top of the optics. The general arrangement is shown in Figures B4 and
B5 in Appendix B. A 0.020 in. wide wedge-shaped groove is machined onto the middle of the
short side of a 7.5 mmx15 mm opaque Acetal (Delrin) sheet (1 mm thick), intended to function
as the capillary cradle. A 0.79 mm bore aperture is drilled about the center of the groove (the
intended location of the optics) and a low sensitivity light to voltage converter (TSL252R,
www.TAOSinc.com, for referencing the laser intensity) is cemented on the hole on the obverse
side of the groove. Two thin steel pieces (2.5 mm x 7 mm) are cemented with epoxy adhesive
on the short edges of the capillary cradle, on the same side as the groove. As the cradle, with
the capillary in the groove, is lowered on to the LD optics, the capillary is held in place atop the
optics by the magnetic force. It is important to use only thin pieces of steel (we used small
portions scored off a razor blade). Else, the permanent magnets are so strong, once the cradle
is bought near the optics, it is impossible to control the position and the cradle may be drawn
with such force so as to crush the capillary. In our particular arrangement, the illumination point
was [15 cm from the mPMT tip of the capillary.

The optical output from the lens element was measured with a calibrated laser power
meter (type 840011, www.sperscientific.com). This sensor is calibrated for 632.8 nm and a
correction factor of 9.62x was applied for measurement at 405 nm according to manufacturer’s

instructions. Note that there are significant losses in the optical system and the output power at
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the exit of the optical element must be significantly smaller than the power generated by the
VLD itself.
3.2.2.3 High power light emitting diode: miniature photomultiplier tube design

Referring to Figure 3.1 (the drawing is not to scale), the light source used is a surface-
mount type UV LED L (Anax 365nm, NCSUOO3A, Nichia Corp). This is a very high brightness
excitation source (emitting typically 210 mW continuous at 500 mA, with a maximum
permissible continuous current of 700 mA, [156]). It is mounted on a finned heat sink HS with
heat sink compound. A pair of screws S sandwich the LED between aluminum block B and HS.
A (1/4)-28 threaded male nut N holds down the 1mm core jacketed optical fiber OF (ESKA
optical grade fiber, NT02-536, www.edmundoptics.com) on the surface of the LED. The emitting
chip dimension is 0.9 mm x 0.9 mm square and the fiber captures most of the emitted light. For
a flat-faced LED, previous experience shows that direct interfacing of a fiber with polished
termini leads to the best light coupling [115]. In the present experiments, the HPLED was
operated at a current of 500 mA.

The cell holder AL is machined from aluminum, the general arrangement is
schematically shown in the bottom panel of Figure 3.1. A photograph and dimensional drawing
is given in Figure B6 in Appendix B. The holder AL terminates in a flange that has screw holes
for directly mounting holder AL on the face of the mPMT (H5784, www.hamamatsu.com) with a
set of four M2-threaded screws S. This is a relatively low-cost miniature photosensor module
[157] with its own built in high voltage supply. The mPMT has an 8 mm dia. photoactive area,
contained in a 10 mm diameter window W that is recessed 1 mm inside the metallic sensor
housing. One or more layers of plastic optical filters F were cut as 10 mm circles and put on the
PMT window as desired. The holder AL has a central 1/16 in. diameter straight through axial
hole which snugly accommodates 1/16 in. o.d. 0.75 mm i.d. PEEK tubing PT (~45 mm long).
Tube PT is provided first with one inserted spacer SS (3 mm long, 457 um i.d./635 ym o.d.,

PEEK, type PK018-025-BLK, www.upchurch.com). The spacer segment SS is coated thinly with
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Figure 3.1 Top: high power LED L is sandwiched between heatsink HS and aluminum block B
by screws S. 1 mm core acrylate optical fiber OF is coupled to the LED and the fluorescence
cell (bottom) with reverse-ferrule equipped ¥-threaded nuts N. The cell is built of an aluminum
block AL provided with a ¥%-28 threaded flat-bottomed aperture A for the fiber optic to illuminate
the 100 um bore Teflon AF coated fused silica capillary LCW help in a PEEK jacket tubing PT
with the help of sealers and spacers SS. PT terminates in a 1 mm long face-polished acrylate
optical fiber segment FW functioning as the window against which the LCW butts up. The front
flange of the cell attaches directly to the PMT face and FW rests directly on the PNT window W.
Optional thin plastic optical filter(s) F can be put on the PMT window W. Liquid enters through
the LCW leaks at the tip in the gap between it and FW and exits through aperture E. The
drawing is not to scale.
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epoxy adhesive on the outside and pushed inside tube PT from one end to a depth of ~15 mm
and the epoxy is allowed to cure. The spacer serves to hold the inserted LCW capillary (vide
infra) concentric. Tube PT is then provided with a terminal optical window FW at the same end,
close to the spacer. We have variously used (vide infra) (a) a 1mm long segment of an acrylate
optical fiber (1 mm core, P/N 02-536, www.edmundoptics.com). The fiber is polished at both
ends by micro-mesh sandpaper (grades 1500-12,000, www.micro-surface.com) and forcibly
inserted into the end of the green PEEK tubing widened at the tip with a 0.040 in. drill bit to a
depth of 1 mm, this seals tightly enough that in our experience no leakage occurs. (b) A
spherical glass ball lens of 1 mm diameter (NT43-708, www.edmundoptics.com). The ball is
forcibly put in at the PEEK tube tip after enlarging the tube tip i.d., in much the same way as the
optical fiber segment. (c) A 125 um thick clear polyester window (Mylar, K-Mac plastics,
KS6361, Wyoming, MI). The tip perimeter of tube PT was roughened by sanding, a thin layer of
epoxy adhesive was applied and a small piece of the Mylar sheet was then affixed.

With PT inserted in its place in AL, AL is fixed with screws on the top of the mPMT; PT
is pushed in until it rests on the mPMT window (with any optical filters already thereon). PT is
now fixed in place at its entrance point in AL with a 10-32 nut and ferrule (not shown in Figure
3.1, see Figure B6 in Appendix B for this detail). The (1/4)-28 threaded entrance A in AL ends in
a 1 mm aperture. Tubing PT is drilled through at this aperture to allow the 1mm fiber optic to
come into PT. On the opposite side of A, a 0.64mm dia. hole is present in AL, this too is now
drilled through in PT to serve as fluid exit. PT is now thoroughly washed with methanol using all
entry/exit combinations to remove any debris. The capillary LCW (the length chosen ~55 mm,
results in ~1 cm protruding from PT at the entrance end) is pushed in from the open end of PT
until it rests on window FW. The LCW is not effectively sealed against FW. Rather, liquid
entering into the LCW flows past the tip and back around the LCW in the annular space to exit
at aperture E where a stainless steel exit tube (0.017 in. i.d./0.025 in. o.d., HTX-23T,

www.smallparts.com) is push fit and epoxied in place. Fluorescent light originating from the
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excited analytes in the lumen is guided by the LCW to its tip by total internal reflection and is
transmitted to the PMT via FW. A second exit sleeve SS is put in and sealed and epoxied in
place where LCW enters PT. Connections to the LCW inlet to other 375 um o.d. capillaries that
constitute upstream components of the system are made with a butt-joint using a short polyvinyl
chloride pump tubing segment (0.19 mm-i.d., 2.03 mm-0.d.) as a sleeve.

While the data presented comes solely from the above design, for applications where
another detector is serially connected, a similar design with a smaller inner diameter for PT (0.5
mm i.d.) was used, without any spacers. The annular gap in this case is <60 um. About 10 mm
from the PMT end of the tube PT, a 0.015 in. diameter hole is drilled as the fluid exit aperture.
After completion of the assembly, a silica capillary of desired inner diameter is inserted here and
epoxied in place.

3.2.3 Electronics

It has been shown elsewhere [115] that short of carefully matched thermistor—resistor
combinations, a stable constant voltage power supply and a low value resistor offer the best
compromise to obtain a stable light output from an LED as minor variations in ambient
temperature occur. Following this maxim, we used a 10-ohm, 10W power resistor in series with
the HPLED and powered it with a high current variable voltage power supply. [18.8 V was
needed to attain the desired drive current of 500 mA. For the VLD-mPMT experiments, the
PMT control voltage was set at 0.9 and no further secondary signal processing was used. For
the HPLED experiments, unless otherwise stated, the mPMT gain control voltage was set at
0.7, the primary mPMT output was offset and amplified 10x by a dual JFET-input operational
amplifier (TLO82CP, www.ti.com), the first stage providing unity gain and variable offset and the
second stage providing 10x gain with a time constant of 1 s. Both stages were operated in the
inverting amplifier configuration. The circuit diagram is given in Appendix B in Figure B7. In all
cases, the detector signal was acquired at 1 Hz by a 12-bit PCM-DAS16D/12 data acquisition

card (www.measurementcomputing.com) housed in a mini-notebook personal computer.
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Some experiments were conducted where the light source was modulated with an N-
channel MOSFET switch (IRLI530N, www.irf.com) with a function generator at [1100Hz to
address the gate of the logic-level MOSFET switch. The detector output was processed via a
balanced demodulator chip (AD630, www.analogdevices.com) using the gate signal for
reference. In no case were the results better than dc operation. Hence they are not reported.
There are some inherent limitations of this circuitry, better lock-in detection approaches will be
discussed in a future paper.

3.2.4 Experimental arrangement

Most experiments were conducted in the flow injection mode, using a single line
system. Fluid flow was provided by a 48K step syringe pump (V6, P/N 54022, equipped with a
high pressure syringe header valve (P/N 26098) and a 1-mL capacity high pressure syringe
(P/N 23994), all from www.kloehn.com. Test solutions were injected with an in-line 1 uL loop
injector (070-0134H, www.vici.com). Except as stated, the carrier solution or eluent for
chromatography (vide infra) was composed of 1 mM HQS and 1 mM MES, adjusted to pH 5.56
with NaOH and filtered through a 0.22 um pore size nylon membrane filter and pumped at a
flow rate of 4 uL/min. The injector was connected to the detector by a 5 cm long 0.25 mm i.d.
fused silica capillary. For most experiments, the detector was simply covered with a cardboard
box to provide immunity from ambient light.

3.3 Results and discussion

3.3.1 Basic detector design and performance of the simplest design

Early work on LCW-based capillary scale fluorescence detector clearly indicated the
feasibility of such detectors [132]. Presently we first explored the performance of a LCW-based
fluorescence detector in which a low power UV LED was used to radially illuminate the LCW
capillary directly and the fluorescence was detected with a photodiode-operational amplifier
integrated package, sold as a light-to-voltage converter. The response of this very simple

detection system to 1 puL of 20001uM AI(HQS)s exhibited an S/N of 350. While we intended such
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a detector to be used primarily for pedagogic purposes and therefore made no further
optimization efforts, it is worthwhile to note that an essentially identical detector with
approximately 15x greater sensitivity (TSL257R, 1460 mV/W per cm’ @ 500 nm) is available at
the same cost from the same manufacturer. Also it is worthwhile to note that even for HQS
chelates, the Al-chelate is not the most fluorescent [158].
3.3.2 The “Blu-ray” laser based detector

This source is misnamed: at 405 nm, it is violet, rather than blue. VLD’s have been
available for some time; since their availability till now they continue to cost approximately >US$
2000 as scientific equipment. Lucy and coworkers were the first to use such VLDs for capillary
scale fluorescence detection. They observed that at most approximately 30—50% of the power
is coupled to a 100um core fiber optic (FO) when the unmaodified LD is coupled to the FO [159].
While they recognized that focusing through additional optics such as a microscope objective is
a superior alternative for capillary systems [160,161], they have mostly continued to use the FO
coupled configuration [162-164] presumably for the simple reason that incorporating additional
optics that necessarily require precise, stable positioning, is cumbersome. Availability of laser
based optical drives as a consumer product removes this difficulty. Although the results
described in the present work utilizes a different device which uses three different discretely
packaged laser sources, based on further experience, we would recommend others to begin
with a Sony Playstation 3 (PS3) reader assembly which contains three different laser sources
(780, 640 and 405 nm) and a photodiode (that monitors the source output) in a single package.
At 20 mW rated output for the 405 nm source, this VLD is also more powerful than the one
presently used. Note that although 20 mW VLDs are being produced in quantity (approximately
2 million /month in mid-2007) inexpensively (estimated production cost: US$ 8) [165], they are
not available as discrete devices. To our knowledge, there are also no publicly accessible
specification sheets. A PS3 reader assembly is however, readily available as a replacement

part for <$60 (see Figure B8 in Appendix B) and VLD aficionados have web-accessible
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instructions on how to extract the VLD out of the assembly in detailed written [166] and even
video [167,168] forms. However, no matter which precise source is used for the VLD, the reader
assembly should not be disassembled and the LD extracted for constructing a fluorescence
detector. The optics that focuses the beam down to a very small spot is integral to the read
(write) assembly and makes it very convenient to simply put the capillary on the top of the lens,
aided by the magnetic rails that provide a convenient means to hold the capillary down (all
presently available optical drives use magnetic force to keep the disk spinning just away from
the lens element without physical contact) and finally, any necessary heat sink is integrally
present in an intact assembly. For the more ambitious, the rail and the stepper motor assembly
provides a ready means to translate the source along the capillary and thus generate a “whole
column” image (albeit the maximum translation length, <40 mm, is rather limited). In the case of
the PS3 reader referred to above, any of the three laser sources (the respective pin outs,
complete with magnified photos, are available in Refs. [166,168]) are available through the
same optics.

In the absence of available specifications, one must necessarily be careful about the
maximum current the source can be operated at to avoid irreversible damage. We had no
information on the specific Pioneer VLD used here and to err conservatively, assumed it to be a
5 mW device, the lowest power VLDs used in Blu-ray readers. The device shows a weak diffuse
output at low currents (similar to that of an LED driven at a low current). As the drive current is
increased, the lasing threshold is eventually reached; past this point the light output increases
dramatically. Figure 3.2 shows the light output through the lens element vs. drive current. The
lasing threshold is computed by extrapolation to be 36.5 mA. It has been suggested that the
VLD should not be driven at currents much greater than Iy, + 10 mA (i.e., ~47 mA in the present
case) to avoid irreversible damage [166]. We operated the present VLD up to 54.4 mA for few
seconds at a time with a measured power of 3.7 mW at the lens exit, which would probably be

close to its maximum operating current (if it is a 5 mW device), accounting for optical losses. To
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be conservative and safe, we initially did most of the work at a drive current of 37 mA, just
above the lasing threshold. These results are discussed as operation at this power level will
permit essentially indefinite life. Subsequently, the VLD was operated at 47 mA to characterize
ultimately attainable LODs from this source. A cooling fan was put on externally to prevent
source drift and a smaller aperture was used with the photodiode to prevent saturation.

Although a VLD can be used to detect AI(HQS)3, it is not optimally excited at this
wavelength. Vos et al. indicated an LOD of 3 uM for example in a CE configuration [162], this
LOD can in essence be reached by our simple LED-PD combination (Section 3.1). In addition,
the excitation maximum of AI(HQS); is listed as 395 nm [158], this is not strictly correct (vide
infra). We chose to explore detection limits with Coumarin 30, which has a (imax of 407 nm (in
ethanol, for other photophysical data on Coumarin 30 see [169], we used 50:50 methanol water
in flow injection experiments both as carrier and as the analyte matrix; absorption and
fluorescence spectra obtained in such a matrix was nearly identical to those published for a
ethanol medium [169] and are not separately given here). Coumarin dyes are also of particular
interest in enzyme-linked immunosorbent assays that most commonly rely on an alkaline
phosphatase enzyme utilizing 4-nitrophenylphosphate as substrate. Instead of absorbance
detection of the 4-nitrophenol formed at 405 nm, the decrease in fluorescence of concurrently
present Coumarin provides a much more sensitive assay [170].

In LCW-based fluorescence detection, we have generally used some form of an optical
filter atop the photodetector to filter out excitation light. This unwanted background largely
originates from scattering—while the optical quality of the LCW is obviously important, how
tightly the excitation beam is focused also greatly governs the extent of scattering. The optics
integral to present optical disk drives provide focused spot diameters of 2.11, 1.32 and 0.58m
respectively for the 780, 640, and 405 nm lasers [171]. To our pleasant surprise, the
background scattering in the present setup was small enough that even without any filter, the

mPMT background signal was easily manageable (<0.2V) (at a PMT gain of 0.9 this
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corresponds to within 2x of the maximum gain for this particular device) and VLD drive current
of 37 mA. Without any filter, the results for 1 micro-liter of 1 micro-molar Coumarin 30 injection
are shown in Figure 3.3. The VLD output as measured by the TSL252 R photodiode on the
other side of the capillary is very stable as seen in the upper horizontal line. A 133x magnified
view of the VLD output is also shown. This indicates a very small but slow downward drift over
time, likely due to heating and temperature equilibration. Note that the more major baseline
disturbances (that are discernible both in the mPMT and the PD traces) come from injection
valve actuations. Referring to the mPMT trace, switching the valve from inject to load and back
to inject cause the mPMT signal to go low while the valve is in the load position. If we try to
correlate the mPMT baseline signal to the TSL252R baseline signal in a region where there is
no valve actuation artifacts, it is readily revealed that there is no correlation (r < 0.02).
Predictably the S/N observed in the mPMT trace (~30, noise being defined as peak-to-peak
noise, leading to an LOD of ~100 nM) is not improved by ratioing the signal to the laser output.
Also predictably, running a 5-s moving average filter significantly improved the S/N, leading to
an LOD <40 nM. Of course the LOD is directly dependent on the laser intensity. The above
results were all obtained with a drive current of 37 mA.

As the laser output is an order of magnitude greater at a drive current of 47 mA (Figure
3.2), the LODs are much better. Figure 3.4 shows results for the injection of 50 and 100 nM
(solution preparation and surface adsorption losses for Coumarin 30, a very hydrophobic dye,
preclude reproducible results at lower levels) injections. In the laser induced fluorescence
literature, limit of detection has been defined in many different ways. Here, if we assume the
raw data at 5 Hz and peak-to-peak noise, the S/N = 3 LOD is 7.7 nM (these and following data
are based on the 50 nM injections, the LODs are more than 1.5x lower when calculated for the
100 nM injections—but this degree of change in short term noise is not unusual). Based on the
p—p noise of the 5-s averaged data, the S/N = 3 LOD is 2.8 nM. Finally if noise is defined as the

standard deviation of the drift corrected baseline in the 1250-1350 s region where no injections
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Figure 3.3 Detection of 1 uL of 1 uM Coumarin 30 in 50:50 Methanol:water injected in the same
solvent flowing at 4 uL/min. The laser output (VLD drive current 37 mA) is shown as the top
horizontal line (right ordinate); it is also shown magnified 133x. The S/N of the fluorescence

signal does not significantly change upon ratioing to the laser output but does predictably
improve with a moving average filter.
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Figure 3.4 Injection of 50 and 100 nM Coumarin 30 with the VLD driven at 47 mA. The data
were acquired at 5 Hz and a 5-s moving average filter applied, Note that there is no secondary
electronics to the mPMT output and the background signal represents the true mPMT
background. No optical emission filter was used.
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are made, the S/N = 3 LOD will correspond to 0.4 nM. If we assume that the probe volume is
equivalent to a 100 pm (i.d. of LCW) long cylinder with 1 um diameter, the probe volume is ~80
fL. For a 2.8 nM LOD, there are ~140 analyte molecules in that volume.
3.3.3 The HPLED based detector
3.3.3.1 Optimum wavelength to excite metal-sulfoxine complexes
One principal reason we are interested in capillary scale fluorescence detectors is to
utilize them in metal ion chromatography. HQS forms a large number of fluorescent metal
complexes, most have an excitation maximum around 390 nm with a large Stokes shift, several
other derivatives of HQ with attractive fluorescence properties have been more recently
synthesized as well [172-174]. The potential of HQS either in the eluent or as a postcolumn
reagent in conventional scale metal ion chromatography has long been demonstrated, with or
without micellar sensitization [158,175,176]. We chose to explore performance for AI-HQS
detection, the fluorescent Al-chelate is often regarded as the archetypal HQS chelate [177].
The excitation maximum of AI(HQS); at its optimum pH is reported as 395 nm [158]. Of
LED sources we examined for exciting A[(HQS)3, the primary candidates were two devices with
center wavelengths of at 365 and 385 nm with comparable half bandwidths (10-12 nm),
respectively emitting 210 and 290 mW @ 500 mA (Nichia NCSUO33A and NCSUQ34A). The
obvious expectation was that the 385 nm emitter will provide significantly better performance.
To our surprise, the results were substantially the opposite (Figure 3.5). We then reexamined
the fluorescence characteristics of AI(HQS)s; the data are shown in Figure 3.6. These data
show that the excitation maximum actually red shifts with increasing concentration. Near the
LOD, at low concentration, excitation at 365 nm is actually superior to that at 385 nm. The 365
nm HPLED was used henceforth.
3.3.3.2 Cell terminal window material and light throughput
The terminal window sits directly on the PMT and conducts the light to the detector. It must also

be chemically inert for the given application and withstand some modest backpressure. Aside
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Figure 3.5 Response elicited by an injection of 1 uL of 2 uM AI(HQS)3;, mPMT gain 0.7,
secondary amplification 100x. Top trace: 385 nm emitter; bottom trace 365 nm emitter. A
double layer of Roscolux #369 green plastic filters was placed on the mPMT.
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Figure 3.6 Excitation spectrum of the indicated concentrations of A" (in uM) in 1 mM HQS, pH
6. The excitation maximum red shifts with concentration.
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from the optical fiber segment already mentioned in the experimental section, based on initial
experiments we investigated two other window types. One involved a spherical glass ball lens of
1 mm diameter (NT43-708, Edmund Industrial Optics, Barrington, NJ) that was forcibly put in at
the PEEK tube tip after enlarging the tube tip i.d., in much the same way as the optical fiber
segment. The other involved a 125 um thick clear polyester window (Mylar, K-Mac plastics,
KS6361, Wyoming, MI). The tip area of the PEEK tube was roughened by sanding, a thin layer
of epoxy adhesive was applied and a small piece of the Mylar sheet was then affixed. Rather
than measuring fluorescence emission, we simply measured the light transmission efficiency of
the water-filled cell assembly. A miniature tee was put in the LCW tube entrance and an optical
fiber was butted against the LCW tip. The other end of the optical fiber was connected to a LED
emitting at 450 nm powered at a constant current of 10 mA. Water was pumped during the
experiment through the perpendicular arm of the tee. The relative light intensities registered on
the detector (adjusted to operate at a low sensitivity) were 0.376 + 0.021, 0.340 + 0.029 and
0.402 + 0.012 for the polyester window, glass ball and the optical fiber, respectively.
Considering that the cell tip has to be disassembled and reassembled for each test
arrangement, the overall difference between the three is probably within experimental
uncertainty. Nevertheless, we chose to do further experiments with the putative best, the cell
with the optical fiber window.

3.3.3.3 Performance

Relative to coupling with a fiber optic, Melanson and Lucy [160] have shown that a pinhole and
a microscope objective can provide a better focused arrangement for fluorescence excitation,
leading to less scattered light and thus a better S/N. In the present case, even discounting
interfacial losses, geometric considerations (HPLED emitting area vs. fiber optic cross section
and far more importantly, fiber optic cross section vs. LCW bore) will dictate that maximally
approximately 7—8% of the emitted light serves to illuminate the analyte over an estimated

volume of 8 nL. Despite all this, we chose the fiber optic coupled arrangement rationalizing that
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the very large emitted power of the HPLED will provide enough light and counting on optical
filters to filter out the scattered light; the simplicity and cost constituted a big plus. We examined
three filters: Roscolux 369 (NT39-418), thin film UV filter sheet (NT39-426) and Wratten 44A
(NT54-465, all from www.edmundoptics.com). The first two performed essentially equally well
and the third one produced approximately 2x lower S/N; the emission spectra of the LED, the
emission spectra of Al(HQS); and the transmission spectra of two sheets of the Roscolux 369
joined by a thin layer of optical grade epoxy are shown in Figure 3.7. The spectra of the two
other optical filters tested are provided in Figure B10 of Appendix B.

The performance of this detector is shown in the flow injection mode for a calibration set
of samples containing 10-100 nM A**. Data where a reference detector was used to reduce
drift and then smoothed (5-s moving average filter) are shown for the low concentration data in
the inset. (Figure 3.8) In this case, the smoothing actually has very little effect on the S/N. The
primary noise in the baseline comes from frequent back and forth switching of the injector, as
would be apparent from the trace after the last 100 nM sample, when no further injections were
made. If we take the conservative approach and consider the baseline disturbances from the
injector as part of noise, the S/IN=3 LOD will be 4 nM for either the raw 1 Hz data or the
smoothed one. On the other hand, with noise defined as the standard deviation of the drift
corrected baseline, the S/N = 3 LOD is in fact calculated to be approximately 0.8 nM. The signal
is linear for at least two orders of magnitude (0.01-2.0 pM, linear r* 0.9991). The relative
standard deviation at the 20 nM level was 1.5% (n = 10).

3.4 Conclusions

Recent advances in solid state light emitting sources, in conjunction with liquid core
waveguides make possible attractive capillary scale fluorescence detectors that are both highly
commercial products is a boon to an experimentalist and can be harnessed to make very high
performance very small volume detectors. Dedicated monochromatic source based

fluorescence detectors do have the disadvantage that the extant source wavelength may be
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affordable and highly sensitive. We have provided here generic designs for LCW-based flow
through detectors that can be used in series with other detectors. It is rare that a new device is
made for analytical use—the advent of short wavelength laser diodes in inexpensive unsuitable
for a particular application. Ref. [115] provides a discussion of many vendors and the
wavelengths in which LEDs and LDs can be obtained. This is a dynamic marketplace and the

corresponding websites should be visited for up to date information, however.
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CHAPTER 4
ELECTRODIALYTIC REAGENT INTRODUCTION IN FLOW SYSTEMS
4.1 Introduction

Postcolumn reagent introduction is one of the oldest techniques used in
liquid/ion chromatography. The first amino acid analyzers utilized postcolumn reaction detection
with ninhydrin [178,179]. Detection sensitivity and selectivity in many flow techniques can be
dramatically increased by introduction of a derivatization reagent. Assuming postcolumn
reaction kinetics is not a limiting factor, reagent introduction into a flow stream has two basic
issues. These are (a) volumetric dilution by the reagent and (b) extent and speed of mixing. To
achieve rapid mixing, different geometries, including T-, Y-, arrow, miniature cyclones, etc.,
were studied [180]. For reagent introduction we had ourselves worked with screen-tee mixers
and continuously or intermittently pressurized porous membranes [181,182]. Any pulsation
associated with reagent introduction impairs detection limits, especially where the unreacted
reagent optically absorbs at the monitoring wavelength [181].

One can introduce acids or bases in the gas phase. This is possible for reagents with
sufficient vapor pressure (e.g., HCI or NH3); they can permeate/diffuse through appropriate
membranes without volumetric dilution [183]. Teflon AF has a uniquely low refractive index and
is useful as a liquid core waveguide [133]. It is also uniquely gas permeable [184], and acid or
ammonia vapors can permeate through it, rendering it a “chemically active” waveguide [185]. It
is possible to introduce other reagents in vapor phase through suitable membranes [186].
However, reagents that have sufficient vapor pressure and membranes that will permit sufficient
transmembrane flux and still be robust enough for flow through applications are few.
Electrodialysis is widely used in a large scale, mostly for removal of ions [187]. It is not typically

used to introduce ions. We have examined dilutionless electrodialytic reagent introduction in the
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past. It is possible to introduce acids or bases by deploying one electrode in the flow channel
and another isolated by an ion exchange membrane [188-190]. However, gas bubbles are
generated in the detected stream and contribute to the noise; systems relying on Donnan-
forbidden leakage were found to have lower baseline noise [191]. The latter approach has
serious limitations, however. It is not possible to introduce a significant flux of a reagent where
the reagent is strongly retained by the membrane. Also, any approach that relies solely on a
concentration gradient to move material across is not easily controlled. One can control the flux
only by changing the feed reagent concentration, requiring significant equilibration time. In
addition, none of these approaches promotes mixing.

A dual membrane device recently solved the in-stream gas generation problem in
electrodialysis. Electrodes are placed outside the membranes, and there is no gas evolution in
the central channel [128]. lon exchange resin beads are used for high pressure applications and
acid, base, or salt can be generated [192]. Doubtless, these substances can be introduced as
reagents into a flow stream as well. Imagine that a desired reagent anion X' is placed as NaX
on the anion exchanger side that also contains the negative electrode. Some indifferent
electrolyte, e.g., KNOj is placed on the cation exchanger side where the positive electrode is
placed. As current flows, X and K™ are drawn into the central channel. An important aspect is
that each ion electromigrates all the way to the opposite membrane (that it cannot penetrate
due to Donnan exclusion). The bulk fluid flows perpendicular to the electrical transport. The
electrical transport from the entry membrane to the Donnan-forbidden membrane drives
transverse mixing.

In this laboratory, we have a long-term goal of characterizing atmospheric aerosols
[193-194]. One ongoing effort is to collect aerosols in a cyclone collector, periodically digest it
online, and then comprehensively analyze the digest (including for heavy metals) by capillary
chromatography. To this end, we have developed inexpensive capillary scale absorbance,

fluorescence, and capacitance detectors [88-154]. The most common way to perform chro-
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matographic metal ion analysis is to use 4-(2-pyridyl(azo) resorcinol) (PAR) as a postcolumn
reagent [195-197].

Herein we show how to achieve PAR introduction without dilution with unfunctionalized
or anion exchange functionalized cellulose membranes. The introduction is achieved under
current control. Capillary scale postcolumn reactions remain challenging. They range the gamut
from reaction in bulk volume [198] to laser drilled capillaries [199]; some of these systems are
quite complex [200]. We accomplish here capillary scale reagent introduction; the technique will
be generically applicable in many situations.

4.2 Experimental

4.2.1 Device

The capillary electrodialytic reagent introduction system (cEDRIS) is shown in Figure
4.1. The central disk (5 mm diameter) is punched out from a 380 um thick poly(vinylchloride)
sheet. A 300 ym wide 3000 um long slot is machined on this disk and 150 ym diameter holes
connect to the slot through opposing sides (see Figure C1 in the Appendix C). Silica capillaries
(75 ym i.d.,150 ym o.d.) glued therein address this central flowstream. Atop the central slotted
chamber is a cation exchange membrane disk (125 pym thick, radiation grafted Teflon, ion
exchange capacity 1.2-2 mequiv/g, www.dionex.com). A 250 um diameter platinum wire that
functions as the positive electrode is placed atop the cation exchanger disk. A 2 M KNO;
solution is flushed at 200 uL/min by a peristaltic pump through this top chamber. The membrane
on the bottom of the central slotted chamber was one of the following: (a) a thin anion exchange
membrane similar to the cation exchange membrane above, (b) a regenerated cellulose dialysis
membrane (wet thickness approximately 30 yum, 12-14 kD molecular weight cutoff,
www.spectrapor.com/dialysis/BiotechTubing.html), or (c) the dialysis membrane in part b
functionalized into a methacrylate skeleton methyldiethanolamine functionality anion exchanger
(capacity 0.11 mequiv/g, see details in the Supporting Information). The bottom compartment

contained the negative electrode and peristaltically pumped or recirculated 1.0-28.0 mM PAR
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solution (pH adjusted to 10.0 with NH,OH). The 1/4-28-threaded male nuts held the membranes
inside a standard chromatographic union. The union had two 0.3 mm wide slots cut to half the
height of the union to accommodate the central disk with capillaries. The central channel has an
internal volume of 340 nL. See Figure C2 in the Appendix C for electrode arrangement. A
constant current source powered the electrodes.

4.2.2 Flow injection setup

A syringe pump (model V6, www.Kloehn.com) with a 1 mL glass syringe pumped carrier
deionized water (Milli-Q, acidified with HCI to pH 4) at 7.5 yL/ min to a 525 nm light-emitting-
diode (LED) based on-capillary absorbance detector via a loop injector. The injector was six-
port type and electrically actuated (www.vici.com, 1.0 or 5.0 yL loop, nonmetallic flow path). The
detector was built in-house and utilizes multireflection [88]. The detector output was acquired by
a laptop personal computer using a USB-based 16-bit data acquisition card
(http://www.mccdag.com/usb-data-acquisition/USB- 1608FS.aspx). The raw transmittance data
was software converted to absorbance. Experiments were conducted at laboratory temperature
(22 degree C). The detector was calibrated with 0-250 yM PAR solutions so that the observed
absorbance can be related to the PAR concentration introduced (Figure C3 in Appendix C).

4.3 Results and discussion

4.3.1 Electrodialytic introduction of PAR: PAR concentration

The PAR solution must be alkaline to maintain PAR in the anionic form, typically as the
dianion (pK, = 3, pKa2 = 5.5) [202], and to neutralize the originally acidic carrier/eluent stream
after mixing. Typically, the PAR solution contains ammonia or an amine as an auxiliary weak
ligand that helps prevent metal precipitation. The PAR dianion and OH" are the two principal
anionic current carriers in the feed. The latter has a far greater mobility than the former.
Consequently, transport of PAR is not particularly current-efficient.

Excess PAR leads to greater background absorbance (see Figure C3 in Appendix C for

guantitative data) and thus increased the baseline noise. However, too little PAR limits the
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applicable measurement range. The exact PAR concentration is therefore of importance. In a
recent benchmark example, Barron et al. [195] uses a final PAR concentration in the mixed
stream of approximately 40 uM; in an Application Note from a manufacturer [203], the
suggested value is approximately 90 uM.

4.3.2 Bead and membrane-based devices

In initial experiments we used a dual ion-exchange resin bead based device [128] with
an ammoniacal PAR solution (pH 10, 1 mM PAR) on the anion exchanger bead, negative
electrode side. There was no significant PAR introduction. Subsequently, the present
membrane-based cEDRIs were tested with anion exchange membranes as thin as 25 ym
(prepared by radiation grafting PTFE with vinylbenzyl chloride, approximately 10% cross-linked,
and then quaternized). We attained current flow with no gas evolution in the central channel but
observed little or no PAR introduction (Figure 4.2); what was introduced was current-
independent.

In contrast, PAR was readily electrodialytically introduced through both the native and
functionalized dialysis membrane (Figure 4.2). Seemingly, the native membrane permits a
greater range, but actually the drift and noise tend to be substantially greater compared to the
functionalized membrane. Figure C4 in the Appendix C shows this more clearly.

4.3.3 Current and feed concentration based control of reagent introduction

As Figure 4.2 shows, current can control the electrodialytically introduced PAR
concentration. Increasing the feed PAR concentration increases the amount of PAR introduced
and increases the range of current control because this changes the PAR/hydroxide ratio and
hence the relative importance of PAR as the current carrier. We depict this in Figure 4.3, which
also shows the baseline noise at -30, -10, 0, +10, and +30 pA levels of drive current (PAReeq =
7 mM). The baseline noise (that ultimately controls the LOD) does not markedly vary, and active
current controlled introduction leads to lower noise than open circuit (0 yA) penetration even

when the PARteeq is much lower.
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range (0.1-50 pM) the linear r* value was slightly worse at 0.98.
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4.3.4 Performance

The reaction between Zn®* and PAR are depicted in Figure C5 in the Appendix C.
Figure 4.4 shows the basic system performance. On the basis of the signal from the 250 nM
Zn*" and blank traces, we conservatively estimate the LOD to be ~100 nM (33 pg). This
compares with LODs of 180-220 nM (600-700 pg) Zn on 2 mm benchmark chromatographic
systems [195]. PAR generation is reasonably reproducible day-to-day, as shown in Figure C6 in
Appendix C for three consecutive days with 7 mM PAR as the feed.

Potential analyte loss with the native membrane was also of interest. A positively
charged metal ion can be lost to the negative electrode through the dialysis membrane unless
PAR chelation is rapid. For most metals, PAR chelation appears to be rapid (we will present
detailed kinetic data elsewhere): we observed no difference in analyte response for the two
membranes (Figure C7 in Appendix C).

4.3.5 Potentials and limitations

The maximum current used with the present device was 96 YA at 2.65 V for an active
membrane area of 0.9 mm? this amounts to a current density of 0.11 kA/m?. For a flow of 7.5
pL/min, we estimate a steady-state temperature rise of 0.5 C under adiabatic conditions. In
comparison, commercial suppressors with active membrane areas of 14 cm® on each side
operate at currents up to 0.5 A at 3.75 V (flow rate 2 mL/min). This translates to a current
density up to 0.36 kA/m” with an adiabatic temperature rise of ~13 T. In r eality, the actual
temperature rise is likely to be a small fraction of the adiabatic estimate in both cases. The fluids
in the exterior channels flow at an equal or greater rate and carry much of the heat away. In
terms of total power dissipation, the present devices can likely be pushed to much higher limits.
Electrolytic gas evolution is generally not a problem; electrical breakdown is prevented by a
large flow/recirculation rate in the outer chambers and maintaining a large exit aperture. While
the present membranes will not be particularly tolerant of pressure, it has already been shown

that ion exchange beads can be used to build much higher pressure devices [128,192]. This
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concept can be used to potentially to carry out precolumn derivatization. In summary, the
gasless electrodialytic reagent introduction concept has been successfully demonstrated for

PAR, an important application, and should be applicable for a variety of other uses.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

Aerosols, relatively stable suspensions of solid or liquid particles in gas (commonly air),
occur naturally and are also anthropogenic. Ambient aerosols span the inhalable size range and
can be hazardous to human health because of their composition. Various metals have been
detected in ambient aerosols. To measure metals in ambient aerosols, the sample must be
collected for an extended period and the process operates necessarily in a discrete batch
mode. It has long been realized that ambient aerosol composition changes rapidly with time.
There is presently no instrumentation that can provide real time or near-real time information
about concentrations of metals in atmospheric aerosols. It is therefore necessary to develop an
instrument that can provide qualitative and quantitative analysis of metals in atmospheric
aerosols in a real time, or near real time basis. In case of on-line or real-time analysis, sampling,
sample preparation and analysis must be integrated in an automated manner. This will reduce
contamination, minimize human error, labor costs and costs of analysis per sample and improve
the data quality, system reliability and sample throughput. Thus, to preserve sample integrity
and to deliver accurate qualitative and quantitative information about metal concentrations in
atmospheric ambient aerosols for source identification and source apportionment purposes, on-
line analysis is essential.

The primary objective of this dissertation research was to develop automated
instrumentation for the continuous on-line measurement of atmospheric metals by capillary ion
chromatography towards source identification and source apportionment studies. To achieve
this objective, capillary scale detectors were developed that had very high mass sensitivity so

trace levels of metals could be detected. Also, a capillary scale reagent introduction device was
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developed to enhance the applicability of the detector so that it can measure a wide variety of
metals.

There are several advantages of using a capillary ion chromatography system for the
detection of metal ions. These include (1) low reagent consumption, (2) small sample
requirement, (3) high mass sensitivity, (4) more efficient separations and (5) facile coupling to
mass spectrometers and flame/plasma based detectors that can work with low flow rates.
Capillary scale ion chromatography separation has several challenges. These include
preparation of packed capillary columns of small dimensions, preparation and efficient use of
narrow bore open tubular capillary columns, reliable pumping of extremely small flow rates,
reproducible injection of minuscule amount of sample (to avoid overloading of column as well as
prevent band broadening), and detection in a very small volume without loss of sensitivity to
measure very small amounts of analyte.

Optical detection is the most common mode of detection in analytical chemistry. Among
all the available optical detections methods, absorbance detection is used most frequently. With
an objective to develop a capillary ion chromatography system equipped with an optical
detector, we fabricated a simple, versatile, economical, light-emitting-diode based capillary
scale multi-reflection absorbance detector with very high detection sensitivity. The details of
construction, parametric optimization, operation and applications have been described in
Chapter 2. The total internal reflection property was provided to the detector cell by externally
silver coating the walls of commercially available 180 ym i.d. fused silica capillary after
removing the protective polyimide coating of the capillary. Parameters like capillary cross-
section, angle of light incidence and length of silver coating on the wall were optimized and the
detection volume of this novel capillary absorbance detector was 500 nL. Under pneumatic flow
conditions in a flow injection analysis set up this device could detect 4.4 fmol (2.6 pg) of
Bromothymol Blue. This detection sensitivity prompted us to explore this multi-reflection

absorbance detector for the detection of metal ions.
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Fluorescence detection is often much more sensitive than absorbance detection. This
motivated us to develop a capillary scale fluorescence detector that could detect metal ions
through the formation of fluorescent metal complexes. Our effort in developing a liquid core
waveguide based capillary scale fluorescence detector that could be coupled to capillary ion
chromatography system equipped with a post column reagent addition device centered on
Teflon® AF coated fused silica capillaries. Teflon® AF has a refractive index lower than that of
water and hence when light is launched into a water-filled Teflon AF tube, the light is essentially
is trapped in the aqueous core as it prefers to remain in an optically denser medium. A Teflon®
AF coated capillary was transversely illuminated to excite the analyte flowing through it using an
LED or a laser diode as the light source. The fluorescence was detected using either an
inexpensive light-to-voltage converter or a miniature photomultiplier tube. The best S/N=3 limit
of detection of the capillary scale fluorescence detector was observed with a high power LED
source and a miniature PMT detector; this was 3.8 fmol of Aluminum. Hence, this detector can
be conveniently utilized in the capillary ion chromatography system for the detection of metal
ions.

In general, metal ions by themselves are neither intensely absorbing nor fluorescent.
They cannot be detected sensitively in native form and must be complexed with a chromogenic
agent or fluorogenic agent to form a metal complex that can be detected by an absorbance or
fluorescence detector. To facilitate the introduction of chromogenic or fluorogenic agent inside a
flowstream that will carry the metal ions, a reagent introduction device is necessary. To achieve
this objective, we fabricated different types of capillary scale reagent introduction devices
wherein the complexing agent solution was physically introduced on-line (using an additional
pump) into the flowing analyte stream. This led to dilution of the analyte as the volume
increased due to the addition of the reagent. Also the pump typically introduced significant
additional baseline noise. These factors together impaired the detection sensitivity. Chapter 4

discussed my efforts towards the development of a capillary scale electrodialytic reagent
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introduction device wherein only the reagent ions were introduced into the flowing analyte
stream in a current-controlled manner, as opposed to a pump in conventional reagent
introduction devices. This device displayed the dual advantage of dilution-less addition of
reagent and elimination of a reagent introduction pump. It was then used in the flow-injection
analysis mode towards the detection of trace level of transition metals and as little as 68 pg of
Zn** could be measured as the intensely colored chelate with electrodialytically generated 4-(2-
pyridylazo)resorcinol (PAR).

The studies described in Chapters 2-4 represent an advance in the detection of trace
levels of metals. However, the initial goal of the dissertation research was only partially
achieved. The research on integrated automated measurement metal ions in ambient aerosols
is currently underway. This is being carried out in online or continuous mode wherein the air
sampling, digestion of particulate matter for the extraction of metal ions and subsequent
detection of metal ions is combined. In an attempt to determine metals in atmospheric aerosols,
the sampling is carried out continuously (at the rate of 30 liters/minute) and the aerosol
particulate matter is collected at the bottom of a commercial mini-cyclone sample collector. The
collected air particles are continuously washed out from the bottom of the mini-cyclone into a
tee where the sample stream is mixed with another stream of high concentration of nitric acid
flowing at the same rate as that of sample stream. The mixed stream is then passed through a
quartz coil, which is wound on a miniature UV lamp tube. The UV light facilitates the digestion of
the sample and assists in the dissolution of metals with the help of nitric acid. This digested
sample is then aspirated/pumped directly into the analyzer, presently an inductively coupled
plasma mass spectrometer. Preliminary experiments indicate the presence of about 26 metals
detectable in the atmospheric aerosol samples in Arlington, TX. These include Beryllium,
Sodium, Aluminum, Potassium, Calcium, Titanium, Vanadium, Chromium, Manganese, Cobalt,
Nickel, Copper, Zinc, Gallium, Rubidium, Zirconium, Niobium, Molybdenum, Silver, Cadmium,

Cesium, Tantalum, Tungsten, Thallium, Lead and Uranium. Further experiments have to be
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carried out in future to completely understand the roles of nitric acid and UV lamp in the
digestion process. Additionally a method validation experiment has to be performed using a
certified standard reference material of particulate matter. When the digestion parameters have
been optimized and method has been validated, then ICPMS detector could be replaced by
capillary ion chromatography system with components discussed in chapters 2-4 of this
dissertation.

Preliminary experiments have been carried out for the separation of metal ions using
LED-based, capillary scale multi-reflection absorbance detector and commercially available
nano-Tee mixer. Results indicated that the multi-reflection absorbance detector constructed with
0.18 mm i.d. fused silica capillary resulted in excessive band broadening and the resultant
chromatogram had poor efficiency. Further research work is needed to decrease the volume of
the multi-reflection absorbance detector. The design of the new multi-reflection absorbance
detector could be identical to the detector mentioned in Chapter 2, except for a much lower bore
fused silica capillary.

The electrodialytic reagent introduction device, mentioned in Chapter 4, has an internal
volume of 0.3 pL. Depending on the results of preliminary chromatography experiments, its
volume need to be further lowered in the future. This can be performed by fabricating the central
channel in the disc to be narrower than current width of 0.5 mm. with a channel width of < 0.1
mm, the internal volume of the electrodialytic reagent introduction device could be reduced
proportionally. This modification will greatly improve the efficiency of the observed separation

and will ultimately lead to better measurement of metal ions.
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APPENDIX A
CAPILLARY SCALE LIGHT EMITTING DIODE BASED

MULTI-REFLECTION ABSORBANCE
DETECTOR
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Fig A2 Multi-reflection detection cell on a breadboard. A: Aluminum foil barrier, B: Aluminum
block, C: Capillary, D: Photodector, L: LED, S: Silvered portion of capillary.
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Description of fixed angle fixed pathlength cell Figure A2

Figure A2 shows the schematic layout of the fixed-pathlength (dimensions below pertain to a
10-mm cell), fixed launch-angle multireflection cell. Approximately 7 cm section of the
polyimide-coated fused silica capillary was taken and 11 mm of the polyimide coating was
removed by hot conc. H,SO,4 from approximately the center portion. One millimeter of the clear
region at each end was covered with clear adhesive tape as a mask to allow for light entrance
and exit windows and then the tube was silvered. The entire window and silvered region was
then painted with a thin coating of epoxy adhesive for both mechanical and chemical protection.
Much of the epoxy molding of the same type of LED as described in the main text was
removed to result in a tip approximately 0.5 mm in diameter. The tip was re-polished to ensure
good light throughput. The capillary was taped to a styrofoam block with the edge of the block
placed midway through the silvered region. The LED tip was now glued to the entrance window
of the capillary resting on the block with optical grade epoxy adhesive at the desired angle (we
generally used 45°with respect to the cylindrical axis of the capillary). A 2.5 cm square piece of
Al foil was taken and a hole made in the center of the foil using a piece of capillary as a drilling
tool. This foil was then slipped on to the free end of the detection cell capillary resting on the
styrofoam block to serve as a partition to prevent scattered light from the LED source reaching
the detector. A second styrofoam block was then placed under the free end of the capillary. At
the light exit window, a TSL250R sensor, which contains a 1.5 mm dia. hemispherical lens over
the 1.1 mm dia. Photodetector, is slipped under the light exit region of the capillary and affixed

there with epoxy adhesive. The cell assembly was then put in a light tight enclosure.
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cell + PD + Optical fiber
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APPENDIX B

CAPILLARY SCALE LIQUID CORE WAVEGUIDE BASED FLUORESCENCE DETECTORS
FOR LIQUID CHROMATOGRAPHY AND FLOW ANALYSIS
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B1. LED-photodiode detector design

B1.1 Construction

The detector was based on light-to-voltage optical sensor (TSL250R, www.taosinc.com) and

utilized Teflon® AF coated silica capillary (TSU100375, www.polymicro.com, the LCW capillary)

for the flow through cell. Figure B1 shows the cross-sectional schematic diagram of TSL250R
based LCW fluorescence detector. Two orthogonal holes were drilled on the hemispherical
epoxy lens of TSL250R optical sensor with miniature drill bits of sizes 0.014 in. (or 368um) and
1/32 in (or 787 pm). The holes drilled were initially rough which were smoothened with very fine
coat of commercial grade epoxy. The 508 um hole was drilled perpendicular to the body to fit a

thin PEEK sleeve (F-385X, www.upchurch.com) which could incorporate the TSU100375

capillary, while the 368 um hole was drilled parallel to the body so as to fit the TSP180350
capillary. The TSU and the TSP capillaries were in close contact to each other in ‘L-shape’ so
that the solution flowing in through the TSU capillary could exit through TSP capillary.

The fluorescence detector set up was then covered with black epoxy resin (1:1 mixture
of epoxy resin and activated charcoal) so as to exclude ambient and stray excitation light. The
output of the TSL optical sensor was connected to a two-stage FET-input amplifier (TLO82CP,
www.ti.com) which was provided a two-stage gain of 200. The TSU capillary was pushed inside
the TSL250R optical sensor so as that the tip could be brought closest to the photodiode active

area. A 365 nm LED (NSHU550B, www.nichia.com) was used to illuminate the LCW capillary.

The LED was serially connected with a 100 Q resistor and was powered by 5 V, this resulted in
a current of 15 mA. A5 x 5 mm area was machined 2 mm deep at the center of one face of a 30
mm Black Delrin cube. A 1/32 in. hole was drilled straight through the centre of the machined
area to the opposite side so as to allow the passage of the LCW capillary along with its
protective PEEK sleeve. Also, at a distance of approximately 12 mm from the bottom, a %-28
threaded aperture was made perpendicular to the vertical passage to accommodate the LED

and a ¥2-28" threaded male nut held the LED in place.
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Figure B1 Schematic cross-sectional view (not to scale) of LCW fluorescence dxetector: TP,
TSL250R light-to-voltage optical sensor; PC, polyimide coated TSP180350 fused silica
capillary; EL, hemispherical epoxy lens of TSL250R; N, ¥2-28" male nut; DB, Delrin cube (30mm
x 30mm x 30mm); L, 365 nm LED (NSHU550B); TC, Teflon AF coated TSU100375 fused silica
capillary; S, black plastic sleeve tubing; C, coating of epoxy-charcoal mixture on the
hemispherical lens of TSL250R.
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Figure B3 LM317 based circuit to power the LD. Power is initially applied to the circuit with SW
open and the 1 K potentiometer adjusted to produce the minimum voltage output. The switch
SW is then closed. The current flowing through the LD is measured by measuring the voltage
across the 10 Q serial resistor. The 1K potentiometer is adjusted until the desired LD drive
current level is reached.
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Figure B4 LD-mPMT detector shown without the capillary cradle in place. C: LCW capillary; CC:
Capillary Cradle, PD:Photodiode TSL252. The LCW rests on the Laser diode LD, held in place
by the capillary cradle (not shown in the photo. The capillary goes into a 0.75 mm i.d. green
PEEK tubing PT via a large tee. For details at the PMT end see Figure 1 in main text. The
space where capillary C enters PT is sealed with the help of an inner sleep tubing and adhesive
(see Figure 1).
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Figure B5 Arrangement shown with the capillary cradle and photodiode detector for transmitted
light in place.
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Figure B8 SONY playstation 3 PS3 KES-400AAA reader assembly. The laser source is on the
bottom portion of the movable reader assembly, with readily accessible 5 pins for ground, +
power inputs for violet, infrared, red lasers and photodiode output.
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Figure B9 Excitation and emission spectra obtained on a Shimadzu RF 540 spectrofluorometer.
Experimental conditions: Scanning Speed: Fast, Response time 0.1 s, Sampling interval 1.0
nm, Excitation and Emission Slit Widths 10 nm, Sensivity low, pH 6, Total [HQS] = 1 mM; Al

concentration: 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 200, 400, 600, 800 and
1000 uM.
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Figure B10 Transmittance spectra of other emission filters examined.
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APPENDIX C

ELECTRODIALYTIC REAGENT INTRODUCTION IN FLOW SYSTEMS
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Dialysis membrane functionalization

Note: All the containers were thoroughly cleaned before use.

1. The dialysis membrane tubing (2.3 cm diameter, 5 cm length) was immersed in milli-Q water
so that the tubing could be opened easily. The edges were cut in order to achieve two single
layers of dialysis membrane (2.0 cm x 5 cm). The wet membranes were then hung up in a
closed wide mouth bottle in an inert atmosphere of Nitrogen gas and dried. (The cap of the wide
mouth bottle was equipped with four holes. Two holes were used for the inlet and the outlet of
the N2 gas while the remaining two holes were used for inserting a wire which could hold on to
the dialysis membrane with the help of a U-pin paper clip. The bottle was placed in Shimadzu
GC heater).

2. Polymer solution was prepared by mixing Glycidyl methacrylate (75% v/v) and
Ethyleneglycol dimethacrylate (25% v/v) by purging N2 gas. Then 2,2’-Azobis-isobutyronitrile
initiator (12 mg) was put into the solution and N2, purging was continued until the mixture
turned clear from turbid.

3. The previously dried membrane is rinsed with the polymer solution rapidly by spraying the
polymer solution on the hanging dialysis membranes.

4. After spraying the polymer solution, the cap is placed on the bottle and N2 gas is purged for 3
minutes so as to remove the air efficiently.

5. The membrane with the polymer coat was then heated at 60° C for 24 hours under inert
atmosphere.

6. After 24 hours, the polymerized membrane (dialysis membrane with GMA-EDMA polymer
backbone) was then taken out of the wide mouth bottle and functionalized by treating it with
50% (v/v) N-methyldiethanolamine at 75° C for 12 hours.

7. Finally, the membrane was washed with water and dried.
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Figure C2 Platinum wire electrodes, made with 250 pum diameter platinum wires, closely coiled
(in a plane) so that it could fit in the bore of ¥2-28 nut.
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Figure C3 PAR concentration vs. absorbance relationship for the LED-multireflection detector

used.
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Figure C4 Comparison of baseline drift and noise in electrodialytic generation of PAR with both
native and anion exchange-functionalized dialysis membrane with approximately the same level
of PAR introduced.
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Figure C5 The reaction between Zn*" and PAR.
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Figure C6 Day-to-day variation in the generation of PAR (for 3 days) under the same
experimental conditions (7 mM PAR feed solution). The full range of the experiment was
repeated for three successive days, making fresh PAR feed solution each day. The error bar
represents +1 standard deviation for the entire three-day data set.
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