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Summary

This dissertation concerns the utilization of light-emitting diodes (LEDs) and photodiodes
(PDs) in the deep ultra-violet range (below 300 nm) as radiation sources and light detectors,
respectively used as alternatives to conventional discharge lamps with a monochromator and
photomultiplier tubes for absorption photometry in high-performance liquid chromatography
(HPLC), capillary electrophoresis (CE) and gas sensing.

The performance of LEDs serving as light detectors in analytical photometry was investigated
and compared with that of standard silicon PDs in three different measuring configurations.
The light intensity was measured as the current generated from diodes in the current follower
mode with an operational amplifier and in a conventional setup with the reference signal.
Measured in the voltage follower mode, the radiation intensity correlates to the voltage across
diodes by the irradiation. Another method for the light measurement was carried out in which
the discharge time for the junction capacitance of diodes by a photocurrent was recorded.
LEDs as detectors were generally found to be adequate for the analytical work but PDs
offered higher sensitivity and linearity as well as provided stable readings with faster settling

times.

An absorbance detector for a miniaturized HPLC setup based on 255 and 280 nm LEDs and
PDs selective for the deep ultra-violet (UV) range was constructed for the use of a narrow
column HPLC. It was designed to use a 250 um inner diameter (i.d) quartz tubing for the
absorbance measurement and to optimize the light throughput with a flexible arrangement of
an LED, a tubing and a signal photodiode. This optical cell allows measurements of
absorbance units by emulating the Lambert-Beer’s law with a log-ratio amplifier-based
circuitry and a beam splitter for the reference signal. The performance of this photometric
device in the quantification for HPLC separations employing a column of 1 mm 1.d in both
isocratic and gradient elution was promising in terms of linearity, baseline noise and

reproducibility.

High-intensity deep UV-LEDs as radiation sources were then employed for the development
of an absorbance detector for CE in which PDs for the deep UV range playing a role of light
detectors displace a previously used photomultiplier tube. The design of this optical cell is
more challenging than that for a narrow column HPLC due to the higher efficiency in the

light focus onto a narrow detection window of a capillary (50 um wide) with the minimum of



stray light and the mechanical stability to minimize the baseline noise is required. This optical
detector was employed successfully for the direct as well as indirect detection in CE
separations at examined wavelengths of 255 and 280 nm. The quantitative data of all
measurements including correlation coefficients of calibration curves, reproducibility for peak
areas and the separation efficiency were satisfactory. Notably, the level of baseline noise was
found to be comparable with that of more complex and costly UV-visible detectors currently

used in commercial CE instruments.

The potential of a deep UV-LED as a radiation source for absorption spectroscopy was further
investigated for the detection of benzene, toluene, ethylbenzene and the xylenes compounds
in the gas phase at 260 nm. In the first part of this work, its performance in the acoustic waves
excitation was preliminarily investigated with some different measuring systems for the
detection of the toluene vapor. It was found that the intensity of a deep UV-LED was
insufficient to produce detectable acoustic signals. This was followed by the construction of
an absorbance detector for the determination of these target compounds based on the
combination of a deep UV-LED and PDs. This optical device was designed to use optical
fibers for the light coupling from the LED to a measuring cell and a reference PD, that allows
removing a beam splitter previously required for detectors of a narrow column HPLC and CE.
Its performance with regard to linearity and reproducibility was sufficient. Detection limits of

about 1 ppm were determined.



Table of Contents

1. INErOAUCTION cuuceeeicnniiiniiieinniinnisnecsueisseecssnsssstessensssessssssssnssssssssesssssssssssssssssasssssssssssssssssassnss 5
1.1. High Performance Liquid Chromatography (HPLC).........ccccveviiiiieiiiieiieeieeciee e, 5
1.1.1. A brief history of the development of HPLC...........ccccooviiiiiiiiieee e, 5
1.1.2. Basic principles Of HPLC........ccoooiiiiiieeee et 6
1.1.3. Detection in HPLC ..o 13
1.1.4. HPLC INStrUMENtAtION. .....eiiiiiitieiieiieenite ettt sttt et s 16

1.2. Capillary electrophoresis (CE) .......coouiiiiiiiiiiieeriie ettt 17
1.2.1. Brief history of the development of CE .........ccccooviiiiiiiiiiiiieece e 17
1.2.2. Basic principles OF CE......oouiiiiiiiiieeee et 18
1.2.3. Detection I CE ...co..oiiiiiiiiie e e 24
1.2.4. Capillary electrophoresiS SELUP .....ccveieriiieriieeiiieeieeetee e eeeeeieeeereeesreeesenee e 26

1.3. Ultraviolet-visible abSOrption SPECIIOSCOPY ...vveeruveerrireeerireeeiieeeiieeeiteeesreeesreeeereeennnens 27
1.3.1. Brief history of UV/Vis absorption SPeCtroSCOPY ....eeevvreerureeriuieeriiieenreeenreeenveenns 27
1.3.2. Basic principles of UV/Vis absorption SpectroSCOPY......cevvvrerrureerireeerireeeriveeenveens 28

1.4. Light-emitting diodes for absorption SPECLIOSCOPY....vveerurreerureeeiirieeiieerireerreeenreeenenens 31
1.4.1. Brief development history of LEDS .......ccoocviieiiiiiiiiieicceeceeeee e 31
1.4.2. Working principles Of LEDS .......cooouiiiiiiiiiiieeieceeeeeeee e 32
1.4.3. Applications of LEDs for absorption SpectroSCOPY .......ceevvveerruieeriveeerireeenveeenveenns 34

1.5. ReSCAICH ODJECTIVES ...uvviieiiiieeiieeciie ettt ettt e e e st e e ssbeeeenseeeneeas 35

2. Results and diSCUSSION......ucieiiriiiiiiseiisiiceiisneisnissseessissseesseessessssesssessssesssessssnsssassssssssans 37

2.1. Comparative study of light-emitting diodes and

standard silicon photodiodes in photometric measurements...........ccccveeeevveeecreeerceeeenveeennen. 37
2.2. Development of a deep UV-LED based absorbance detector

for narrow column high-performance liquid chromatography..........ccccceevviviiiiniininieenen. 38

2.3. Development of a deep UV-LED based absorbance detector

for capillary eleCtrOPROTESIS ... ..iiiiieeiiieeiie ettt e ree e e s 40

2.4. Development of deep UV-LED based absorption spectroscopic detectors

for benzene, toluene, ethylbenzene and the xylenes compounds..........cccceveeveenciieenieennnnen. 43
3. REFEIEICES cuueeuueeineiineiniiitiiteicniisneisniissnicssesssnsssstsssessssesssesssssssssssssssssassssssssassssssssassssssssans 92
4. Curriculum Vitae c.eeiceiineiiiniinnininiisennininsninssieneesssisssessssessssssssesssssssssssssssssssssassssssssans 98
5. List of publications and POSLEIS .......cccceeerrercssnisssanisssaresssarsssssssssssssssssssssssssssssssssssssnssss 100

5.1 PUBLICATIONS ..ttt ettt et et 100

520 POSTETS ettt et et e e 101



Figure 1-1.

Figure 1-2.

Figure 1-3.

Figure 1-4.

Figure 1-5.

Figure 1-6.

Figure 1-7.

Figure 1-8.

Figure 1-9.

Figuew 2-1.

Figure 2-2.

Figure 2-3.

Figure 2-4.

Figure 2-5.

List of Figures

Retention time of an analyte in the chromatogram

Van-Deemter plot

The overview of a HPLC instrument

Electroosmotic flow in a capillary

Laminar flow in HPLC and flat flow of EOF in CE

The overall arrangement of a CE setup

Electron transitions in the UV/Vis spectroscopy

Inner working diagram of an LED

A light-emitting diode in a common package

The photo of a deep UV-LED based absorbance detector for

narrow-column HPLC

The photo of a mechanical assembly of a deep UV-LED based

absorbance detector for CE

Photoacoustic measuring configurations of the toluene vapor detection

The experimental setup of the photoacoustic spectroscopy measurement

The mechanical arrangement of an absorbance detector for BTEX

compounds



1. Introduction

1.1. High Performance Liquid Chromatography (HPLC)

1.1.1. A brief history of the development of HPLC

High-performance liquid chromatography or high pressure liquid chromatography is the
separation technique based on the column chromatography under high pressure conditions in
which a mixture of components in a mobile phase is introduced into a column filled with an
absorbent material (stationary phase). It is the most widely used chromatographic method for
separation, identification, quantification and purification of compounds in research and
industrial production of biochemistry, medicine, pharmacy, food and environment. The term
“chromatography” was first introduced by Mikhail Tswett in 1903, a Russian botanist who
used the column packed with calcium carbonate to separate different plant pigments into a
series of colored bands [1]. The principle of the partition chromatography was developed by
Martin and Synge in 1943 with the application of a silica gel-containing column and a moving
organic solvent for the separation [2]. Consden and his co-workers subsequently reported the
paper chromatography technique for the separation of amino acids based on a filter paper as a
stationary phase in 1944 [3]. Piel was the first to report an application of the high pressure to
drive a mobile phase through microparticulate beds by centrifugal forces or a pump operated
at several thousand psi. These approaches allowed fast separations of spinach pigments in
only a few minutes [4]. In 1967, the first commercial HPLC instrument (known as the ALC-
100 system) coupled with UV and refractive index (RI) detectors was introduced by Waters
Associates [5]. Since then the liquid chromatography (LC) has been developed in terms of the
separation method, instrumentation and column technology for the higher efficiency,

selectivity and sensitivity.

Majors introduced a narrow bore column (2 mm 1.d) packed with 5 - 10 um silica gel particles
by the use of the high pressure, balanced-density slurry techniques in 1971. It was found that
the smaller particle size column helped increase the efficiency [6]. Small reported an ion
chromatography system for the separation and quantification of cations or anions in which the
additional column packed with an anion exchange resin in the hydroxide form was used to
suppress or neutralize the background without any significant effects on target species in the
effluent. This allowed a successful employment of a conductivity detector for the LC system

[7]. The new method of reversed-phase LC has been widely used from the commercialization



of the chemical bonded silicone phase (Si-O-Si-C) in the 1970s [8]. Opposite to the normal
phase, this separation mode was based on a polar mobile phase (water - organic solvents like
methanol or acetonitrile) and a non-polar stationary phase (octylsilane, octadecylsilane), that
helped improve the separation between very similar compounds. Being the most popularly
used method in HPLC by far, reversed-phase chromatography has been developed rapidly

with the introduction of thousands of reversed-phase columns in the period of 1970 - 2010.

The introduction of a diode array detector by Hewlett-Packard in 1979 facilitated the
quantification of analytes by ultraviolet-visible (UV/Vis) absorption spectroscopy. During the
1980s, the availability of computers for automation and simulation programs has provided the
convenience in the operation and optimization of separations. The LC instrumentation has
been continuously developed over the 1990s for the improvement of reproducibility and high
precision. In 2004, the first ultra-high performance liquid chromatography system (UHPLC)
introduced by Waters Corporation with the pressure limit up to 15.000 psi allowed the
separation with 2 um particles [9]. It was investigated that small particles (less than 2.5 um)
offered a significant improvement in efficiency at an increased linear velocity of the eluent.
Other benefits are the faster separation, consumable savings, the higher sensitivity with a
UV/Vis photometric detection and an ease of use with the mass spectrometry. In the near
future, micro-bore columns with advanced particles will be continuously developed to satisfy
the need for higher speed and efficiency of separations. The hardware will be innovated
following the trend of portability (compactness and low-power consumption) along with the
multiple detectors as a standard as well as the robotic automation for the loading and handle
of hazardous samples. HPLC undoubtedly has been one of the most important and powerful
separation techniques for analytical sciences with a variety of applications in biochemical,

pharmaceutical, environmental and clinical analyses.

1.1.2. Basic principles of HPLC

High-performance liquid chromatography is an innovation from the column chromatography. It
is the separation technique based on the difference in equilibrium distribution of components
between two phases under dynamic conditions: one is the liquid moving through a column in
one direction referred as the mobile phase and the other is the stationary phase. HPLC
separations generally can be conducted based on three primary characteristics of an analyte

including polarity, electrical charge and molecular size which were also called partition



chromatography, ion exchange chromatography and size exclusion chromatography,

respectively.

1.1.2.1. Modes of HPLC

Partition chromatography

This chromatographic mode is performed based on the difference in the polarity of the
compounds. It was estimated that approximately 80-90% of HPLC separations have been
performed in this mode. In polarity based chromatographic separation, molecules that are
similar in polarity to that of a stationary phase have a strong attraction to its particles. Those
whose polarity is similar to a mobile phase will be attracted to it and elute faster. The term
“normal phase chromatography” is used if a stationary phase is more polar than a mobile phase.
As the stationary phase has a higher affinity to the polar compounds, those which are least polar
elute first followed by the weakly polar and the polar compounds eventually. In this mode, the
common stationary phases are bare silica [-Si-OH] or silica-based organic materials to which
the functional groups of amino, cyano...are bound such as aminopropylsilyl [-Si-(CH3),-NH;]
and cyanopropylsilyl [-Si-(CH3),-CN]. Mobile phases are non-polar organic solvents like
hexane, heptane, isooctane, etc., with a small amount of methanol, ethanol, isopropanol for the
polarity modification. Normal phase chromatography is useful for the separation of high polar

compounds whose molecular mass are not relatively high.

Opposite to the normal phase separation is the reverse-phase chromatography with the
application of a non-polar stationary phase and a polar mobile phase. Nowadays, octadecylsilyl
[-Si-(CH3)17CHs] - C18 bonded silica is the most popular material for a stationary phase as it
strongly interacts with non-polar compounds by its long side chains. Water miscible with polar
organic solvents as methanol, acetonitrile or tetrahydrofuran is commonly used as mobile
phases. The higher concentration of an organic solvent in a mobile phase, the higher elution
strength it has, leading to the decrease in a retention time. In this mode, highly polar solutes
elute first because of their weak interaction with a stationary phase resulting in the fastest
movement in a polar mobile phase. Reverse-phase chromatography is more popular than
normal-phase chromatography as it covers a wide range of applications, improves the
reproducibility and helps save the running cost with the less costly water-based eluent. It
roughly accounts for 75% of all HPLC separations. It is especially useful for the separation of

non-polar compounds with long carbon chains. There are two elution modes in reverse-phase



LC: one is the isocratic elution in which the composition of an eluent is constant during the
analysis time and the other is the gradient elution with an elevation of the organic solvent. In the
later mode, columns needed to be re-equilibrated with at least 10 column volumes of an original
mobile phase before initiating the next run to ensure the repeatability of retention. The main
reason for the use of gradient elution is to improve the selectivity of separations with complex
samples (more than 10 components) in a short time and the peak resolution of late-eluting
compounds resulting in an increase in sensitivity [10]. However, there are some limitations of
gradient elution in terms of higher complexity of instrumentation as well as the longer time of

each run with the addition of re-equilibration procedure compared to an isocratic method.

Ion exchange chromatography

This separation technique is based on the difference in affinity of ionic molecules to reversely
charged resin functional groups of the stationary surface. Cation exchange chromatography with
a negatively charged ion exchange resin is used to separate positively charged ions. Reversely,
the mode involving the separation of negatively charged molecules is referred as anion
exchange chromatography with a positively charged ion exchange resin. The aqueous mobile
phase and the stationary phase composed of a polymer matrix with charged functional groups
are often used for this method. lon exchange chromatography has been a widely used method

for the quantification and purification of proteins, amino acids and nucleotides.

The strong resin functional groups like quaternary amine for the anion exchange and sulfonic
acid for the cation exchange are normally used for the binding and separation of weak ions.
Conversely, strong ions are retained and separated with the use of weak resin functional groups
like amine and carboxylic acid. lonic molecules of interest bound to a stationary surface will
elute a column in one of two ways: displacing those with counterions in a mobile phase that
have a stronger attraction to the stationary phase or changing the mobile phase pH to neutralize
molecules resulting in their loss of attraction. The selectivity of separations can be controlled

through varying mobile phase pH as it causes a change in the ionic strength of molecules.

Size exclusion chromatography

Size-based chromatography relies on the different exclusion of sample molecules from the pores
of packing material as they flow through a column. In 1959, Porath and Flodin reported the gel
filtration method for the size-based separation of peptides and proteins with the use of a

synthesized dextran gel whose hydrophilic chains were cross-linked with epichlorohydrin [11,



12]. This material was then commercialized under the trademark of Sephadex, a synthesized
porous sphere material that has been used for the standard separation of proteins [13]. The
process using an aqueous mobile phase combining with hydrophilic materials of a stationary
phase was termed gel filtration chromatography (GFC) to separate polysaccharides and proteins.
The other process is called gel permeation chromatography (GPC) for separations of synthetic
oligomers and polymers relying on the non-aqueous mobile phase and hydrophobic packing

materials.

In size exclusion chromatography, the larger molecules the sooner they elute from a column as
in one hand, they don’t penetrate into pores of materials as the small ones do. On the other
hand, the number of the pores that small molecules have to move out of is much higher resulting

in their slow travel through a column.
1.1.2.2. Factors of Chromatography
Partition coefficient

The equilibrium of an analyte (X) between two phases (mobile phase and stationary phase) is

described as:

mobile \:\ Xstation (I)

The equilibrium constant, K, is called partition coefficient and defined as follow:

K= 2
Cm
where Cs: molar concentration of an analyte in a stationary phase

Cy: molar concentration of an analyte in a mobile phase

Partition coefficient in chromatography is dependent on the characteristics of analytes, the

mobile phase as well as the stationary phase.



Retention time, capacity factor and selectivity factor

Signal

Time
Figure 1-1. Retention time of an analyte in the chromatogram

The time between the injection of an analyte into a column and its elution at the end of a
column with a peak reaching the detector is called retention time (#z) as demonstrated in figure
1-1. Each analyte in the mixture has its own retention time based on how it interacts with a

stationary phase, given as:
t,=t' +t, (3)

where t’g: the time an analyte retained in a column

t9: the time for a mobile phase travel through a column or so-called dead time.

The term of retention factor or so-called capacity factor (k) is used to demonstrate the migration

rate of an analyte in a column, given as:

k=—R 4)

The higher the retention factor, the longer an analyte is retained in a column. The ideal value of
this factor is between two to five. However, this value obtained in the separation of a complex
sample with various components is acceptable in the wide range (2 < k£ < 20).

The relative difference in retention of two analytes is termed the selectivity factor, described as:

K, 5
o= )

1

Two components will be separated if the first one is less retained in the column whereas the

second one is more retained, hence the selectivity factor must be greater than 1 (o >1).
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Band broadening and efficiency factor

In chromatography, the column efficiency is determined either by the number of theoretical
plates of a column () or the plate height (H). The higher number of plates or the smaller of

plate height, the greater efficiency of the column, given in the following equation:

H= (6)

L
N
where L: the length of a column

The number of plates can be experimentally calculated from the chromatographic peak as

follow:

2

tR
N=5.54 (7)

w
%

where tg: the retention time

wiy,: peak width at half-height (in units of time)

When the solute are injected into a column, some molecules pass through it quickly because of
their inclusion in the eluent whereas others travel slowly due to their strong interaction with a
stationary phase. This affects the band shape of chromatographic peaks. In chromatography, the
bands of separated solutes are ideally as narrow as possible. The high-efficiency column makes
it possible to obtain narrow and sharp peaks in a chromatogram. It is, therefore, essential to
minimize the band broadening. According to the Van Deemter equation, the column efficiency
characterized by a plate height relates to three main factors that contribute to the band

broadening:

H=A+§+Cu (8)
u

where H: the plate height (cm)
u: the linear velocity of mobile phase (cm/s)
A: Eddy diffusion parameter
B: Longitudinal diffusion coefficient

C: Resistance to mass-transfer coefficient

11



From equation (8), it can be deduced that the lower values of these factors contributing to the
band broadening, the lower resulting value of the plate height. As a result, these factors need to

be minimized in order to improve the separation efficiency.

Eddy diffusion (A): Solute molecules will randomly travel through a column on different paths.
Some taking shorter paths will elute earlier than those traveling longer ways. This causes the
broadening of the band. A column well packed with small-size particles should be used to

minimize this diffusion.

Longitudinal diffusion (B/u): The concentration of analytes is higher in the center of the band
than that at its edges. Naturally, molecules in the center will migrate to the edges, leading to the
diffusion or the band broadening. Increasing the velocity of mobile phase helps decrease this
diffusion as the shorter time an analyte travels through a column, the fewer molecules spread

out.

Resistance to mass transfer (Cu): Molecules retained strongly by a stationary phase are left
behind if the mobile phase velocity is high flowing over them without transferring them. This
makes the band of an analyte broadened. This effect becomes greater in case the eluent velocity

Increases.

It can be concluded from the Van Deemter equation that, the velocity of a mobile phase is the
most important parameter that must be optimized in order to minimize the longitudinal diffusion
and the resistance to mass transfer to obtain the minimum value of the plate height. The

optimum velocity and plate height are described in the Van Deemter plot below:

H =A+B/u+Cu

§ Optimum velocity

E I

o

2 I Cu

_C I

© I

& I Minimum

e |- \ ““““““ plate height
B/u

Mobile phase linear velocity (u)

Figure 1-2. Van-Deemter plot
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Resolution factor

The term of resolution (R) used to described how well components are separated is expressed in
the combination of three factors including selectivity (a), number of theoretical plates (V) and

retention factor (k), as shown in an equation below:
\/ﬁ a-1|(1+k
a k

4
In order to obtain a high-resolution, the three factors should be increased. The number of

R=

theoretical plates will be increased by reducing the particle size of a stationary phase rather than
using a longer column as it maximizes the band broadening due to an increase in the retention
time. The selectivity and retention factors can be experimentally manipulated by two methods:
one involves the alteration of the composition and pH value of a mobile phase, the other is a

change in the composition of a stationary phase.

1.1.3. Detection in HPLC

Quantification of compounds after chromatographic separations is conducted based on two
approaches: Selective property detections measure the typical property of compounds like
UV/Vis absorbance detection and fluorescence detection. Bulk property detections are used for
measuring a change in the property typical to the eluting solvent and compounds as a whole.
What type of the detection technique is the best choice depends on the characteristics of solutes

and analytical purposes.
1.1.3.1. UV/Vis absorbance detection

UV/Vis absorbance detection is based on the property of many compounds that absorb the light
in the UV/Vis region. It has been the most popular and commonly used detection technique in
HPLC as it is highly responsive to a variety of interest organic compounds and easy to handle.
The conventional single wavelength detectors have been gradually replaced by diode-array
detectors (DADs) for the detection of a sample in several wavelengths simultaneously in order
to get more information of the sample composition. DADs, therefore, provide qualitative
information of the sample together with a quantitative analysis that single wavelength detectors
cannot offer. The detection with DADs also enables to determine the highest sensitivity

wavelength of an analyte in case there is no information on its molar absorptivity at different

13



wavelengths. The other major advantage of DADs is the peak purity analysis by examining a
spectral homogeneity across the peak at several wavelengths. DADs have been employed for
such many applications as: peptide mapping [14], toxicological drug screening [15, 16],
identification and quantification of pesticides [17], quantification of fermentation inhibitors in

the production of fuel ethanol [18].
1.1.3.2. Fluorescence detection

This technique is highly selective for fluorescent species that absorb the excitation radiation at
specific wavelengths and instantly emit the light at longer wavelengths. It was investigated that
fluorescence detection has been so far the most sensitive optical-based detection method whose
sensitivity is one to three orders of magnitude higher compared to the UV/Vis absorbance
detection. This method significantly depends on the determination of excitation and fluorescent
emission wavelengths of the specific component in a sample. With advantages of high
selectivity and sensitivity, fluorescence detection is useful for analyzing food and
pharmaceutical products as well as the toxicological and environmental monitoring. It, however,
has disadvantages of poor versatility with roughly 10% of fluorescent organic compounds and

variation in fluorescence intensity caused by ambient temperature fluctuations.
1.1.3.3. Refractive index detection

Refractive index (RI) is a bulk property detection measuring the changes in the overall
refractive index of a mobile phase induced by eluting components. The selectivity of this
technique is poor as any component from an eluent that differs in the refractive index can be
detected. The drawbacks this technique are low sensitivity, temperature dependence and
incompatibility with a gradient elution that changes the refractive index of a mobile phase. They
are useful for the detection of non-ionic components that are neither fluorescent species nor
absorbing compounds in the UV/Vis range. RI detection has been often used for quantification

of sugar [19, 20] and proteins in size exclusion chromatography [21].
1.1.3.4. Electrochemical detection

This detection technique is used to determine analytes that can be oxidized or reduced on the
electrode surface. The output signals of a detector in terms of electric currents generated from
oxidation and reduction reactions will be detected. Electrochemical detection is a highly

selective technique as a voltage required for oxidation or reduction reactions depends upon the

14



voltammetric property of a solute. The major limitation of this method is its sensitiveness to the
changes in the composition and flow-rate of a mobile phase. There are two types of
electrochemical detectors: one is called a dynamic detector involving oxidation and reduction
reactions of solutes, the other is termed an equilibrium detector which measures variations in
the conductance of an eluent induced by components. A typical application of this detection is
the quantification of biogenic compounds like dopamine and its metabolites [22], catecholamine

[23].
1.1.3.5. Evaporative light scattering detection (ELSD)

This technique involves the three steps of nebulization, evaporation and detection.
Nebulization is the transformation of an eluent from a chromatographic column to an aerosol
of the fine spray. Followed by the evaporation in which only a mobile phase is evaporated in
a hot drift tube and target components are left behind and then introduced into the optical
head for the detection. A high-intensity radiation beam illuminating components is scattered
and its photons are detected by a photomultiplier tube [24]. ELSD is regarded as a universal
method as it can detect any non-volatile analytes or semi-volatile substances that are less
volatile than a mobile phase. Setting the temperature of a hot drift tube should be taken into
account when analyzing semi-volatile compounds in order to avoid their thermal
decomposition resulting in poor signals. The sensitivity for low molecular components,
however, is slightly poor due to the dependence of detection on their molecular size property
[25]. This detection technique is useful for analyses of various non-absorbent compounds, for

example carbohydrates [26, 27], lipids [28, 29] and polymers [30, 31].
1.1.3.6. Mass spectrometry detection

A state of the art detection method, mass spectrometry, which is capable of providing
quantitative and qualitative results of components in a complicated mixture along with an
extremely high sensitivity and reproducibility is by far the most powerful detection technique
for pharmaceutical, chemical, clinical and toxicological analyses. This technique involves the
thermal ionization of compounds to generate ions that subsequently separated and detected
based on their mass to charge ratios (m/z). Electrospray ionization (ESI) is among the most
popular ionization techniques in which a liquid phase is transformed to charged droplets by an
electric field. The solvent evaporates when passing a dry nitrogen combining with heat,

decreasing the size of droplets. As a result, the charge density on the surface of droplets
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increases and the residual charge of droplets is transferred to compounds to form gas-phase
ions [32]. Various mass analyzers have been developed and commercialized with differences
in mass range, resolution, scan-rate and detection limits to satisfy a wide range of analytical
applications [33]. Mass spectrometry in combination with HPLC has been the standard
analytical method facilitating the identification and quantification of proteins, small-molecule
biomarkers, pharmacology screening analyses and the determination of pesticides and toxins

[34-36].

1.1.4. HPLC instrumentation

w .
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Solvent HPLC column Data aquisition

Waste
Figure 1-3. The overview of a HPLC instrument

A typical HPLC system is shown in figure 1-3 consisting of a pump for solvent delivery, a
sample injector, a separation column, a detector and a data acquisition system. A thermostat
for temperature conditioning of the column and a pre-column for protecting the column from
impurities are often equipped with standard HPLC instruments. A degassed mobile phase is
pumped through the column with a traditional pump (pressure limit up to 6000 psi) and a
sample solution is introduced into the column with a manual or an auto-injector. The column
in which a separation of analytes occurs is packed with chemically bonded silica-based
particles. The particle size from 3 to 5 um has been normally used. Note that, the use of
smaller particles (1.7 to 2.7 um) for higher efficiency should be considered as a higher-
pressure pump is required. A standard UV/Vis absorbance detector or a diode array detector is
positioned at the outlet of a column for the detection. Alternative detectors can be employed
depending upon analytes and analytical purposes. Output signals from a detector are recorded

and processed for the exhibition of chromatographic peaks as results.
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1.2. Capillary electrophoresis (CE)
1.2.1. Brief history of the development of CE

Electrophoresis is a separation technique on the basis of differential migration of charged
species through an electrolyte solution under the influence of an applied electric field. The
history of electrophoresis dates back to important experiments of Kohlrausch in 1897 from
which equations of the ionic migration were formulated [37]. Tiselius was the first to work on
electrophoresis and won the Nobel Prize in 1948 for his development of “moving boundary
electrophoresis” described as a new method for the investigation of physico-chemical
properties of proteins [38]. For the first time, his experiments were carried out in a quartz U-
shaped tube employed as an electrophoretic cell and the protein boundaries were observed
with an optical detection in the UV range. Later on, a rectangular cross-section cell was used
in combination with an efficient cooling in order to reduce the thermal convection caused by
an electrical heating. This unexpected effect leads to the band broadening and hence decreases
the separation efficiency. Later on, a variety of supporting media has been developed to
counteract the convection to improve zone electrophoresis. Durrum in 1950 reported the use
of filter papers for the separations of amino acids, peptides and proteins in mixtures into
zones [39]. The pioneering employment of starch gels as supporting media for the successful
separation of serum proteins by Smithies in 1955 initiated the application of gels in zone
electrophoresis of proteins [40]. Polyacrylamide prepared in acid or alkaline buffer solutions
was first used as stabilizing media in zone electrophoresis by Raymond in 1959 [41]. The
polyacrylamide-based gel (PAG) with its features of high stability and transparency when it
has been formed was well suited for electrophoresis. Shapiro in 1966 performed the
separation and identification of polypeptide chains of a disulfide-linked protein with
electrophoresis in the polyacrylamide gel with the presence of sodium dodecyl sulfate (SDS)
[42]. Electrophoretic separation in PAG with SDS so far has been the most widely used tool

for determining the molecular weight and size of polypeptides and proteins.

The use of stabilizing media as anti-convection agents in electrophoresis, however, has major
disadvantages of poor reproducibility and low sensitivity in some cases presumably due to
undesirable adsorptive interactions of analytes and supporting media. Hjertén in 1967
proposed an alternative approach to a reduction of the convection effect. In this work, he
developed an automated apparatus to rotate a 0.3 mm quartz capillary tube coated with

methylcellulose for the electroosmosis elimination along its longitudinal axis [43]. His
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method was called free zone electrophoresis. Following the feasible anti-convection solution
investigated by Hjertén, in late 1970s Mikkers reported an electrophoresis separation cell
formed by a 200 um 1.d PTFE capillary tubing [44]. A new era for CE was opened up with the
introduction of a 75 um 1.d fused silica capillary for separations in combination with the
application of high voltages up to 30 kV and an on-line fluorescence detection for the
determination of ionic species and amino acids by Jorgensen and Lukasc in 1981 [45]. The
employment of narrow tubings helped reduce zone broadening as it allowed an efficient
dissipation of the heat generated by the use of high voltages. Since the early 1980s, the use of
fused silica capillaries in micrometer (20 - 100 pm i.d) as separation channels for zone
electrophoresis has been widespread. Terabe in 1984 reported an electrokinetic separation of
neutral compounds with a micellar solution in open tubular capillaries [46]. In 1988, the first
commercial CE instrument was introduced by Brownlee and coworkers [47]. It featured on-
column UV/Vis absorbance and fluorescence detectors, an automated injection as well as a
computerized data acquisition for fast and high-resolution separations. Along with the
commercial availability of powerful and higher automation CE instruments during the past
decades, many efforts have been dedicated to the development and construction of
miniaturized devices in which all steps of injection, separation and detection are performed in
micro-channels (Lab-on-chip concept). CE with advantages of high speed and resolution, low
cost and ease of operation has been a useful separation technique for numerous applications in

pharmaceutical, biological, clinical and environmental analyses.

1.2.2. Basic principles of CE

Capillary electrophoresis is the separation technique of ions in narrow-bore capillaries (20 -
100 um i.d) performed by the application of high voltages. When introduced to an electric
field, ions with different masses and charges will move differently within a homogeneous
solution in terms of directions and velocities. That is the separation principle of CE. In
capillary zone electrophoresis (CZE), the migration of charged species is affected by two
fundamental processes. One is their electrophoretic migration in an electric field and the other
is called the electroosmosis caused by the surface charge of the internal capillary wall when a

high voltage is applied.
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1.2.2.1. Electrophoretic migration

The separation in CZE under an electric field is principally based on the difference in

migration of ionic solutes or electrophoretic velocities (v) that are given by:
v=uE (10)

where Ue 1s the electrophoretic mobility of an ion
E is the electric field strength calculated by dividing the applied voltage by the

total length of a capillary

A molecule with charge g experiences two forces. The first is an electric force given by:

F =qE (11)

e

The second is a frictional force caused by viscosity on a spherical molecule moving through a

viscous buffer, expressed by Stocks’ law:
F, =6mmnrv (12)

where q 1s the charge of an ion
n 1s the viscosity of the solution
r 1s the 1on radius
v 1s the ion velocity
When a steady state is obtained, these forces balance each other and have opposite directions
that can be expressed by:
qE =6nnrv (13)

Electrophoretic mobility can be determined by substituting equation (13) into equation (10)

as:

p=-1 (19)
6mnr

It can be deduced from equation (14) that, large and slightly charged ions have low mobilities,

inversely small and highly charged ions possess high mobilities.
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1.2.2.2. Electroosmosis

Capillary
N N N N N
Sli Sli Sli Sli Sli
O- 0- O- 0- 0-

semlayer — () O ® ® &

Plane of shear ——— = -om o mm e e
Diffused layer —» @ @ @ @ @

—+

Electroosmotic flow

Anode Cathode
Figure 1-4. Electroosmotic flow in a capillary

The other primary process involved in CE separation is the electroosmosis originating at the
internal capillary wall. Once fused silica capillaries contact with buffer solutions at pH values
above two, its surface silanol groups (Si-OH) are ionized to silanoate (Si-O) forming a
negatively charged surface as shown in figure 1-4. Positively charged ions (counter-ions)
existing in the buffer electrostatically interact with these negatively charged silanoate groups
resulting in the formation of an electrical double layer. It was found that the counter-ions are
bound to the capillary wall in two layers. One is the fixed layer, so-called Stern layer, on
which cations are firmly held and the other is the outer layer termed the diffused layer. When
a high potential is applied, cations in a diffused layer to which they are loosely bound are
attracted to the cathode (negative electrode). As these cations are solvated, their migration
towards a cathode drags a bulk of buffer solution with them, generating a flow of liquid
known as the electroosmotic flow (EOF). The linear velocity and mobility of EOF are given

by the following equations:

(4
VEOF = ?E (15)
4
Hegr =~ (16)
where ¢ 1s the dielectric constant of a buffer solution

€ is the zeta potential of a capillary wall

n is the viscosity of a buffer solution
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Because of the presence of EOF, the overall mobility of an ion that is termed apparent
mobility (u,) 1s an aggregate of its electrophoretic mobility and electroosmotic mobility

expressed by:
M= 1+ fg, (17)

As the mobility of EOF is higher than that of most solutes at the neutral and alkaline buffer
pH, all species regardless of charge are swept in one direction from an anode (positive
electrode) to a cathode (negative electrode) if the capillary wall is negatively charged. This
facilitates the simultaneous determination of cations and anions in a single run. For the
optimization of separations in CZE, the EOF can be controlled or modified by altering
experimental conditions including the temperature, the buffer concentration, a buffer pH,
organic solvents and buffer additives. Adjusting the buffer pH affects the dissociation of the
silanol groups, therefore, affecting the EOF. At a high pH value of an electrolyte solution, the
deprotonation of those is accelerated leading to an increase in the EOF. The buffer
concentration has an effect on EOF through altering the zeta potential. An increase in
concentration will reduce the EOF as it inversely relates to the square root of the electrolyte
concentration. An addition of organic solvents to a buffer solution changes its viscosity and
zeta potential resulting in the modification of EOF. The use of additives including methyl
cellulose, polyacrylamide and quaternary amines is found to be significantly effective in some

certain operation modes of CE in which the suppression of EOF is required.

Column wall

A

Capillary wall

Figure 1-5. Laminar flow in HPLC (A) and Flat flow of EOF in CE (B)

In contrast to the laminar flow with a parabolic profile in pressure-driven systems, the EOF

electrically driven through a capillary has a flat flow velocity profile as demonstrated in figure
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1- 5. This can be explained by the uniform distribution of the EOF driving force along a
channel leading to its uniform flow velocity within the entire length of a tubing. The unique
feature of a flat flow velocity is a major advantage of CE since the dispersion of analytes zone

(band broadening) is significantly reduced providing a high separation efficiency.

1.2.2.3. Modes of CE

Capillary electrophoresis consists of diverse techniques based on different physical-chemical
characteristics and operative principles. Those commonly performed are capillary zone
electrophoresis (CZE), capillary gel electrophoresis (CGE), micellar electrokinetic capillary
chromatography (MEKC), capillary isoelectric focusing (CIEF) and capillary
isotachophoresis (CITP).

Capillary zone electrophoresis (CZE)

CZE is the most frequently used technique in which the separation of analytes is carried out in
an open capillary filled with a homogeneous electrolyte solution under the application of high
voltages. This mode, also termed free solution CE, is based on the electrophoretic mobilities
of charged solutes and an electroosmosis phenomenon. In principle, the separation in CZE is
governed by a buffer pH as it affects the migration of ions and the EOF mobility. At a high
buffer pH, both cations and anions can be separated in a single run because anions whose
mobilities are significantly lower than that of EOF are swept towards the cathode. At low pH
where EOF is insubstantial, it is impossible to determine cations and anions in a single
separation. In this case, anion measurement is facilitated by reversing the polarity of
electrodes in which they migrate to the anode and pass a detector with the same direction of
the EOF. This electro-based separation technique is not applicable to neutral species as they

migrate at the velocity of EOF and are not separated from each other.

Capillary gel electrophoresis (CGE)

Originated from the traditional gel electrophoresis, the separation mechanism of CGE is based
on the difference in size of components as they are traveling through the pores of gels filled in
50 - 100 um i.d capillaries. In practice, the EOF is suppressed in order to minimize an
extrusion of the gel from a capillary. Non-crosslinked polymers and linear polyacrylamide are
presently popular as sieving media as they overcome the disadvantages of traditional

crosslinked gels. Size separation in gel-filled capillaries offers the high-efficiency and
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reproducibility that makes it by far one of the most suitable methods for proteins

characterization and DNA fragmentation analyses.

Micellar electrokinetic capillary chromatography (MEKC)

MEKC has the principles of reverse-phase LC and CZE in which micelles added to the buffer
solution to interact with analytes play a role of a stationary phase and an aqueous buffer acts
as a chromatographic mobile phase. The separation mechanism of this technique relies on the
individual partitioning equilibrium of different solutes between the hydrophobic tail of
micelles and an electrolyte solution. This method allows the simultaneous separation of ions
and neutral species. Hydrophobic components with their stronger interactions to micelles
have lower velocities than those of more polar molecules. Sodium dodecyl sulfate (SDS) is
the most popular anionic surfactant used in MEKC. This technique is relevant to separate a

wide range of small nonionic compounds as well as peptides and proteins.

Capillary isoelectric focusing (CIEF)

Isoelectric focusing is performed in a pH gradient between two electrodes and its separation
principle is based on the individual isoelectric points (pI) of molecules where they stop
migrating. A pH gradient is generated by adding ampholytes, so-called zwitterionic
compounds, to an electrolyte solution. Ionic molecules under application of a voltage migrate
toward the reversely charged electrodes till they reach pH regions where their net charges are
zero and thus focusing. As a result, different focusing zones are created along a channel and
then subsequently shifted toward the detector by applying a pressure flow. The separations of

proteins and peptides are typical applications of this mode.

Capillary isotachophoresis (CITP)

CITP features the separation of components based on their mobilities in the zone between a
leading and a terminating electrolyte solutions when an electric field is applied. A leading
electrolyte has the highest mobility of all ions existing in system whereas a terminating
solution possesses the lowest mobility. In this method, the different solutes migrate at the
same speed forming individual zones before a terminating electrolyte and after a leading one.

CITP is employed for the pre-concentration before the separation and sample purification.
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1.2.3. Detection in CE

In short, the most widely used methods for detection in HPLC have been adapted for the
quantification in CE where narrow capillaries are used for the separation. These include

UV/Vis absorbance, fluorescence, electrochemical detection and mass spectrometry detection.
1.2.3.1. UV/Vis absorbance detection

This on-column method has been so far most commonly employed for CE as many analysts
absorbing radiation in the UV/Vis range can be directly detected. Moreover, the
instrumentation is available from HPLC. To quantify non UV-absorbing species in the
indirect mode, an UV probe is often introduced to the background electrolyte. The presence of
this ionic UV absorbent, however, decreases the amount of light coming to the detector
resulting in a reduction in the measurement sensitivity. The major drawback of UV/Vis
absorbance is the poor detection limit (10 - 10 M) due to a short optical path-length that is
theoretically equal to the inner diameter of a capillary in the detection zone. Some promising
approaches have been carried out to improve the sensitivity by increasing the path-length
through modification of capillary geometries at detection window [48-50] and a multi-

reflection cell [51].
1.2.3.2. Fluorescence detection

Among those detection methods mentioned above, fluorescence by far has been the most
sensitive approach in which the detection limits of femtomole (107> M) could be achieved
with a laser excitation source [52]. A laser induced fluorescence detector has been commonly
used in most CE applications as it provides high-intensity incident light easily focused to a
relatively narrow detection zone of a capillary. The major disadvantage of this detection
technique is that many analytes of interest do not possess the native fluorescence. Two
alternative approaches can be employed for detecting non-native fluorescent species: one is an
indirect measurement by the use of fluorophores in buffer solutions; the other is the chemical
derivatization of species prior to the detection. Detection limits of micromole range (10° M)
obtained with an indirect fluorescence technique are significantly poorer compared to those of
direct measurements. This makes indirect detections rarely used in CE while derivatization
fluorescence techniques have been popularly used in pharmaceutical and forensic analyses.
CE in combination with the native fluorescence detection has been employed for determining

proteins and peptides [53, 54], drugs and their metabolites [55, 56], and single cells [57, 58].
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1.2.3.3. Electrochemical detection

Potentiometric detection (PD) is based on the measurement of voltages between a working
electrode and a reference electrode. The working electrode acting as a selective sensor for a
specific ion is produced from a crystalline, liquid or glass membrane. The potential difference
between two electrodes is generated at the working electrode as a result of the ion migration
through a semipermeable membrane, which can be given by the Nernst equation. In PD,
signals do not go up with the electrode size. This feature is beneficial to the miniaturization.
Some applications of CE-PD include measurements of inorganic and organic anions [59, 60],

alkali and alkaline earth cations [61].

Amperometric detection (AD) relies on measuring a current produced by the oxidation or
reduction of an analyte at the working electrode surface under the application of a fixed
potential. This current is directly related to the concentration of a solute. Though AD features
high selectivity and sensitivity, it has a major disadvantage in which the absorption of
intermediate products from a redox reaction of a solute onto the electrode surface influences
the working electrode activity. AD is well suited for the determination of electroactive

species, for instance catecholamines [62, 63], amino acids [64, 65] and carbohydrates [66].

Conductivity detection determines analytes of interest based on measuring the conductivity of
a solution in the gap between two electrodes. Conductivity detectors consist of two electrodes
placed side by side around a capillary across which an AC potential at high frequency is
applied. On the surface of an electrode, there is a double layer of electrons established that
behaves like two plates of an electronic capacitor. The equivalent circuitry of a conductivity
detector, therefore, consists of two capacitors that are connected by a resistor formed by the
solution in the gap between those. When an analyte travels through this gap, the conductivity
of solution changes. According to the Ohm’s law in which the current relates to the
conductivity, there is a current resulting from the difference in conductance between the
solute and the background electrolyte that will be measured as an output signal. In the course
of measurement, AC voltage is applied instead of DC potential so as to avoid electrolysis
reactions on electrode surfaces. Conductivity detection can be performed in two approaches:
one is based on the galvanic contact between electrodes and an electrolyte solution; the other
is carried out in contactless mode. Various applications of the conductivity detection for CE

in diverse disciplines are described in publications [67-71].
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1.2.3.4. Mass spectrometry

Mass spectrometry (MS) provides not only a highly sensitive detection but also structural
information of compounds. CE-MS has become a powerful tool for the separation and
identification of biomolecules [72-74]. Electrospray ionization (ESI) is the most commonly
used interfacing technique to couple CE with MS as its mild ionization facilitates the direct
transfer of solutes from CE to MS. This coupling, however, poses a major problem regarding
the acceleration of a liquid flow coming from capillary in the nL./min range to higher values
(200 pL/min) to form a stable spray. Three different ESI interfaces have been developed to
overcome this hurdle including sheath-flow, sheathless and liquid-junction interfaces. Further
details on the principles and formation of those electrospray-based interfaces can be found in
a publication [75]. The combination of CE with MS has been employed for a wide range of
applications in various disciplines of biological, environmental, pharmaceutical and drugs,

food and forensic analyses [76-80].

1.2.4. Capillary electrophoresis setup
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Figure 1-6. The overall arrangement of a CE setup

As shown in figure 1-6, a typical capillary electrophoresis system comprises a fused silica
capillary for separation, a high voltage power supply of 20-30 kV, two electrodes, two buffer
vials, a detector and data acquisition system. Based on analytical purposes, this basic
configuration of CE can be upgraded for the better performance with such advanced
components as: an auto-sampler, a temperature conditioner and multi-detectors. Two
electrodes normally made from platinum connected with a power supply and two ends of a

capillary are submerged in vials containing an electrolyte solution. A detector can be arranged
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either on-column or off-column at the outlet of a capillary for detecting separated
components. Output signals of a detector recorded and processed by the data acquisition

system are plotted versus time in an electropherogram.

In short, the sample can be introduced into a capillary in two methods: Hydrodynamic
injection is performed either by the pressure injection in which a pressure is applied at the
injection end or vacuum is used at the exit side of a capillary to force analytes into a column.
In siphoning injection, analytes are dragged to the outlet by gravity if the inlet of a capillary is
lifted up. Electrokinetic injection is accomplished by the application of an electric field in
which solutes move into a channel by both the electrophoretic migration and the dragging

effect of an EOF.

1.3. Ultraviolet-visible absorption spectroscopy

1.3.1. Brief history of UV/Vis absorption spectroscopy

UV/Vis spectroscopy is one of the most commonly used detection techniques in analytical
sciences based on the absorbance measurement of radiation at specific wavelengths in the
region of 190 - 1000 nm. This versatile analytical technique is useful for the quantification of
various compounds in liquid, gas and solid samples in many applications of environmental,

biological, pharmaceutical, clinical and material analyses.

The early history of UV/Vis spectroscopy dates back to the theory about the light and colors
of Newton in 1672 in which the white light was separated into its component colors as it
passed through a prism [81]. Kirchhoff in 1860 introduced a theory of emission and
absorption with the discovery that a good radiation emitter at a certain wavelength also
absorbs the light at the same wavelength [82]. A milestone in the development of
spectroscopy was set by Bohr in 1913 with his famous paper “On the constitution of atoms
and molecules” based on the quantum theory previously proposed by Planck and Einstein. He
demonstrated that electrons either absorb or emit energy during their transitions from one
state of the constant energy to another state. The amount of this energy was found to be
absolutely equal to the energy difference between two states [83]. Emission and absorption
spectroscopy in the visible range was used as a convenient tool to study electronic transitions
and identify elements. The potential of absorption photometry to the analytical chemistry was

marked by August Beer who was the first to investigate the proportional relationship between
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the absorption of radiation and concentrations of an analyte in the sample [84]. One of the
first spectrophotometers was developed in the 1930°s based on fundamentals of the
spectroscopy and a photo-detector, that employed a prism or a grating to isolate a particular
wavelength for absorption measurements [85]. In this instrument, the concentration of an
analyte was determined relying upon the Lambert-Beer’s law, a combination of two laws in
which the absorbance is proportionally related to the molar absorptivity coefficient (¢), the
thickness of sample through which the light passes or so-called the path-length (/) and the
concentration of an absorbing analyte (C). In 1947, the first commercial UV/Vis
spectrometer, the Carry 11, was released by Varian [86]. The first commercial availability of
a diode-array spectrophotometer in the 1970s allowed a simultaneous scan of the whole
spectrum of wavelengths in seconds due to the use of an array of photodiodes [86]. The
development of instrumentation for UV/Vis absorption spectroscopy has progressed so far in
order to achieve the improvement focusing the portability, ease of use and specific

applications of life science and material analyses.

1.3.2. Basic principles of UV/Vis absorption spectroscopy
1.3.2.1. The origin of the light absorption

Ultraviolet and visible light constituents a small proportion of an electromagnetic spectrum in
the range of wavelengths from 400 to 700 nm that can be seen by the human eyes. The deep
ultraviolet region with its wavelengths from 200 to 390 nm is invisible to typical human eyes.
Electromagnetic spectrum comprises other radiation forms ranging from very short

wavelengths (gamma, X-rays) to extremely long wavelengths (microwave, radio).
According to the quantum theory, the radiation is considered as a stream of photons. The
energy carried by a photon at a certain wavelength is given by the following equation:
E=hv (18)

where h is the Planck’s constant (6.63 x 107* Js)

v is the frequency (Hz)
It was already known that radiation behaves as a wave whose frequency relates to wavelength
(4) by an equation:

c=vA (19)

28



where ¢ is the velocity of light (3 x 10° ms™)

From equations (18) and (19), we have:

c
E=h— 20
/1 (20)

It can be deduced from equation (20) that in the UV/Vis range, short wavelengths of UV
region has the higher energy than the visible light at longer wavelengths.

A molecule of any substances exists in some defined energy states and the energy level of
each state is considered as the sum of its electrons’ energy. The change of energy level occurs
when a molecule absorbs or emits energy in the form of photons. When a radiation of high-
energy photons is absorbed by the sample, the valence electrons of molecules are excited to
transit from their normal states (ground states) to higher energy states (excited states). This
process is called an electronic transition. Valence electrons are categorized in three types of
electron orbitals including non-bonding orbitals (n), single bonding orbitals (c) and double or
triple bonding orbitals (m). When a radiation of the exact frequency is absorbed, a transition
arises from one of these bonding orbitals to an anti-bonding orbital (n* or c*) as shown in
figure 1-7. The absorption bands arisen from the m to «" and n to " transitions (red color) are
important to the UV/Vis spectroscopy as they are associated with the absorption of radiation
in the region of 200 - 800 nm. The higher transitions (blue color) require more energy

resulting from the absorption of the deep UV light of wavelengths less than 200 nm.

o*__ Anti-bonding — — _

n*__ Anti-bonding — — _

Energy

c —>o*
c —> *
T —> o*
T —>7n*
n = o*
n —7*

n_—— Non-bonding — _ _

m___Bonding_ _ _ _ _
6 Bonding - — _ _ _
Electron Orbitals Transitions

Figure 1-7. Electron transitions in the UV/Vis spectroscopy
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Table 1. Chromophores and maximum absorption wavelengths

Chromophores Formular Example compound Amax (nm)
Nitrile RC=N Acetonitrile <160
Acetylene RC=CR Acetylene 173
Ethylene RHC=CHR Ethylene 193
Carboxyl RCOOH Acetic acid 204
Amide RCONH; Acetamide 208
Ketone RR’C=0 Acetone 271

Nitro RNO, Nitromethane 271
Carbonyl RHC=0 Acetaldehyde 293

A variety of organic compounds exhibit absorption spectra in the UV/Vis region due to the
presence of functional groups containing a m bond that are called chromophores. Some of
chromophores and their maximum absorption wavelengths (Amax) are shown in table 1. A
multiple chromophores are formed if a simple chromophoric group is conjugated with another
that shows a more intense absorption band at a longer wavelength than that of the single

chromophore.
1.3.2.2. Lambert - Beer’s law

Lambert’s law states that the amount of light absorbed or absorbance (4) is defined as a

logarithmic function of incident light intensity (/o) and transmitted light intensity (/) given as:

A:logTO (21)

According to Beer’s law, the light absorption is proportional to the concentration of an
absorbing compound (C), molar absorptivity coefficient (¢) and the optical path-length (/),

specified as:
A=¢€lC (22)

Combining the two equations of (21) and (22), the Lambert - Beer’s law is derived as:

1
AzlogTO:SIC (23)
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The Lambert - Beer’s law is only true for the radiation of a single wavelength that is termed a
monochromatic light and applicable to the measurement of absorbing species whose physical

and chemical properties do not change with the concentration.

1.4. Light-emitting diodes for absorption spectroscopy
1.4.1. Brief development history of LEDs

Light-emitting diode (LED) is a two-terminal radiation source based on an electroluminescent
effect in an inorganic material that occurs when an electric current passes through it. The
phenomenon of electroluminescence was discovered by Round in 1907 while he attempted to
construct a rectifying solid-state detector. He reported that a yellowish light was produced
when a potential was applied between two points on a carborundum crystal [87]. Oleg Losev,
a Russian talented scientist, was the first to report the light emission from a zinc oxide and
silicon carbide diode in the mid 1920s. He is believed to have discovered a semiconductor
LED [88]. Losev comprehensively investigated the current-voltage characteristics of an LED
and proposed a well-known formula to calculate the voltage drop on the diode contact, V, as a
function of the light emission frequency, v, the electronic charge, e, and Planck’s constant, 4,
that is v = el/h. The infrared radiation generated from gallium arsenide (GaAs) and other
semiconductor alloys of gallium antimonide (GaSb), Indium phosphide (InP) and silicon
germanium (SiGe) at room temperature and 77 Kelvin was recognized by Braunstein in 1955
[89]. In 1961, Biard and Pittman observed the near infrared radiation emitted from GaAs
when exposed to an electric current. Not long afterward, the first commercial p-n junctions
infrared LED (the SNX-100) was launched by Texas Instruments in 1962 that employed the
pure GsAs crystal as an illumination substrate for the light emission at 890 nm [90].
Holonyak in 1962 was the first to develop a visible (red) LED based on Ga(As;«Px) p-n
junctions whose peak emission wavelength at 710 nm was sharply demonstrated [91]. The
wavelength output of visible LED was subsequently moved down to the yellow spectrum by
Craford in the early 1970s [92]. Another milestone in the LED development was marked by
Nakamura with his invention of a high-intensity blue LED in 1994 [93]. This indium gallium
nitride (InGaN)-based blue LED featured the peak wavelength at 450 nm. The availability of
a high-output blue LED promptly led to the development of the first white LED in 1996.
White light is generated either by a mixture of LED substrates of different colors (red, green
and blue) or a combination of blue and yellow lights resulted from the fluorescent phosphor

layer that appears white to human eyes. Nakamura and his coworkers were awarded the Noble
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prize in 2014 for their great invention that facilitated the creation of the bright and efficient
white light in a new way. Near ultraviolet devices emitting at 390 nm were commercially
released in early 2000s. The progression of aluminum gallium nitride substrates for
illumination (AlGaN and AlGalnN) made the deep UV-LEDs with emission wavelengths
down to 230 nm available recently [94, 95].

LEDs with their advantages of high-efficiency, long lifetime, low-heat generation, low-cost
and compact size are beneficial to industrial production and scientific research. The most
prominent application of visible LEDs is the indicators and display on electronic circuits and
instruments and notably for the illumination in which they have been replacing the
incandescent light sources. Near infrared (IR) LEDs have been widely used for the remote
control and fiber optic telecommunications while UV-LEDs have been commonly employed

for UV curing, banknote and security, disinfection and sensing purposes.

1.4.2. Working principles of LEDs

The light generation of an LED results from an electroluminescence in the p-n junction diode
under the application of an electric field. When an electric field is applied, free electrons in
the n-region and electron holes in the p-region are driven to the active layer at which the
recombination occurs as illustrated in figure 1-8. Free electrons are of conduction band whose
energy level is higher than that of valence band of which electron holes exist. The
recombination of electrons and holes at the active layer releases an energy in the form of
photons or heat. In the radiative recombination, a photon with energy equal to the band-gap
energy is produced. In the course of a non-radiative recombination, the electron energy is
transformed into the vibrational energy of lattices atoms known as phonons, which results in
heat in devices [26]. The dissipate energy for silicon and germanium semiconductors is
predominantly in the form of heat whereas the dissipate energy in gallium phosphide (GaP)
and gallium arsenide phosphide (GaAsP) is an emission of photons. The non-radiative
recombination is an unwanted process reducing the light emission efficiency and thus it must

be minimized.
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Figure 1-8. Inner working diagram of an LED

As shown in figure 1-9 is a sketch of an LED in the most common package. The light emits
from a semi-conducting material that is contained in a reflective cup on top of one connecting
lead. A thin wire connected the other lead contacts material layers from the top. The whole
assembly is encapsulated in an epoxy resin. Different types of package are available including
a surface mounted high-power LED and a miniature version for multiple applications. For
low power LEDs in the standard package, the heat sink is not as crucial as high power LEDs
due to their low power consumption. This standard package features the dome for a light
dispersion. However, the wide beam is not usually beneficial to analytical purposes in which
the highly focused beam is required. In these cases, an LED in the standard package equipped

with ball lens at the dome for radiation focusing has been employed.
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Figure 1-9. A light-emitting diode in a common package
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1.4.3. Applications of LEDs for absorption photometry

The development of LEDs covering the wide region from IR to deep UV along with the
improvement of intensity and reducibility made them potential alternatives to discharge lamps
as radiation sources for photometric instruments especially for portable devices due to their
low power consumption. Notably, a narrow emission band of typically 20 nm in width allows
removing a costly monochromator that is indispensable to tungsten-halogen or deuterium
lamps. To date in the field of analytical sciences, LEDs have been mostly applied for
absorbance measurements. The first LED-based detector using a red LED was reported by
Flaschka in 1971 [96]. Hauser was among the first to report the use of a blue LED for
absorption photometry after its invention in 1991 [97]. Infrared LEDs have become ideal light
sources for the detection of gas molecules such as carbon dioxide (CO;) [98, 99], methane
(CHy) [100-102], and carbon monoxide (CO) [99]. The commercial availability of UV-LEDs
and the recent release of deep UV-LEDs have extended applications of LEDs as the majority
of organic species absorb in these ranges rather than the near-UV and visible regions. LEDs
as radiation sources for absorbance photometer have been reviewed repeatedly. Dasgupta was
the first to review absorption spectroscopy based on LEDs [103, 104]. O’Toole and Diamond
wrote the review of absorbance optical sensors and sensing devices with the use of LEDs in
2008 [105]. There have been some reports focusing on the LED-based absorbance detection
in CE [106, 107] and LC [108-110]. The LED-based absorption photometry was found to be
the simple, low-cost and sensitive detection technique whose applications cover various fields

of research including chemical, biological, pharmaceutical and clinical analyses.
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1.5. Research objectives

The objective of this dissertation was to develop absorbance detectors employing deep UV-
LEDs as radiation sources for absorption spectroscopy and evaluate their performance in the
quantification of some model compounds in the applications with narrow column high-
performance liquid chromatography and capillary electrophoresis as well as aromatic
hydrocarbons in the gas phase. Some photometric devices were designed and constructed for

different analytical purposes:

(1) Comparative study of light-emitting diodes and standard silicon photodiodes in
photometric measurements. Reverse biased LEDs are known to serve as photo-
detectors. Some LED-based devices for photometric measurements employing one
LED for the emission and the other of the same type for the detection have been
reported. To our knowledge, the practical reasons for the substitution of LEDs for
conventional silicon photodiodes in those devices has not been given. The first project,
hence, investigated the performance of LEDs as light detectors and standard silicon
photodiodes in measuring the light intensity. Emission spectra of LEDs and sensitivity
spectra of the same LEDs used as detectors were examined. Some different measuring
configurations were constructed to measure photocurrents in the photocurrent mode,
voltages across the diode by irradiation in the photovoltaic mode and the time to

discharge a diode junction capacitance in the discharge time mode.

(2) Development of a deep UV-LED based absorbance detector for narrow column high-
performance liquid chromatography. To date, absorption photometry in the deep UV
range has been the most common detection method for HPLC as most organic
molecules exhibit strong absorption bands in this region. Deep UV-LEDs have been
commercialized in recent years and subsequently employed as light sources for
absorbance measurements for a standard HPLC instrument previously reported by our
group. The deep UV-LED based detector for a standard HPLC, however, is not useful
for applications in which a limited amount of analytes is available or a saving in high-
purity organic solvents is desirable. In this work, an absorbance detector for narrow
column HPLC (1mm 1i.d) relying on deep UV-LEDs, photodiodes and a 250 um quartz
tubing for a detection cell was designed and constructed. This purpose-made optical
detector was used for the determination of model compounds at 255 and 280 nm

separated in both an isocratic and a gradient elution.
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(3) Development of a deep UV-LED based absorbance detector for capillary
electrophoresis. The commercial availability of deep UV-LEDs made them potential
radiation sources for absorption photometry in CE even though the design and
assembly of a detection cell for CE are more challenging than for HPLC due to the
detection window is down to 75 um or even smaller. We furthered our work on
developing the absorbance detector for CE based on high-intensity deep UV-LEDs and
photodiodes selective for the examined wavelengths. The performance of this
photometric device was evaluated in both direct absorbance quantification and indirect
measurement with standard compounds at common wavelengths of 255 and 280 nm.
This optical device can be substituted for the more complex and costly UV/Vis detector
of commercial CE instruments, making it possible to construct simple and inexpensive
CE systems. It is also found to be suitable for on-site measurements with the portable

battery-powered instruments.

(4) Development of a deep UV-LED based absorption spectroscopic detectors for
benzene, toluene, ethylbenzene and the xylenes compounds (BTEX compounds).
Absorption spectroscopy has been one of the commonly used detection methods for
gases. LEDs with advantages of small size, lightweight and low-power consumption
are extremely useful for portable devices where the compactness and operation by
batteries are required. Infrared LEDs were employed as light sources for the detection
of methane and carbon dioxide many years ago. It was of our interest to further explore
the potential of a deep UV-LED for absorption spectroscopy in the gas phase.
Photoacoustic spectroscopy (PAS) is among the most sensitive absorption
spectroscopic techniques for trace gases monitoring of which detection limits could be
down to ppb range. In PAS, laser light has been conventionally employed as an
excitation source due to its extremely high output. In this contribution, the possibility
of a 260 nm LED as an alternative to a conventional laser source for acoustic signals
excitation was preliminarily tested for the detection of the toluene vapor. This
exploration was fulfilled with the construction and evaluation of an absorbance
detector for BTEX compounds relying on a high-intensity 260 nm deep UV-LED, PDs

and optical fibres for the light transmission.
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2. Results and discussion

The majority of results presented in this dissertation were published in or submitted to
scientific journals in the field of analytical chemistry. This chapter, therefore, consists of a
brief summary of research projects together with reprints of three publications and one
manuscript in press. The first section (chapter 2.1) is to investigate the capability of the light-
emitting diodes acting as detection devices in comparison with that of standard silicon
photodiodes. Two following sections (chapters 2.2 and 2.3) present the development of
absorbance detectors based on deep UV-LEDs and photodiodes for a narrow column high-
performance liquid chromatography and capillary electrophoresis. In chapter 2.4, the
utilization of a deep UV-LED as a radiation source for the gas sensing based on photoacoustic
spectroscopy and absorption photometry is demonstrated. At the end, a review concerning
fundamental characteristics of LEDs as well as their practical uses for analytical sciences and

one publication related to the work in chapters 2.2 and 2.3 are included in the appendix.

2.1. Comparative study of light-emitting diodes and standard silicon photodiodes in

photometric measurements

The advent of semiconductor devices has facilitated the construction of low-cost and ease of
use photometric measuring systems based on the combination of LED and PD (LED-PD).
Some research groups reported the satisfactory analytical use of simple optical measuring
systems relying on a pair of LEDs, one is for the emitter and the other is for the detector, so
called PEDD (paired emitter-detector diodes) [105]. The only advantage of these LED-LED
arrangements compared to LED-PD systems that has been stated is a cost saving rather than
the practical uses. In this work, visible LEDs (5 mm, clear epoxy dome-shaped) and two types
of conventional silicon PD (1 mm? active area) were selected to evaluate their performance in
current and voltage measuring modes. Recorded in the current follower configuration with the
use of an operational amplifier, photocurrents generated by PDs were found to be 5 to 40
times higher than those produced by LED as detectors. In a further test when paired with a
yellow LED-emitter (Amax = 595 nm), the same yellow one as a detector was a worse photo-
detector than a red-orange LED whose sensitivity spectrum (Am.x = 594 nm) best matches to
the emission spectrum. This difference is largely due to the discrepancy between the emission
spectrum and the responsivity range of a yellow LED (Ayax = 534 nm). The magnitude of the

photocurrent or an incident light intensity was also measured through recording the time it
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takes to discharge the junction capacitance of diodes from 5 V to 1.7 V with a simple
microcontroller-based measuring system. The shorter the discharge time, the higher level of
the light intensity. It was also found that, discharge times for the LED were about 5 - 10 times
longer than those of a photodiode. Note that, these measurements were carried out based on
the best spectral match of the LED-LED system. The LED-detector exhibited poorer
reproducibility than the PD especially at high levels of the light intensity.

Another approach to measuring the light intensity was applied that is called a photovoltaic
mode. In this method, the voltage developed across a diode by an irradiation, without load
was recorded with the use of either a high-impedance operational amplifier in a voltage
follower configuration (10" Q of input impedance) or with a multi-meter that has a relatively
low input impedance of 10 MQ. The potential output of a diode is, thus, proportional to an
amount of the light intensity. We found that, the response of the LED was not linear with the
logarithmic light intensity in both measuring options whilst linear curves were obtained with
the PD. Noticeably, the readings for the LED differed several hundred millivolts for a change
of radiation intensity of about one order of magnitude while the variation was about 64 mV
per decade for a PD that is close to the theoretical expectancy. Stable readings for the LED as
a detector were obtained in 1-2 minutes, relatively slower compared to those appearing within

seconds for the PD.

Importantly, the peaks of sensitivity spectra of LEDs were 40 - 60 nm shifted relative to their
peaks of emission spectra. This demonstrates that the overlap region between the emission
spectrum and sensitivity spectrum is very small if two LEDs of the same type are paired. It
can be deduced that LEDs used as light detectors with its major advantage of spectral
sensitivity is not relevant to the analytical photometry when paired with an emitter of the

same type.

2.2. Development of a deep UV-LED based absorbance detector for narrow column

high-performance liquid chromatography

An absorbance detector based on deep UV-LEDs for a HPLC setup that employed a standard
separation column (4.6 mm 1.d) successfully reported by our group exhibited the feasibility of
LEDs as ideal alternatives to conventional thermal light sources [110]. In HPLC, the
reduction in sample volumes and amount of high-purity organic solvents is crucial to

applications in clinical and pharmaceutical analyses. This certainly can be obtained with the
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use of a narrower column for chromatographic separations. Downscaling the column requires
a smaller detection cell. For this purpose, a fused silica tubing of 250 um i1.d was employed
for a flow-through cell, relevant to the use of a 1 mm i.d separation column. Precisely
produced in the workshop, all mechanical components together with an electronic circuitry
were placed on a baseplate as demonstrated in figure 2-1. The entire assembly was contained
in a metal case to restrict interferences of the ambient light and external vibrations. This cell
allowed a signal PD to receive the maximum transmitted light intensity as the placements of
an LED and a signal PD could be adjusted both vertically and horizontally when mounted on
positioning stages. A holder of the LED also enabled its forward and backward movement to
get the focal point at the center of the detection window. To prevent the stray light reaching a
signal photodiode but not contacting the sample, an optical slit (100 um wide) was fixed in
front of the tubing. Similar to the cell for standard HPLC previously reported, a beam splitter
and a reference PD were also employed in this work to produce reference signals. With the
availability of reference signals and the use of a log-ratio amplifier, this optical device
allowed the direct relationship between absorbance values and concentrations of analytes by
emulating the Lambert - Beer’s law. Its electronic circuitry facilitated the reduction of the
high-frequency noise with a low-pass filter and a zero setting of absorbance readings with an

offset unit.

In the absorbance measurements of Tryptophan and 4-hydroxylbenzoic acid at 280 and 255
nm, respectively, calibration curves up to mM range were obtained with this optical detector
demonstrated that an amount of the stray light is negligible. Subsequently, it was then
successfully coupled to a miniature HPLC setup for the quantification of strong UV-
absorbing compounds at 280 nm namely ascorbic acid, paracetamol, caffeine separated by an
isocratic elution and sulfa drugs by a gradient mode. Standard solutions of paracetamol, 4-
hydroxylbenzoic acid, 2-acetylsalicylic acid and sorbic acid as well as some nucleosides were
determined with this photometric device at 255 nm. The wide range of linearity between
absorbance responses and concentrations (up to millimole) with good correlation coefficients
(r>0.999) was acquired. The baseline noise levels of 80 to 100 LAU (peak to peak over 60 s)
were determined in these measurements with the application of a low-pass filter at 1 Hz cut-
off frequency. In the gradient elution, the baselines were found to be not as flat as those of the
other mode, with the drifts approximately amounting 0.17 and 0.46 mAU over the separation
times at 280 and 255 nm, respectively. This unwanted characteristic is inevitable and mainly

due to refractive index changes of a mobile phase. Detection limits of all compounds were in
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the low UM range and the reproducibility for peak areas was found to be satisfactory (RSD <
1%).

Figure 2-1. The photo of a deep UV-LED based absorbance detector for narrow-column
HPLC. (1) a positioning stage for the UV-LED; (2) an UV-LED with its holder; (3) a beam
splitter with its holder; (4) a holder of a fused-silica tubing and an optical slit; (5) a fused-
silica tubing; (6) a signal PD with its holder; (7) a positioning stage for the signal PD; (8) a

reference PD; (9) an electronic circuitry

My participation in this project was to conduct all the measurements to evaluate the
fundamental characteristics of this detector and its performance when coupled to a HPLC
setup. Bomastyk, the co-worker of this project, contributed to the design of this optical device

and optimization for maximum outputs of the signal photodiode.

2.3. Development of a deep UV-LED based absorbance detector for capillary

electrophoresis

In commercial CE instruments, an UV/Vis absorbance detector is probably the most complex
and costly component. Deep UV-LEDs successfully employed as the radiation sources for
HPLC are able to substitute for conventional deuterium and tungsten lamps in combination
with a monochromator for wavelength selection. The application of LEDs makes it possible
to construct simple, inexpensive, miniaturized and especially low-energy consumption

detectors. Due to the relatively small detection window that is theoretically equivalent to the
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inner diameter of a capillary, the light focusing onto a narrow aperture and the avoidance of
stray light are crucial to obtain a good sensitivity and linearity. A high precision of the
mechanical construction and assembly was required to minimize the baseline noise resulted
from fluctuations. In this cell, high-intensity UV-LEDs driven at 100 mA and PDs selective
for emission bands were used. Regarding the design, some modifications were established
compared to the earlier arrangement for narrow-column HPLC. The first change concerns the
improvement of light focusing onto the detection window together with the minimization of
stray light. A 4 mm fused-silica ball lens was fixed in front of the channel in a circular
support to improve the focus. This support attached to the capillary holder by means of a
thread that enabled to optimize the distance between the lens and a capillary. A 50 pm in
width optical slit was mounted in front of a standard 50 um i.d capillary while a 100 um slit
was fixed in case a bubble capillary was used. The second improvement relates to the
adjustment of the LED and the signal PD placements in 3 axes. This could be achieved with
positioning stages and holders based on T-shaped grooves and their matting counterparts that
were tightly fixed by screws as shown in figure 2-2. An electronic circuitry also featured a
log-ratio amplifier for the emulation of Lambert - Beer’s law to produce output signals equal
to absorbance values, an offset facility to zero absorbance of the baseline and a low-pass filter

for removing high-frequency noises.

The performance of this optical detector in terms of such fundamental characteristics as
linearity, baseline noise and detection limits in measuring the absorbance of 4-
hydroxylbenzoic acid and L-tyrosine at 255 and 280 nm, respectively was found to be
promising. Calibration curves up to 1 mM with good correlation coefficients (» > 0.999) and
detection limits of the low UM range were obtained for both systems. Determined as peak to
peak fluctuations over 60 second and with the application of a low-pass filter at 2Hz cut-off
frequency combining with an analog output filter of the circuitry itself, the baseline noise
values were approximately 50 LAU. These values were better with that of previously reported
CE detectors based on a UV-LED and a photomultiplier tube [109]. When determined as
standard deviations, they of about 7.6 LAU were not as good as the lowest values of 4.4 AU
for the chromatographic detector based on a UV-LED that has a relatively longer path-length
(150 wm) [111]. Following the preliminary test was a further investigation in the
quantification for CE. Mixture solutions of four aromatic compounds namely sulfanilic acid,
4-nitrobenzoic acid, 4-hydroxylbenzoic acid and 4-aminobenzoic acid were separated and

quantified at 255 nm. Notably, when an extended capillary was employed, the improvement

41



of sensitivity by a factor of 3 was obtained corresponding to the theoretical increase in an
optical path-length. A further application at this wavelength was the indirect detection of four
carboxylic acids including acetic acid, propionic acid, butyric acid and caproic acid by
displacing benzoate as an UV-absorbing anion in the electrolyte solution. Performed at 280
nm were two detections: one comprised of vanillic acid, L-tyrosine and DL-tryptophan and
the other served for the separation of three sulfonamides compounds. The quantitative
parameters were found to be satisfactory with the achievement of good linearity over 3 orders
of magnitude, reproducibility for peak areas, detection limits as low as uM and high
separation efficiency in terms of theoretical plates number (29500 - 179700). Measured in
detection for CE, the noise levels of approximately 50 AU were comparable with that of
more expensive and complex UV/Vis detectors equipped with modern commercial CE

instruments of Agilent and PrinCE manufactures (models of Agilent 7100 and PrinCE-C700).

Figure 2-2. The photo of a mechanical assembly of a deep UV-LED based absorbance
detector for CE. (1) an UV-LED with its holder; (2) a positioning stage for an UV-LED; (3) a
beam splitter with its holder; (4) a capillary; (5) a signal PD with its holder; (6) a positioning
stage for the signal PD; (7) a holder of a capillary and an optical slit; (8) a support on which a

ball lens is mounted; (9) a reference PD
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2.4. Development of deep UV-LED based absorption spectroscopic detectors for

benzene, toluene, ethylbenzene and the xylenes compounds

BTEX compounds that comprise of benzene and its derivatives namely toluene, ethylbenzene
and the xylenes have become a great concern to people as they can cause long-term adverse
health effects and diseases, especially cancer associated with an exposure to benzene. An
exposure may occur ubiquitously due to their presence in the exhaust of vehicles as well as
their widespread use as solvents and additives in the industrial production. Known as the
strong absorbing species in the UV region, these aromatic hydrocarbons can be directly
determined by absorption photometry in the region of 255 - 275 nm [112]. Deep UV-LEDs
commercially released in recent years were successfully employed as light sources for
photometric detectors for ozone (O;) and sulfur dioxide (SO;) at 255 and 280 nm,
respectively reported by Degner, Kalnajs and Aoyagi [113-116]. Their good performance in
terms of sensitivity (detection limits are about 100 ppb) exhibited the potential of deep UV-
LEDs based absorption spectroscopy to determine BTEX compounds.

2.4.1. Application of a deep UV-LED as an excitation source for photoacoustic spectroscopy

Photoacoustic spectroscopy (PAS) also relies on the absorption of an electromagnetic
radiation by analytes. This spectroscopic technique, however, allows the direct measurement
of an absorbed energy in the form of a pressure wave/sound wave rather than the absorbance
indirectly derived from the transmittance in UV/Vis spectroscopy. Not only has PAS been
successfully deployed for the gas sensing but also analyses of condensed matter. A variety of
analytical applications in the fields of air and water quality monitoring, industrial and
agricultural processes and medical diagnostics were described in review papers [117, 118].
This detection method facilitated the availability of portable devices for on-site monitoring of

smoke, toxic gases and hydrocarbons.

Once an analyte absorbs the radiation at a specific wavelength, its molecules will be excited
to a higher energy state. Their subsequent transition to the ground state of lower energy level
emits energy either through the release of photons or heat in the non-radiative process. The
thermal energy produced in the later process causes the expansion that sequentially leads to an
increase in pressure. If a light source is modulated, a periodic generation of heat in the sample
will occur resulting in pressure fluctuations or sound waves. These waves, regarded as
photoacoustic (PA) signals, have the same frequency as the modulated light and can be

detected by a sensitive microphone. Tuning the modulation frequency to one of the resonance
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frequencies of the cell will increase the magnitude of signals. In the resonant condition, the
signal can be amplified by the quality factor of the resonance (Q-factor) in the range of 100 -
1000. This factor is significantly dependent on the size and geometry of the cell. Several
microphone-based PAS cells with different geometries were constructed and evaluated in

terms of sensitivity for the gas detection [119].

The commercially available quartz tuning fork (QTF) which has been used as a sharply
resonant acoustic transducer is a great alternative to a microphone as it enables the detection
of weak PA signals and the miniaturization of the PAS cell. The QTF with a resonant
frequency of about 32768 Hz has been mostly used in photoacoustic spectroscopy. In a quartz
tuning fork-based PAS, so-called quartz-enhanced photoacoustic spectroscopy (QEPAS), a
measuring cell has been usually equipped with an acoustic resonator (AR) to amplify signals.
The size and geometry of an AR as well as the position and characteristics of the piezoelectric
material of QTF are crucial factors to the amplification. To detect PA signals with QTF, two
configurations of QEPAS were introduced. On-beam QEPAS with the passage of a light
beam through the gap between two prongs of a QTF features a QTF placed in between two
resonator tubes. In the off-beam QEPAS, a QTF is separated from the light beam which is
placed alongside the AR tube and adjacent to a small aperture on the resonator to detect sound
waves inside. The later configuration overcomes a drawback of the former in which the light
beam and the inner diameter of tubes are limited to the relatively small gap between QTF’s

arms (300 pm).

In PAS, laser light sources have been conventionally used due to their excellent beam quality.
The commercial release of low-cost LEDs with an increasing intensity makes them ideal
alternatives to lasers. However, there have been a very few LEDs-based PAS instruments
reported so far. Bottger was the first to introduce the off-beam QEPAS using a 280 nm LED
as a radiation source for the detection of ozone in 2013. A detection limit of about 1.27 ppmv

was reported [120].

In this work, three different PAS configurations were in-house constructed to examine the
capability of a deep UV-LED in acoustic waves generation for detecting vapors of BTEX
compounds as given in figure 2-3. It was found from the BTEX species’ absorption spectra
that the emission wavelength of 260 nm exhibits a good compromise for determining those. A
260 nm LED, thus, was chosen as the light source for all measurements. A microphone was
used in the first measuring system for the detection of sonic outputs. This was mount on an

aluminum tube (6 cm long, 8 mm 1.d) in between the LED at one end and the photodiode at
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the other end. The second arrangement employed a QTF as the sensor of acoustic signals that
was placed in a plexiglas box (5x5x7 cm) used as the photoacoustic cell. The radiation beam
from the LED transmitted via an optical fibre (300 um i.d) passed through the gap between
two prongs of a QTF (0.3 mm). The distance between an optical fibre and a QTF was 2 mm.
In the last configuration, a QTF was fixed alongside the photoacoustic cell made from an
aluminum tube (3 cm long, 2 mm i.d). This tube also acted as a resonator of the QEPAS
detector. A 0.3 mm aperture of the resonator was simply created by a drill hole. The gap
between a QTF and the aperture was about 0.5 mm. A bundle of optical fibres (20 fibres, 1.9

mm outer diameter) was used for the light coupling from the LED to the tube.
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Figure 2-3: Photoacoustic measuring configurations of the toluene vapor detection
(A)-1: an UV-LED; 2: a microphone; 3: a photoacoustic cell; 4: a photodiode
(B)-1: an optical fibre; 2: a photoacoustic cell; 3: a quartz tuning fork
(C)-1: a bundle of optical fibres; 2: an aperture; 3: a resonator tube;

4: a quartz tuning fork.

Demonstrated in figure 2-4 is the experimental setup of the PAS measurements. A 260 nm

LED was modulated at expected frequencies by a function generator (Model: AFG1022,
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Tektronix, USA). An LED was driven at the maximum peak current of 60 mA. Signals
detected by a microphone and a QTF were recorded by a lock-in amplifier combining
preamplifier circuitries in which feedback resistors of 220 kQ and 10 MQ were employed for
the former and later, respectively. The time constant of 100 ms and a band-pass filter were set
at a lock-in amplifier (Model: 5210, Princeton Applied Research, USA). A function generator
was also used as a reference source for a lock-in amplifier. The data acquisition was
performed by an e-corder acquisition system (Model: ED401, EDAQ, Australia) with a Chart
software running on a computer. The vapor of a target compound was formed through the
vaporization with nitrogen in a dreschel bottle (total internal volume of 200 ml). The
introduction of nitrogen to the bottle and the vapor to photoacoustic cells for measurements

was performed by mass flower controllers (maximum flow rate of 100 mL/min).

Vaporization
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Figure 2-4: The experimental setup of the photoacoustic spectroscopy measurements

Prior to the sample measurements, the sine wave modulation of the UV-LED at different
frequencies by a function generator was examined. The UV-LED and a photodiode selective
for the emission wavelengths were oppositely mounted on the aluminum tube as shown in the
measuring configuration (A), figure 2-3. Signals from a photodiode were read out by the
current-follower mode with a 100 kQ feedback resistor. Observed by an oscilloscope, the sine
wave outputs of a photodiode in the wide range of modulation frequencies up to 50 kHz were
obtained. It was proved that the radiation source of the UV-LED could be modulated at
desired frequencies. The practical uses of a microphone and a QTF was also tested via their

responses to the acoustic outputs of a loudspeaker and an ultrasonic transmitter, respectively.
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The performance of these PAS configurations was preliminarily tested for the detection of
toluene vapor. It was initiated by measuring the absorption of toluene vapor introduced from
the dreschel bottle with configuration (A) to establish an efficient introduction of target vapor
to the cell and its absorption at the emission band. The absorbance value produced by a
photodiode in a current-follower mode with a 10 MQ resistor was 483 mAU. When a
microphone was deployed for the PA signals detection, the modulation frequencies were
tuned from 1000 to 5000 Hz with the steps of 25 Hz to obtain its highest output. In the
detection with a QTF, the light source was modulated at the range of 32740 Hz - 32800 Hz
with the steps of 2 Hz that covers the resonant frequency of a QTF (f = 32768 Hz). It was
found that in all measurements with three configurations, there were no variations in PA
signals when the toluene vapor was introduced to PA cells. The poor sensitivity of these PAS
configurations mainly results from an insufficient radiation intensity of the UV-LED. In spite
of efforts to optimize the position of a QTF and the size of a resonator, the outputs were not
improved. The fluctuation of background signals of the on-beam QEPAS arrangement was
found to be significantly higher than those of the others. This was presumably due to the

touch of a light beam onto the prongs of a QTF, which accelerates their mechanical bending.

2.4.2. Development of a deep UV-LED absorption cell for BTEX compounds

An optical detector was designed and constructed for the absorbance measurements of BTEX
compounds which featured the simplicity based on the use of a high-intensity 260 nm LED
and PDs selective for an emission band of the LED as given in figure 2-5. Additionally, its
direct relationship between absorbance values and concentrations was also required. In this
design, a bundle of 20 optical fibres (7 cm long, 1.9 mm i.d) was used for a light coupling
from the LED to an aluminium absorption cell (40 cm long, 2 mm i.d) and a reference PD to
which only one optical fibre of a bundle was targeted. With the use of an optical fibre, a
beam splitter that had been used in earlier designs for narrow-bore HPLC and CE was not
necessary. All mechanical holders for the LED, an absorption cell and photodiodes were
produced at a very high precision in order to minimize the noises induced by mechanical
fluctuations. The whole assembly was placed in a grounded metal case to shield the ambient
light and restrict the electromagnetic interference on a circuitry. The effect of temperature
variations on measurements was minimized with the attachment of insulating materials
inside a case. An electronic circuitry previously used for the detection with CE was
employed featuring a log-ratio amplifier for processing photocurrents and generating output

voltages corresponding to concentrations, an offset facility for zeroing the baseline and a
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low-pass filter for a high-frequency noise removal with a 10 Hz cut-off frequency. An
efficient heat-sink system was applied to the LED to maintain its performance when operated

at the high current of 100 mA.

2
yd
H /3 /4
_?L-Jgi — Fh_
= =
yd e
1 7 6 5

Figure 2-5. The mechanical arrangement of a detector
(1) an UV-LED;(2) a reference photodiode; (3) gas inlet; (4) gas outlet;
(5) a signal photodiode;(6) a measuring cell; (7) a bundle of optical fibres

BTEX compounds were vaporized and diluted with nitrogen to obtain the concentrations of
vapors in ppb and ppm ranges by the use of mass flow controllers. The calculation of
concentration values is in the dependence on the amounts of introduced nitrogen that were
precisely determined from the mass difference acquired with a balance arranged underneath
the dilution container. Evaluated in absorbance measurements of vapors produced from
individual compounds, the performance of this detector was promising. Calibration curves
over two orders of magnitude (from 1 to 110 ppm) with good correlation coefficients (» >
0.999) and reproducible output signals (RSD < 2.5%) were achieved with all species. The
baseline noise values measured as peak to peak fluctuations of about 40 AU are comparable
with those of the early-developed detector for CE (50 wAU) with the same application of a
low-pass filtering. Excluding benzene, the detection limits of the others were below 1 ppm
(457 - 658 ppb). It was found that this photometric cell has a better sensitivity than the
reported deuterium lamp-based device of which the detection limit for benzene was
determined as 13 ppm with the path-length of 30 cm [121]. For the verification, the
absorbance of a 60 ppm BTEX standard mixture (10 ppm for each components) was
measured. The deviation between the absorbance value for a standard mixture (9.55 mAU)
and the sum of expected values for each compound at 10 ppm (9.7 mAU) was found to be less

than 2%. Detection limit for the BTEX standard mixture down to 680 ppb could be obtained.
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Light-emitting diodes may also serve as light detectors, and the combination of two of these devices, one
serving as light source, the other for detection, has been reported repeatedly for use in analytical photometry.
A comparative study of the performance of light-emitting diodes in this role and that of a standard
photodiode is reported herein. The spectral sensitivities of the light-emitting diodes were found to be as
narrow as their emission bands, but shifted to shorter wavelengths, so that the spectral overlaps between
emission and sensitivity of the same devices are very limited. The photocurrents of the light-emitting diodes
were found to be about ten times lower than those of the photodiode. In the discharge mode (the time for
discharge of the p/n-junction by the photocurrent is measured) as well as the photovoltaic mode, both of
which had previously been reported for light-emitting diodes used as detectors in photometric devices,
the performance of a light-emitting diode was on a level that is adequate for many analytical purposes, but

the photodiode generally gave better precision and the signals showed faster settling times.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Light-emitting diodes (LEDs) from the near infrared to the
UV-range are often employed as radiation sources for photometric
detection in analytical chemistry. They are good alternatives to
conventional incandescent sources or discharge lamps for optical
measurement systems due to their advantages of small size, long
lifetime, high stability, low heat production, low power consumption
and low cost. As most LEDs emit only over a narrow wavelength
range, monochromators are not needed, which allows the construc-
tion of very simple devices (see for example [1]). On the other hand, a
change in wavelength requires an exchange of the light source, and it
is not possible to acquire spectra of samples. A photometric mea-
surement with an LED was first described by Flaschka in 1973 [2].
Since then a multitude of devices have been described in the
literature. These include instruments for absorbance measurements
in cuvettes (see for example [3-6]), detection in flow-injection
analysis [7-9], on-line detection in process analysis [10,11], as well
as detection in HPLC [12-14] and capillary electrophoresis [15-19].
Several reviews have appeared [1,20-23]. Commercial products are
also available, in particular in the form of portable instruments for
carrying out photometric tests in the field.

Photometric measurements are governed by the well known
Lambert-Beer law, which relates absorbance, A, to concentration,
¢ (e is the molar absorptivity coefficient, and b the optical path-
length). The absorbance is obtained from the light intensity before

* Corresponding author. Tel.: +41 61 267 1003; fax: +41 61 267 1013.
E-mail address: Peter.Hauser@unibas.ch (P.C. Hauser).

0039-9140/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.talanta.2013.08.007

50

(Ip) and after passage (I) through the measuring cell. These para-
meters are usually determined with detectors which give current
outputs that are proportional to light intensity, hence A can also be
expressed as a function of the detector currents (ip and i):
Io i

A=¢ebc= log T= logT 1)
The mathematical transformation needed to obtain the value of
A from the measured parameters is usually carried out by the
instrument. As this is a complication, simple devices often give an
output value which is proportional to transmittance, T, which is given
by the simpler relationship

2

However, T is not proportional to concentration, and non-linear
calibration curves are obtained for this parameter. For devices based
on LEDs it is usually also not necessary to obtain the reference
parameter (Ip or ip) as this stays fairly constant due to the inherent
stability of these light sources. It is thus possible to work with a
single detector for light intensity. The measured value may then be
an arbitrary parameter (such as a voltage derived from the detector
current by an electronic circuitry) and the exact relationship of this
signal with the concentration is established by calibration.
Commonly LEDs are paired with silicon photodiodes (PD) as
detectors. These devices are as easy to use as the LEDs, have good
sensitivity and are frequently employed in modern commercial
photometric instruments. Only when extremely low light levels need
to be detected the more complex and expensive photomultiplier tubes
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are still required. Photodiodes are readily available in different forms
from suppliers of electronic components.

It has also been known that LEDs can function as photodiodes as
well [24]. In similarity to their emission performance, their spectral
detection sensitivity is restricted to a narrow band. This feature has
been made use of for applications in which the wavelength selectivity
of detectors is a requirement, ie. in a sun spectrometer reported in
1992 by Forrest M. Mims [24] and in remote sensing in agronomy
(spectral reflectance to study vegetation coverage) [25]. In these
instruments, the LEDs are inexpensive substitutes for photodiodes
fitted with interference filters to restrict their wavelength sensitivity
range. The latter are expensive due to the inclusion of the costly filters.
Some fundamental studies concerning the spectral and dynamic
behavior of a blue and of a red LED used as detectors were carried
out by Miyazaki et al., (1998) [26].

The possibility of the pairing of two LEDs, one of which acts as
detector, was mentioned in 1993 by Dasgupta et al, but was
discouraged due to the low photocurrents found for the LEDs then
available [1]. In the more recent years however, several research
groups have reported the successful use of LED pairs for photometric
devices for analytical chemistry [27-38]. The term PEDD (for Paired
Emitter-Detector Diodes) has frequently been employed for this
arrangement. Nevertheless, in these arrangements the wavelength
selectivity of the LED used as detector was not required as this is
already determined by the LED used as a source. A rationale for the
substitution of silicon photodiodes in these devices has not often
been given, but cost saving has been stated and it has been suggested
that advantageous measuring modes require the use of LEDs.

This report examines the use of LEDs as an alternative for
conventional photodiodes in photometric devices based on LEDs as
emitters.

2. Experimental

2.1. Instrumentation

The LEDs (5 mm diameter plastic package, water clear) of different
colors were obtained from Everlight (Shulin, New Taipei City, Taiwan)
(R1=Part No. 3832SURC/S530A3), (R2=Part No. 3832SURC/S400A6),
(R3=Part No. 3832SURC/S530A3), (Y1="Part No. 3832UYC/H2/S400),
(G1=Part No. 383SYGC/S530E2/H2), Kingbright (Chungho, New Taipei
City, Taiwan) (RO1=Part No. L7113SEC/H) and Avago (San Jose, CA,
USA) (R4=Part No. HLMP3750). The silicon photodiodes (SFH 203P)
were products of Osram (Regensburg, Germany). The quartz glass
cuvettes with an optical pathlength of 1 cm were obtained from
Hellma (Model 1001040, Type 100QS, Miillheim, Germany). The
spectrometer used to determine the emission spectra of the LEDs
(Model S2000, with a spectral bandwidth of 3 nm) was obtained from
Ocean Optics (Dunedin, FA, USA). The sensitivity data of the LEDs were
acquired by placing them at the exit slit of the monochromator of a
laboratory spectrophotometer fitted with a tungsten lamp (Model CE
303 from Cecil Instruments, Cambridge, England, spectral band-
width=10 nm). The beam splitter was sourced from Qioptiq Photonics
(Part No. G344312000, Munich, Germany). Purpose made devices
were employed for positioning and aligning of light sources, beam
splitter, cuvettes and detectors according to different experiments and
to exclude ambient light. The different measurement configurations
employed are shown schematically in Fig. 1. The operational amplifier
(Model OPA121) and the logarithmic ratio amplifier (Model LOG102)
were products of Texas Instruments (Austin, TX, USA). The microcon-
troller used was an ATmega328 (Atmel, San Jose, CA, USA) on an
Arduino Uno board (RS Components, Wddenswil, Switzerland).
A standard multimeter obtained from Fluke (Model 75, Everett, WA,
USA) was used to measure voltage signals. The e-corder data-acquisi-
tion system (Model ED401) and the Chart software package employed
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to measure the noise levels of the signals from the photodiodes and
LED-detectors were obtained from EDAQ (Denistone East, New South
Wales, Australia). The noise values were determined as the maximum
deviations over a period of 30 s, no electronic filtering was applied.
The light intensities of the LEDs used as light sources were controlled
with a constant current supply built with a linear regulator from
National Semiconductor (Model LM317, Santa Clara, CA, USA).
The currents were set to 25 mA, except for the measurements
concerning the effects of the light intensity. For these the currents
were adjusted to different values between approximately 2.5 mA and
25 mA and the relative intensities were determined with the photo-
diode used in the photocurrent configuration. As can be seen in Fig. 2
for one of the LEDs the dependence of the intensities on current was
found to be close to linear.

2.2. Reagents

Thymol Blue and sodium hydroxide of analytical grade were
products of Siegfried (Zofingen, Switzerland) and Fluka (Buchs,
Switzerland) respectively. Deionized water was used for all experi-
ments and was obtained from a NANO-Pure purification system
(Barnstead, IA, USA).

3. Results and discussion
3.1. Spectral considerations

It has been known that the spectral sensitivity of LEDs when used
as photodiodes is restricted to a relatively narrow range but only
limited quantitative information has been available. Miyazaki et al.
measured the sensitivity spectra of a red and a blue LED and
compared these with their emission spectra [26]. It was found that
in both cases the detection sensitivity was shifted to shorter
wavelengths. The emission and sensitivity spectra for 5 LEDs from
green to red are shown in Fig. 3A and B respectively. The sensitivity
measurements were carried out in the photocurrent (or photocon-
ductive) mode, ie. the currents produced by the photodiode were
measured. The current follower circuit arrangement employed is
shown in Fig. 1A. As can be clearly seen, the sensitivity spectra are
shifted significantly to shorter wavelengths. For the selection of LEDs

A B
V
S — ATmega
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Vo
Signal
s _— VO
:i - LOG O
- 102
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Fig. 1. Measuring configurations used. (A) Photocurrent mode with operational
amplifier in the current follower configuration, (B) the capacitance discharge method
with microcontroller, (C) photovoltaic mode with two options: high input impedance
operational amplifier in the voltage follower configuration or direct connection to
a multimeter, and (D) photocurrent mode with log ratio amplifier configuration.
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Fig. 2. Photocurrent of the photodiode (SFH203P) in dependence on the forward
current of the yellow LED (Y1). Measured with the arrangement of Fig. 1A.
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Fig. 3. Emission spectra of the LEDs (A), and sensitivity spectra of the same LEDs
used as detector (B).

this shift was between about 40 and 60 nm. The extent of the shift
thus varies, for instance the green (G1) and yellow (Y1) LEDs have
almost identical sensitivity ranges despite their different emitted
colors. Note that while the maxima of the peaks can be expected to
be representative, the shapes of the bands of the sensitivity spectra of
Fig. 3B should only be taken as a rough indication as they were
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affected by the relatively wide spectral bandwidth (10 nm) of the
instrument available for these measurements. It was not possible to
acquire any sensitivity spectra for blue LEDs, possibly because of the
low intensity of this same system at shorter wavelengths, and these
were therefore not further considered in this study. The results
demonstrate that when the same type of LED is paired, the spectral
overlap between emission and sensitivity is very limited.

3.2. Current yields for the photodiode and the LED-detectors

A comparison of the sensitivity of the LEDs when used as
detectors with that of a standard photodiode was carried out by
setting the monochromator of the light source to the wavelength
of maximum sensitivity for each LED as determined in the
previous section. The LEDs and the photodiode were individually
mounted on a positioning stage in front of the exit slit and their
geometric positions were optimized for the highest signal. The
photocurrents generated by the detectors were again measured
with the circuitry of Fig. 1A. As can be seen from Table 1, currents
between about 0.5 and 4.5 nA were obtained. These levels are
relatively low, but well within the capabilities of inexpensive
modern electronic circuitry. The currents obtained for the photo-
diode, as expected, were higher than for the LEDs, but with
a difference by a factor of about 5-40 times for the values between
the two devices, the discrepancy was not as large as had been
suspected. Note that the photodiode is a standard silicon type with
a sensitive area of 1 mm?, and is representative for similar models
readily available from a range of suppliers. The comparison of the
results for the 4 different red LEDs (R1-R4) indicates that there is
no relationship between their sensitivity and brightness.

A further test was carried out by matching one of the LEDs as
an emitter (Y1) with 3 different detector options: the photodiode,
a second LED of the same type, and a different LED (RO1) which
has a good match of its sensitivity spectrum to the emission
spectrum of the emitter as can be seen from Fig. 3. This experi-
ment was carried out by mounting the two devices on opposite
sides of a holder for a standard cuvette of 1 cm pathlength. The
positions of the emitter and detectors were again adjusted in each
case to obtain the highest output signals which were measured in
the photocurrent mode. The measurements were also carried out
for different light intensities which were set by adjusting the
currents through the LED serving as light source to 2.5 mA, 10 mA
and 25 mA. The results are given in Table 2. The currents of the
photodiode were again higher by about a factor of 10 compared to
the LED with a good spectral match with the emitter. This is in
agreement with the results reported in Table 1. The use of the
twinned LEDs (same LED types as emitter and detector) led to
currents which were about 3-5 times lower than those of the best
match LED. The reason for this difference must be the mismatch
between the responsitivity spectrum (Amax=534 nm) and the
emission spectrum (Ama.x=595 nm) of the yellow LED (Y1) as

Table 1
Current yields of the LED-detectors and the photodiode placed at the exit slit of the
monochromator set to the wavelengths of maximum sensitivity for each LED.

LED Luminous Peak emission Wavelength of Current Current yield
intensity ~ wavelength, = maximum yield of  of photodiode
(mcd) Amax (NM) sensitivity (nm) LEDs (nA) SFH 203P (nA)

R1 2500 630 568 0.5 20.6

R2 6300 635 570 45 20.6

R3 800 639 596 1.8 23.6

R4 125 638 610 14 235

RO1 10,000 637 594 3.6 224

Y1 1000 595 534 23 134

G1 320 578 530 0.7 134
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Table 2
Current yields and noise levels of two detector LEDs (twinned, Y1, and best spectral match, RO1) and the photodiode (SFH 203P) at different currents supplying the source
LED (Y1).

Detector 25mA 10 mA 2.5mA

Current (nA) Noise (nA) SIN Current (nA) Noise (nA) SIN Current (nA) Noise (nA) SIN

Y1 93.6 3.8 24 57.2 2.6 22 1.5 2.0 5.8

RO1 474 22 215 223 15 149 389 13 30

SFH 203P 5564 0.8 6950 2516 0.35 7190 441 0.07 6300
illustrated in Fig. 3. The data of this figure leads to the expectation & 20007 - 10000
of an even lower current yield for the pairing of two of the yellow = o
LEDs, but note again that the sensitivity spectra shown in Fig. 3 % 1500 - 8000 §
cannot be taken as fully quantitatively representative due to the N ]
limitations of the experimental system. Also given in Table 2 are E L 6000 ®
the noise levels associated with these measurements. As can be P 1000 g
seen, the absolute noise levels are lowest for the photodiode and 3 e 4000 g
highest for the yellow LED with the poor spectral match. Thus for E ;6
the photodiode and the lowest light intensity (2.5 mA passed g, 500 L 2000 o
through the source LED) the signal-to-noise ratio is still excellent = R =
(> 6000) while for the yellow LED as detector this drops to a low 3 z
5.8. Note that no electronic noise filtering was applied for these e 01 . . . . —T0
measurements. 500 1000 1500 2000 2500 3000

3.3. Light intensity measurement by the discharge method

PEDD devices have been employed by measuring the discharge
time for the incidental junction capacitance of an LED [36,38]. The
capacitance is discharged by the photocurrent and thus the rate
of discharge is faster for higher levels of irradiation. A plot of the
logarithm of the discharge time was reported to be approximately
linear with concentration in absorption measurements [36],
presumably because the discharge of a capacitor follows a log-
function. The method can be implemented with a simple microcon-
troller without requiring a separate analog-to-digital convertor or
analog electronic circuitry. In this work, this mode was evaluated
again for the favorable combination of the yellow LED (Y1) as emitter
with the red-orange LED (RO1) as detector, as well as the photodiode
as detector, again by mounting them on the cuvette holder at a
distance of approximately 1 cm. The circuitry is illustrated in Fig. 1B.
The reverse biased LED is first charged through the port of the
microcontroller which is set to the output mode and turned to a logic
HI (5 V). Then the port is switched to the input mode and the time
taken for the voltage across the diode to decay to a logic LO level is
determined with an internal counter. The discharge times in us
obtained for the two combinations in dependence of the intensity of
the emitting LED are plotted in Fig. 4. Note the different scales for the
two devices. The data indicates that both components, the LED as
detector as well as the photodiode, may be employed in this mode,
but the discharge times are shorter for the photodiode by a factor of
about 10. This may be due to the higher current yields for the
photodiode, as demonstrated above, but the junction capacitances
are not known and can be expected to be different as well. The
shapes of the response curves are non-linear with light intensity and
different for the two devices. The readings differ by a factor of about
5 between the lowest and highest intensities for the LED while for
the photodiode this spans a factor of about 10. A weak point was
found to be the reproducibility of the measurements. The resolution
of the system is 4 us, which introduces digitization errors, especially
for the shorter measured times, but the fluctuations are generally
more pronounced. The relative standard deviations obtained from
5 readings were determined to be between about 2% and 6%. As the
measurement is fast, an improvement can be obtained by averaging
repeated readings to improve the precision. The standard deviations
obtained for averaged readings (1000 individual measurements,
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Intensity of source LED (nA)

Fig. 4. Light intensity measurements using the junction discharge method (see Fig. 1B)
for the red-orange LED (RO1) and the photodiode (SFH203 P) for different intensities
of the source LED (Y1). These intensities refer to the photocurrents determined with
the photodiode using the arrangement of Fig. 1A.

Table 3

Discharge times (mean of 1000 readings) and standard deviations for these
averaged readings (n=>5) obtained with the detector LED of best spectral match
(RO1) and the photodiode (SFH 203 P) at different currents supplying the source
LED (Y1).

Detector 24 mA 12 mA 3mA
Mean RSD Mean RSD Mean RSD
discharge time (%) discharge time (%) discharge time (%)
(ps) (us) (ns)
RO1 1724.6 3.3 44014 2.9 9460.6 0.07
SFH 149.8 0.99 2944 0.57 1707.0 0.56
203P

which required about 10 s to acquire) for some of the measurements
are given in Table 3. The values are generally better, very good for the
low light intensities for the LED used as detector, but still around
3-4% for the high intensities. For the photodiode the pattern is more
consistent with all values being around 1%. The data demonstrates
that photodiodes are at least as suitable for this measurement
approach as the LEDs.

3.4. Light intensity measurement in the photovoltaic mode

Tymecki and coworkers suggested the use of LEDs as detectors in
the photovoltaic mode [32,30]. In this approach the voltage developed
across the diode on irradiation, without load, is measured. For
a photodiode a logarithmic voltage (V) response to photocurrent (i),
and hence light intensity, is expected [39]

(i)

k is the Boltzman constant, T the absolute temperature, e the
elementary charge, and ip the dark current of the photodiode. The

vV = 3)

e
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slope factor at room temperature is approximately 25 mV (or 58 mV
for the decadic logarithm). The voltage is thus inversely propor-
tional to absorbance, A, of Lambert-Beer's law which is also
logarithmically dependent on light intensity (see Eq. (2) above).
The approach is thus a simple method to obtain signals which are
proportional to concentration. The measuring arrangement is illu-
strated in Fig. 1C. Two options were used in this work. The voltage
was either determined via a high input impedance operational
amplifier in the voltage follower mode or directly with a standard
multimeter. The operational amplifier has a very high input
impedance (10" Q) and a negligible input bias current (<5 pA)
and thus only draws an insignificant current, comparable to the
input of a pH-meter (as used by Tymecki et al. [32,30]), but the
multimeter has a standard input impedance of 10 MQ so that a
current in the high nano-ampere range is pulled from the source.

The photovoltaic responses of LED RO1 as detector and the
photodiode (using again LED Y1 as emitter) are shown in Fig. 5A
and B respectively. As can be seen, the LED as detector showed a
much higher sensitivity than the photodiode. Note the different
scales for the two plots. For the LED the change in voltage was
several hundreds of mV for a change of light intensity of approxi-
mately one order of magnitude, but the response function was not
linear with the logarithm of light intensity. For the LED as detector
the signals were strongly dependent on whether the measure-
ments were carried out by direct connection to the multimeter, or
via the high impedance operational amplifier. The multimeter
with the relatively low input impedance of 10 MQ showed a strong
loading effect. It was also found that for the readings with the LED
as detector it always required about 1-2 min of time to achieve
stable voltage signals in both measurements approaches. For the
photodiode the response was almost linear with the logarithm
of the intensity according to our measurements with a slope close
to the theoretically expected (64 and 66 mV per decade for the
measurements with the operational amplifier and multimeter
respectively). In this case, the readings were almost identical for
the two measuring systems. For the photodiode stable readings
were established within seconds.

3.5. Measurements of dye solutions using the photovoltaic mode

As the photodiode was found to perform very well in the
photovoltaic mode using the direct measurement with a multimeter,
this promising new configuration was therefore tested for carrying
out measurements of dye solutions. For comparison measurements
with a conventional set-up using a beam splitter with a reference
photodiode were also made. In this case the photocurrents were
processed by a log-ratio amplifier in integrated circuit format which
gives an output voltage, V,, according to the following equation:
Vo = long? (6)
The output voltage therefore directly represents absorbance, A. The
measuring arrangement is shown in Fig. 1D and corresponds to the
standard set-up employed in molecular absorption photometry. Solu-
tions of Thymol Blue prepared in 0.1 M sodium hydroxide solutions
were tested, and the yellow LED-emitter (Y1) which has a peak at
595 nm was chosen as the light source because of its compatibility
with the absorption spectrum of the dye (4max=592 nm). The current
driving the LED-emitter was kept constant at 25 mA.

The results obtained for the photodiode in the photovoltaic and
the log-ratio modes are shown in Fig. 6A and B respectively. The
values for Fig. 6B correspond to mAU (milli-Absorbance units). The
plot is almost linear (correlation coefficient, r=0.9997), the very
slight curvature is a common feature for LED based absorbance
measurements which is due to the not perfect monochromaticity of
the light source, which is a violation of the prerequisites for strict
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Fig. 5. Responses in the photovoltaic mode (see Fig. 1C) for the red-orange LED (RO1)
(A) and the photodiode (SFH203P) (B) using either the high impedance version
with the operational amplifier (circles) or the multimeter directly (squares) for
different intensities of the source LED (Y1). The intensities refer to the photocurrents
determined with the photodiode using the arrangement of Fig. 1A.

adherence to Lambert-Beer's law [40]. The standard deviation for
5 measurements of the solution of 6 ppm (n=>5) was determined as
0.12%. The photovoltaic response is also good (r=0.9996), but the
slope is negative and the measured voltages do not directly represent
absorbance values. The standard deviation for the measurement of
the solution of 6 ppm (in terms of concentration) was 0.34%.

4. Conclusion

In the direct comparison between the use of LEDs as detectors and
a photodiode it was found that, while the LEDs usually gave adequate
results, the photodiode generally performed better. First of all, there is
no difficulty regarding the spectral match between source and
detector when using the latter. The photodiode also tended to give
more predictable and reproducible results and stable readings were
obtained instantly, while the LEDs settled slowly. This is not surprising,
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Fig. 6. Measurements of Thymol Blue solutions using the yellow LED (Y1) as
emitter. (A) Photodiode (SFH203P) as detector in the photovoltaic mode using the
direct measurement with the multimeter. (B) Photodiode (SFH203P) as detector in
the log-ratio approach.

given that the latter have been optimized for emission, and hence the
underlying physics are different for the two types of components
(LEDs are direct bandgap devices, while photodiodes are indirect
bandgap devices). For this reason, the reverse is also not possible,
ie. photodiodes do not emit light. The results also demonstrate that
photodiodes tend to perform better in the special modes which had
been suggested for the PEDD transducers (i.e. the junction discharge
method and the photovoltaic mode). Note that the photodiode
employed in these studies is a low cost version, widely available
for approximately 1 US$ from distributors, which is comparable to the
cost of LEDs. The use of a photodiode in combination with a log-ratio
amplifier remains the best approach as it directly yields absorbance
readings. Note that the reference is only necessary for the most
demanding applications. The log-ratio amplifiers are now available
from distributors for less than US$ 20 while only a few years ago
the cost was significantly higher. If a truly low cost approach to
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photometry is sought, a photodiode used directly with an inexpensive
multimeter in the photovoltaic mode should give acceptable results.
We are not aware of prior reports on this set-up being employed in
analytical chemistry. The only advantage of the use of LEDs as
detectors is their spectral selectivity, but this is not generally relevant
if paired with LEDs as sources.
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1 Introduction

Light-emitting diodes (LEDs) are compact, have high effi-
ciency, and stability as well as long lifetimes. They also show
relatively narrow emission bands. When employed in analyt-
ical instrumentation, monochromators or optical filters are
therefore generally not necessary, and it is possible to con-
struct simple and inexpensive yet powerful devices by sub-
stituting incandescent or discharge lamps and monochroma-
tors or filters with LEDs. Their emission bands of typically
30 nm width are well matched to the absorption bands of
molecules. Flaschka et al., in 1973, were the first to sug-
gest the use of LEDs as emitters in photometry [1]. Since
then, LED-based devices have been developed for many dif-
ferent analytical applications. These include detection in flow
injection analysis (see e.g. Ref. [2, 3]), membrane-based op-
tical sensors (see e.g. Ref. [4—6]), detection in CE (see e.g.
Ref. [7-10]), and the initiation of polymerization in the fabri-
cation of monolithic columns for chromatography [11]. Dif-
ferent aspects have been reviewed repeatedly [2,12-15].

The use of LEDs for detectors employed in column chro-
matography has also been reported. Schmidt and Scott, in
1984, developed a simple 550 nm green LED-based detector
coupled to an ion chromatographic setup to determine trace
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Research Article

Absorbance detector based on a deep UV
light emitting diode for narrow-column HPLC

A detector for miniaturized HPLC based on deep UV emitting diodes and UV photodiodes
was constructed. The measurement is accomplished by the transverse passage of the ra-
diation from the light-emitting diode (LED) through fused-silica tubing with an internal
diameter of 250 pwm. The optical cell allows flexible alignment of the LED, tubing, and pho-
todiode for optimization of the light throughput and has an aperture to block stray light. A
beam splitter was employed to direct part of the emitted light to a reference photodiode and
the Lambert-Beer law was emulated with a log-ratio amplifier circuitry. The detector was
tested with two LEDs with emission bands at 280 and 255 nm and showed noise levels as low
as 0.25 and 0.22 mAU, respectively. The photometric device was employed successfully in
separations using a column of 1 mm inner diameter in isocratic as well as gradient elution.
Good linearities over three orders of magnitude in concentration were achieved, and the
precision of the measurements was better than 1% in all cases. Detection down to the low
micromolar range was possible.

Keywords: Light-emitting diode / Narrow-bore chromatography / UV detection
DOI 10.1002/jssc.201300598

metals complexed with 4-(2-pyridylazo)resorcinol [16]. A pho-
tometric detector for the indirect determination of alcohols
in RPLC based on measuring the absorption of methylene
blue with a 565 nm LED and a photodiode was described by
Berthod et al. in 1990 [17]. In 2006, Diamond and co-workers
also reported devices employing green LEDs for the determi-
nation of metals complexed by 4-(2-pyridylazo)resorcinol [18]
and o-cresolphthalein complexone in column chromatogra-
phy [19]. For HPLC, however, the deep UV range <300 nm
is of significant interest because the majority of potential an-
alytes absorb only in this region and thus detectors based on
visible LEDs are of limited practical use. LEDs for the short
wavelengths <300 nm have only become available in recent
years, but two HPLC detectors based on LEDs emitting at 280
and 255 nm have been reported by our group [20,21]. The de-
tection cells were designed for an HPLC setup employing
conventional columns of 4.6 mm id and had a standard opti-
cal pathlength of 10 mm. The performance of the optimized
second version of the relatively inexpensive device was com-
parable to a conventional commercial HPLC detector [21].
The use of a 255 nm LED in a detector for CE has also been
described [22,23].

In HPLC, there is a trend of using columns with narrower
diameters. The most important reason for this is the increas-
ing use of MS for detection, for which only minute amounts
of analytes are required. Also important is the reduction in
the amount of consumables (expensive solvents of high pu-
rity), waste, and the required sample volumes that goes hand
in hand with the reduction of the column diameter. A good
introduction to the topic has been given by Saito et al. [24] and
recent developments have been summarized by Zotou [25].
On the other hand, with the exception of MS, detection
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becomes a challenge on downscaling. The development of
special detectors for miniaturized HPLC is therefore of in-
terest. For this reason, the use of contactless conductivity
detection has been explored for combination with narrow-
bore separation columns [26,27]. Herein, a deep UV detector
based on LEDs for use with 1 mm id columns (micro-LC) is
described.

2 Materials and methods
2.1 Instrumentation

Two UV-LEDs emitting at 255 and 280 nm
(UVTOP255TO39BL  and UVTOP280TO39BL)  were
products of Sensor Electronic Technology (Columbia,
SC, USA). The photodiodes for the UV range (SGO1L-C)
were sourced from Sglux Solgel Technologies (Berlin,
Germany). The fused-silica tubing (250 pm id/1600 wm od)
employed for detection was obtained from Fibertech (Berlin,
Germany). The beam splitter (G344312000) was sourced
from Qioptiq Photonics (Munich, Germany). The log-ratio
amplifier (LOG102) and operational amplifiers (TL072)
used for the current measurements were purchased from
Texas Instruments (Austin, TX, USA). The micro-HPLC
pump/degasser unit (Rheos 2000) was a product of Flux
Instruments (Basel, Switzerland) and was fitted with a
six-port injection valve (M485) from Upchurch Scientific
(Oak Harbor, WA, USA). The column for HPLC separation
(Cis, 3 pm, 150 x 1 mm) was a product of Phenomenex
(Torrance, CA, USA). An e-corder ED401 data acquisition
system and the chart software package used to digitize
the signals were products of EDAQ (Denistone East,
Australia).

2.2 Reagents

All chemicals were either of analytical or HPLC grade.
Methanol and TFA were obtained from J.T. Baker (Deventer,
The Netherlands). Acetonitrile was a product of Fisher Scien-
tific (Wohlen, Switzerland). Formic acid, caffeine, KH,PO,,
4-hydroxybenzoic acid, and 2-acetylsalicylic acid were pur-
chased from Fluka (Buchs, Switzerland). Ascorbic acid was
sourced from Merck (Zug, Switzerland). Phosphoric acid
(H3PO4) was obtained from VWR (Dietikon, Switzerland).
The other chemicals, namely, pi-tryptophan, paracetamol
(acetaminophen), caffeine, sorbic acid, sulfathiazole, sul-
famerazine, sulfamethazine, cytidine, uridine, guanosine,
adenosine, and xanthosine were products of Sigma-Aldrich
(Buchs, Switzerland). Deionized water was obtained from a
NANO-Pure water purification system (Barnstead, IA, USA).
All solutions were degassed in an ultrasonic bath and fil-
tered through 0.2 pm nylon filters obtained from BGB Ana-
lytic (Boeckten, Switzerland). The solutions used to evaluate
the linearity of the detector were prepared with deionized
water.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Results and discussion
3.1 Design of the detector

According to the Lambert-Beer law, the absorbance value (A)
is given by A = log(ly/I), where I, and I are the intensity
of the incident light and the transmitted light, respectively.
Measured by photodiodes these light intensities (I and I,) are
converted proportionally to electrical currents (i, and i), hence
the absorbance value can also be expressed as A = log(io/i).
The overall arrangement used to achieve this measurement
is sketched in Fig. 1A. The UV-LED was operated with a
constant current source in order to minimize variations of
intensity. The light from the LED was divided with the aid of
a beam splitter; one part was passed perpendicularly through
fused-silica tubing, which acted as the optical cell, and then
to the signal photodiode, while the other part of the beam
was guided to a reference photodiode. Note that special pho-
todiodes suitable for the deep UV range were required. These
also contain an optical filter to block longer wavelengths. The
reason for this is the occurrence of some additional emission
bands in the near UV and even visible range for the deep UV-
LEDs [20,21]. This is thought to be due the presence of weakly
fluorescent contaminants in the LED assembly. The currents
from the two photodiodes were processed with a log-ratio cir-
cuitry, which produces an output voltage (Vo) according to
Vo = log(io/i), where 1 V equals to 1 absorbance unit (AU),
and 1 mV = 1 mAU. Details of the circuitry can be found in
an earlier publication [21]. It also includes an offset facility
to compensate for an imbalance between the intensities of
the two signals, i.e. to zero the absorbance reading, as well
as an active low-pass filter in order to reduce high-frequency
noise.

The mechanical part of the detector was specifically de-
signed and built for use with the narrow-bore chromato-
graphic column. An overview of the mechanical arrangement
is given in Fig. 1B. The flow-through cell consisted of fused-
silica tubing of 7 cm length with 250 pm id and 1.6 mm
od. This was mounted on a black plastic holder, which com-
pletely divides the section containing the source LED from
the section containing the signal photodiode to avoid stray
light reaching the latter. Connections to external tubing were
made with appropriate fittings. An optical slit of 100 pm
width and 1 mm length was mounted in front of the tubing
in order to restrict the light beam to center of the tubing,
i.e. the liquid channel, and thus prevent stray light passing
sideways through the walls of the tubing. The UV-LED has a
built-in ball lens with a focal point approximately 15-20 mm
from the LED. This allowed the insertion of the beam splitter
in a 45° angle in front of the LED. The disk-shaped splitter
has a splitting ratio of 80:20 so that 20% of the light was
reflected to the reference photodiode. The UV-LED emitter
and the signal photodiode placed at the opposite sides of the
detection window were mounted on miniature positioning
stages to adjust their placements both vertically and hori-
zontally so that the latter received the maximum transmitted
intensity. These positioning stages were based on smooth
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T-shaped grooves and mating counterparts as well as locking
screws and were constructed in our workshop. The holder
for the LED also allowed a forward/backward adjustment to
account for variations in the focal length between compo-
nents. The positioning of the reference photodiode is not
critical as it receives more light than the signal photodi-
ode, and for this a fixed holder was constructed. All parts
had to be made very precisely in order to prevent any me-
chanical slack and wobble, which would otherwise cause
baseline instabilities due to changes in the transmitted light
intensity. The entire assembly, including the electronic cir-
cuitry, was mounted on a rigid baseplate and despite the rel-
ative mechanical complexity could be contained in a metal
case of 137 x 99 x 77 mm to shield it from ambient
light.

3.2 Noise, detection limits, and linearity
performance of the detector

The emitted powers of the deep UV-LEDs are in the mi-
crowatt range and therefore very low compared to conven-
tional visible LEDs. In the present setup, the light intensity
on the detector photodiode is further reduced compared to
previous cell designs [20, 21] due to the aperture restricting
the light to the narrow core of the quartz tubing. As at low
light levels the precision of signals will deteriorate due to
shot noise, it was important to evaluate if this would affect
the measurements. The shot noise, iy, of a current signal, is
(in this case the photocurrent of a photodiode), is given by
[28]:

i =(2-q-is- AP} M
in which q is the electron charge and Af the bandwidth in
Hz. The photocurrents for the present cell were determined
as 1.3 and 30 nA for the signal and reference photodiode,
respectively, when using the 280 nm LED as emitter. For the
255 nm LED, the respective currents were 21 and 460 nA.
Note that the currents were lower for the 280 nm LED despite
its higher output power (300 wW as opposed to 150 pW)
due to the wavelength filter built into the photodiodes. The
electronic data acquisition system used applied a low-pass
filter with a cut-off frequency of 1 Hz. According to Eq. (1),

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Design of the detector.
(A) Overview; (B) construction: (1)
fused-silica tubing, (2) holder for fused-
g silica tubing and optical slit, (3) UV-

LED, (4) beam splitter with holder, (5)

reference photodiode, (6) signal pho-
todiode, (7) positioning stages for UV-

LED, (8) positioning stages for signal
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photodiode.

the shot noise for a signal current of 1 nA is 18 fA, and
therefore still negligible.

The fundamental characteristics of the detector were then
investigated by measuring the absorbances of standard solu-
tions of tryptophan and 4-hydroxybenzoic acid, which have
strong absorption bands at 280 and 255 nm, respectively. The
detector was tested on its own, i.e. not as part of an HPLC sys-
tem, by filling the cell with solutions of the compounds. The
measurements were conducted with 1 Hz bandwidth filter-
ing to remove high-frequency noise. Note that the noise level
of signals measured with any detector is not only dependent
on its intrinsic noise, but also on the applied filter settings.
The noise recorded in this mode was determined by reading
the maximum fluctuations over a period of 60 s. It was found
that the values of noise were typically at 0.25 and 0.22 mAU
for the UV-LEDs emitting at 280 and 255 nm, respectively.
This performance is comparable with that reported for the
255 nm LED in a cell for CE used with a photomultiplier
tube as detector (0.1 mAU [22]) but worse compared to that
also obtained for a CE cell with a high intensity green LED
and a photodiode-based circuitry similar to that employed
here (30 AU [10]). Note, however, that the latter values were
obtained despite the narrower apertures of the cells for CE.
Standard solutions of the two compounds were prepared in
a wide range of concentrations, from 0 to 5000 wM for tryp-
tophan and from 0 to 1000 uM for 4-hydroxybenzoic acid.
Calibration curves, which were linear up to the highest con-
centrations measured, were obtained for both systems. Thus,
the detector responded strictly according to the Lambert-Beer
law indicating the efficient elimination of stray light. The re-
gression equation for the 280 nm LED and 4-hydroxybenzoic
acid was determined as A = 0.2906-c — 1.8866 (A in milli-
absorbance unit and ¢ in micromolar) with a correlation co-
efficient (r) of 0.99991 (ten concentrations). For the 255 nm
LED and tryptophan, the regression equation was determined
as A = 0.1296-c — 2.077 and the correlation coefficient also
as 0.99991. Note that the intercepts are somewhat arbitrary
as affected by the zero setting of the detector. The highest
absorbance readings obtained for the two wavelengths in this
experiment were 647 and 289 mAU for the 280 and 255 nm
LEDs, respectively. Higher concentrations, and thus higher
absorbance values, were not tested as they are not relevant for
the envisaged application as a detector in HPLC. The good
linearity of the detector indicates that stray light on the signal
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Figure 2. Chromatogram of a separation by isocratic elution de-
tected at 280 nm. (A) Ascorbic acid; (B) paracetamol; (C) caffeine
(all 1000 pM); column: Cqg, 3-um particle size, 150 x 1 mm; mo-
bile phase: 0.025 M aqueous KH,POQq4/acetonitrile (78:22 v/v); flow
rate: 50 pL/min; injection volume: 0.5 pL.

photodiode as well as dark currents on both photodiodes were
negligible. The detection limits were determined as 10 pM
for tryptophan and 5 uM for 4-hydroxybenzoic acid.

3.3 Applications with the 280 nm LED

The detector was then coupled to an HPLC setup to further
evaluate its capability. This was assembled from a microp-
ump, an online degasser, a six-port micro-injection valve, and
a Cyg separation column of 1 mm diameter and 15 cm length
containing 3 wm particles. Standard solutions of ascorbic
acid, acetaminophen (paracetamol), and caffeine absorbing
around 280 nm were separated in an isocratic elution and
then quantified with the UV-LED detector. A chromatogram
of the three substances detected at 280 nm is shown in Fig. 2.
The quantitative data are given in Table 1. As demonstrated
by the correlation coefficients shown in Table 1, linear re-
sponses were satisfactorily achieved with paracetamol and

Table 1. Quantitative data for detection at 280 nm

Correlation Reproducibility for Lope)

coefficients for peak areab) (M)

peak areas (@) (%)
Ascorbic acid 0.9954 0.56 8
Paracetamol 0.9998 0.37 20
Caffeine 0.9997 0.46 8
Sulfathiazole 0.9998 0.24 5
Sulfamerazine 0.9997 0.20 10
Sulfamethazine ~ 0.9998 0.41 10

a) For eight concentrations from 8 to 2000 pM (ascorbic acid,
paracetamol, caffeine) and 5 to 1000 uM (the sulfa drugs).

b) RSD, n=5; 1000 nM.

c) Concentrations corresponding to peaks whose heights are
three times the baseline noise.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Chromatogram of a separation by gradient elution de-
tected at 280 nm. (A) Sulfathiazole; (B) sulfamerazine; (C) sul-
famethazine (all 1000 pM); column: as for Fig. 2; mobile phase:
H,O adjusted to pH 2.5 with HCOOH/methanol; t = 0 min,
72:28 v/v; t = 8 min, 60:40 v/v; flow rate: 40 pL/min; injection
volume: 0.5 pL.

caffeine in a wide range of concentrations up to 2 mM. For
ascorbic acid, a slight curvature was obtained, which led to a
lower correlation coefficient. This is due to spectral reasons,
e.g. the imperfect monochromaticity of the light source. A
detailed discussion can be found in one of our previous pub-
lications [21]. The effect need not be a problem as it can be
dealt with by using a nonlinear calibration. The reproducibil-
ities of the measurements were excellent with SDs of <1%.
The baseline noise, measured as the maximum deviation for
a period of five times the peak width (12 s), was determined
as 80 pAU when a low-pass filter with a cut-off frequency of
1 Hz was applied. The detection limits determined as con-
centrations giving peak heights corresponding to three times
the baseline noise were 20 uM for paracetamol and 8 wM for
both ascorbic acid and caffeine. The baseline was found to be
very stable, as over the acquisition time of a chromatogram
no drift could be discerned.

A separation of some sulfa drugs, namely sulfathiazole,
sulfamerazine, and sulfamethazine, detected also at 280 nm,
was carried out in gradient elution. The chromatogram given
in Fig. 3 shows that the investigated detector is also suitable
for quantification with HPLC instruments in this mode of
operation. The quantitative data are also given in Table 1. The
good correlation coefficients obtained for the quantification
of the three compounds indicate good linearity for peak areas
against concentration of the compounds. The noise level of
the baseline was determined as 100 AU, and the LODs were
aslow as 5 uM for sulfathiazole and 10 wM for sulfamerazine
as well as sulfamethazine. The baseline of the chromatogram
was found not to be quite as stable as that of the isocratic
separation as a drift amounting to a total of 0.46 mAU over
the duration of the chromatogram was present. This must be
due to a slight sensitivity of the detector to changes in the
refractive index of the eluent, which is not constant during
gradient elution. As shown in Table 1, the reproducibilities
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Figure 4. Chromatogram of a separation by isocratic elution de-
tected at 255 nm. (A) Paracetamol (720 p.M); (B) 4-hydroxybenzoic
acid (240 pM); (C) 2-acetylsalicylic acid (4800 wM); (D) sorbic acid
(480 wM); column: as for Fig. 2; mobile phase: H,0/0.1% TFA
in methanol (47/53 v/v); flow rate: 50 pL/min; injection volume:
0.5 pL.

for the peak areas of the three compounds were again found
to be better than 1%.

3.4 Applications with the 255 nm UV-LED
The separation of the four model substances paracetamol,
4-hydroxybenzoic acid, 2-acetylsalicylic acid, and sorbic acid,

monitored with an LED that emits at 255 nm is shown in
Fig. 4. As the relevant data of Table 2 show, the performance

Table 2. Quantitative data for detection at 2565 nm

Correlation Reproducibility for ~ LODC)
coefficients for  peak areaP) (M)
peak areas (na) (%)
Paracetamol 0.9999 0.41 5
4-Hydroxybenzoic ~ 0.9999 0.47 5
acid
2-Acetylsalicylic 0.9990 0.49 100
acid
Sorbic acid 0.9992 0.29 5
Cytidine 0.9994 0.53 10
Uridine 0.9997 0.59 5
Guanosine 0.9997 0.18 10
Adenosine 0.9986 0.16 10
Xanthosine 0.9975 0.58 15

a) For eight concentrations for paracetamol (5-720 pM), 4-
hydroxybenzoic acid (1.66-240 wM), 2-acetylsalicylic acid (33.3-
4800 pM), sorbic acid (3.33 to between 8 and 2000 wM); nine
concentrations for the nucleosides (5-1000 uM).

b) RSD, n=5; 720 pnM (paracetamol); 240 uM (4-hydroxybenzoic
acid); 4800 wM (2-acetylsalicylic acid); 480 wM (sorbic acid);
250 uM (the nucleosides).

c) Concentrations corresponding to peaks whose heights are
three times the baseline noise.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Chromatogram of a separation by gradient elution
detected at 255 nm. (A) Cytidine; (B) uridine; (C) guanosine;
(D) adenosine; (E) xanthosine (all 250 wM); column: as for Fig. 2;
mobile phase: 0.025 M aqueous KH,PO4 (pH 3.1)/acetonitrile; t =
0 min, 98:2 v/v; t=10 min, 92:8 v/v; flow rate: 50 pL/min; injection
volume: 0.5 plL.

with the LED of this wavelength is comparable to that ob-
tained with the LED emitting at 280 nm. The higher LOD for
2-acetylsalicylic acid is due to the relatively low absorptivity of
this compound. In this application, the noise on the baseline
was approximately 80 pAU, equivalent to that recorded with
the 280 nm light source. A systematic baseline drift was again
not detectable for this isocratic separation.

The separation of some nucleosides by gradient elution
and detection at 255 nm was also carried out (Fig. 5). The
performance parameters for quantification, given in Table 2,
in terms of linearity of the calibration curve, reproducibility,
and LODs are again comparable to the results obtained for the
other separations. The noise of the baseline was determined
at value of 95 pAU, but a baseline drift is also evident on the
relatively sensitive absorbance scale of Fig. 5 and amounts to
0.17 mAU for the chromatogram. This again must be due to
refractive index changes of the eluent.

4 Concluding remarks

It could be demonstrated that a viable absorption detector for
miniaturized HPLC can be constructed using deep UV-LEDs
as light sources. The stability and linearity of the detector is
excellent and comparable to the earlier version designed for
conventional HPLC [21]. The baseline noise was also found to
be comparable with that of the earlier device, but the shorter
optical pathlength led to the expected reduction in LODs in
terms of concentration. Some baseline drifts, ascribed to re-
fractive index effects, were found when gradient elution was
employed. The extent of these will depend on the conditions
but sloping baselines will not be a problem if they are not too
pronounced. The detector should prove useful for applica-
tions in which a reduction of eluent consumption is desired,
or where only limited sample volumes are available, and it is
not necessary to obtain utmost sensitivity.

www.jss-journal.com
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A new absorbance detector for capillary electrophoresis featuring relatively high intensity light-emitting
diodes as radiation sources and photodiodes for the deep-UV range was developed. The direct relationship
of absorbance values and concentrations was obtained by emulating Lambert-Beer’s law with the appli-
cation of a beam splitter to obtain a reference signal and a log-ratio amplifier circuitry. The performance
of the cell was investigated at 255 nm with the detection of sulfanilic, 4-nitrobenzoic, 4-hydroxybenzoic
and 4-aminobenzoic acid and the indirect detection of acetate, propionate, butyrate and caproate using

g}];‘ilrl(;rrdilectmphoresis benzoate as the displacement dye molecule. Vanillic acid, L-tyrosine and DL-tryptophan as well as the
Deep—U\}; LED sulfonamides sulfamerazine, sulfathiazole and sulfamethazine were determined at 280 nm. Good linear-
Photodiode ities over 3 orders of magnitude were obtained. The noise level recorded was as low as 50 wAU and the

drift typically <200 wAU/5 min.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Capillary electrophoresis is in principle very simple in that for
separation essentially only an inexpensive capillary and a high volt-
age supply are required. For commercial instruments the standard
method of detection is via molecular absorption in the UV and visi-
ble ranges. The source of radiation for these detectors is broadband
emittors in the form of deuterium and tungsten lamps, monochro-
mators are used for wavelength selection and photomultipliers for
intensity measurement. Such a detector is then perhaps the most
complex part of a CE-instrument.

Light-emitting diodes (LEDs) have been employed as alter-
native radiation sources in instrumentation for the analytical
sciences since the first report on such a use by Flaschka et al.
in 1973 [1]. As the emission bands of LEDs are relatively nar-
row (typically about 30 nm) monochromators or optical filters are
not generally required when carrying out molecular absorption
measurements as these spectral widths are well matched to the
absorbance bands of molecules. Other advantages are compact size
and robustness, low power consumption and low heat production.
A further analytically important benefit is the high stability of the

Abbreviations: CE, capillary electrophoresis; UV, ultraviolet; LED, light-emitting
diode; HPLC, high performance liquid chromatography; AU, absorbance unit.
* Corresponding author. Tel.: +41 61 267 10 03.
E-mail address: Peter.Hauser@unibas.ch (P.C. Hauser).
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output intensity of LEDs. The original work by Flaschka et al. [1]
was based on a then available red LED, but since that time LEDs
with progressively shorter emission wavelengths have become
available and their analytical applications have been extended to
many different fields. Two recent general reviews are available
[2,3].

Tong and Yeung in 1995 were the first to describe a purpose
built absorption detector for CE based on a green LED as radia-
tion source [4]. The indirect detection of inorganic anions via the
displacement of permanganate in the background electrolyte was
demonstrated. Macka et al. in 1996 reported the direct detection of
alkali and alkaline earth metals as their Arsenazo complexes using
green and yellow LEDs fitted into a commercial detector in place of
the conventional light source [5]. Butler et al. in 1997 demonstrated
the use of a green LED for the direct detection of the complexes of
transition metals with 4-(2-pyridylazo) resorcinol and the indirect
detection of inorganic cations and anions using organic displace-
ment dyes [6]. Macka and coworkers in 2002 also introduced the
use of an LED emitting at 380 nm in the near UV-range, which was
demonstrated for the indirect determination of inorganic anions
via the displacement of chromate as a probe dye [7]. This is a com-
mon method for these ions when determined with conventional
commercial CE instruments as otherwise they are not accessible by
optical detection. A number of further reports on the use of LEDs
in detectors for capillary electrophoresis have appeared over the
years and the developments up to 2009 have been reviewed by
Xiao et al. [8,9].
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A limitation to the employment of LEDs for analytical purposes,
including their use in capillary electrophoresis, has been the restric-
tion to visible light and the near-UV range. Most organic molecules
absorb in the deep-UV range below 300 nm, but not in the visible
range, and for this reason absorption detectors for the separation
methods of column chromatography and capillary electrophoresis
employ wavelengths typically of 280, 255 or 210 nm. However, in
recent years deep UV-LEDs down to wavelengths of about 250 nm
have become commercially available. Schmid et al. [10] in 2008 and
Bomastyk et al. [11] in 2011 reported detectors for standard HPLC
instruments based on UV-LEDs of 280 and 255 nm. This was fol-
lowed by a report on a detector for narrow bore HPLC [12]. Kraiczek
et al. [13] reported a HPLC detector employing an array of differ-
ent UV-LEDs which features wavelength flexibility through simple
electronic switching. Very recently Sharma et al. [14] reported an
absorption cell for capillary liquid chromatography employing a
260 nm UV-LED. With all of these detectors, low noise, high stability
and detection limits were achieved which were comparable with
that of more complex and expensive commercial detectors. The use
of deep-UV LEDs has also been reported for the quantification of O3
[15,16] directly in the gas phase.

Macka and coworkers in 2009 in a short communication
reported the first design of a detector for CE based on a 255nm
UV-LED as a light source and showed limited preliminary results
for the detection of 4 nucleotides [17]. Due to the utilization of an
early low intensity UV-LED a photomultiplier tube was employed
to measure the light intensity. Rudaz and coworkers in 2009 also
reported a UV-LED based detector for CE, but no details on the
design of the detector nor its performance parameters were given
[18,19]. The detector reported herein was fitted with newer LEDs
of higher intensity than previously available and is based on pho-
todiodes. Its performance in CE was evaluated for the commonly
used wavelengths of 280 and 255 nm.

2. Experimental
2.1. Chemicals and reagents

All chemicals were of analytical grade. Sulfanilic acid was
purchased from Merck (Zug, Switzerland). Sodium butyrate and
sodium propionate were obtained from Lancaster Synthesis (White
Lund, Morecambe, England) and Riedel-de Haén (Seelze, Germany),
respectively. The other chemicals were products of Sigma-Aldrich
(Buchs, Switzerland) or Fluka (Buchs, Switzerland). Deionized
water from a NANO-Pure water purification system (Barnstead,
IA, USA) was used throughout the experiments. Standard solutions
were prepared in water, except for sulfamerazine, sulfathiazole and
sulfamethazine, which were dissolved in methanol. All solutions
were degassed in an ultrasonic bath and filtered through 0.2 wm
nylon filters purchased from BGB Analytic (Boeckten, Switzerland).
The capillaries were preconditioned with 1M NaOH for 10 min,
rinsed with deionized water for 10 min and finally flushed with the
electrolyte solutions for 30 min. After each separation, they were
reconditioned with the electrolyte solutions for 5 min.

2.2. Instrumentation

The high intensity UV-LEDs emitting at 255 nm (model 7YS,
P1ooma=1.8mW) and 280nm (model 74P, Pigpma=1.5mW)
were obtained from Crystal IS (Green Island, NY, USA). The UV-
photodiodes (SGO1L-C, SGO1L-B18) were sourced from Sglux Solgel
Technologies (Berlin, Germany). A polyimide coated fused-silica
capillary (50 wm ID, 360 wm OD) from Polymicro Technologies
(Phoenix, AZ, USA) and a fused-silica extended light path capillary
(G1600-62232, 50 wm ID, 360 wm OD, bubble factor=3) from
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Agilent Technologies (Agilent, Waldbronn, Germany) were
employed for separations. The beam splitter (G344312000)
was sourced from Qioptiq Photonics (Munich, Germany). The
4mm diameter fused-silica ball lens (No. 67385), and the 50 wm
and 100 pm wide optical slits of 3mm length (air slits Nos.
38559 and 38560, respectively) were products of Edmund Optics
Germany (Karlsruhe, Germany). The mechanical parts (holders and
adjustable positioning stages) were made in our workshop from
black poly(methyl methacrylate) (PMMA) or from aluminium. The
log-ratio amplifier (LOG102) was obtained from Texas Instruments
(Austin, TX, USA). The separations of target ions were carried
out by using a purpose-made portable capillary electrophoresis
instrument, which is a refinement of the design first developed by
Kubaii [20]. It consists of a case made from PMMA with dimensions
of 310 x 220 x 260 mm. This was fitted with a microswitch to
interrupt the high voltage for safety when opened for manipula-
tions inside. It includes a dual polarity high voltage power supply
(CZE2000, Spellman, Pulborough, UK), which has maximum output
voltage of +£30kV at 300 wA, and associated control electronics.
The signals were recorded and digitized with the use of an e-corder
data acquisition system (Model ED401) and the Chart software
package (both from EDAQ, Denistone East, NSW, Australia).

3. Results and discussion
3.1. Design of detector

The physical arrangement of the detector was a modification of
the previously reported design for narrow bore chromatography
[12] and the circuitry used was an adaptation of the one reported
elsewhere [11]. The overall set-up of the cell is shown in Fig. 1A. The
UV-LED was driven with a constant current source at 100 mA. The
light beam was divided into signal and reference paths. This allows
a compensation for the temperature dependence of the output

A Photo-
diodes
Slgnal
Constant UV-LED CeII V,
current . Log- 2
<upply _> rato  —Q
Reference i R
——
-
Vo = log (i) =
B

Fig. 1. Design of the detector. (A) Overview. (B) Assembly: 1) UV-LED in position-
ing stage, (2) beam splitter, (3) ball lens, (4) optical slit, (5) capillary, (6) signal
photodiode in positioning stage, (7) reference photodiode.
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Table 1
Baseline noise for some LED-based detectors.
Wavelength (nm) Cut-off Peak-to-peak (p-p) Baseline period Noise level Reference
frequency of or Standard considered (s) (RAU)
filter (Hz) deviation (SD)
CE-Detector, photodiodes, 255 2 p-p 60 50 This work
referenced
255 2 SD 60 7.6
280 2 p-p 60 53
280 2 SD 60 7.9
CE-detector, single photodiode 525 n.a. pP-p n.a. 30 [6]
CE-detector, photomultiplier 255 n.a. n.a. n.a. 100 [17]
Standard HPLC Detector, (aperture 255 20 p-p 20 61 [11]
of 1 mm diameter), photodiodes,
referenced
255 1 p-p 20 16
280 20 p-p 20 52
280 1 p-p 20 75
Narrow Bore HPLC detector 260 0.1 SD 60 4.4 [14]
(150 wm ID), single photodiode
Narrow Bore HPLC detector 255 1 p-p 60 220 [12]
(250 wm ID), photodiodes,
referenced
280 1 p-p 60 250

n.a.=not available.

intensity which is intrinsic to all LEDs. Photodiodes selective
for the UVC (225-287nm) and UVB (231-309 nm) ranges were
employed for the LEDs emitting at 255 and 280 nm, respectively.
The wavelength restriction of the photodiodes serves to prevent
the detection of incidental bands at longer wavelengths which are
present for the deep UV-LEDs [10,11,17]. The photodiodes produce
the signal and reference photocurrents (i and iy ), which are propor-
tional to the light intensities (I and Iy), and these were processed
with a log-ratio amplifier, which directly implements Lambert-
Beer’s law and gives an output voltage corresponding to absorbance
(A) (1V equals 1 absorbance unit). The circuitry also features an
offset section to allow zero setting of the baseline and low pass fil-
tering with a second order Butterworth filter with a —3 dB cut-off
frequency of 10 Hz to remove high frequency electronic noise.

A sketch of the mechanical arrangement of the detector is given
in Fig. 1B. In order to restrict the light beam to the liquid filled core
of the separation capillaries, an optical slit was mounted directly in
front of the capillary. For the regular 50 wm ID capillary a slit with
a width of 50 wm was used while for the capillary with bubble cell
a slit with 100 wm width was fixed in front of the capillary. The
original lengths of the commercial slits were reduced to 1 mm by
attaching pieces of adhesive copper tape. The LEDs have a built-in
ball lens which focuses the emitted light to a point with about 1 mm
diameter at a distance of approximately 15 mm. As this focussing
area is much larger than the detection windows, a UV-transparent
fused silica ball lens of 4mm diameter was fixed in front of the
aperture to improve the focus. This was mounted in a support
which was attached to the capillary holder via a thread that allowed
the optimization of the distance. Placed at the opposite sides of
the detection window, the deep UV-LED and the signal photo-
diode were mounted on miniature positioning stages to adjust
their placements in 3 axes in order to maximize the intensity of
the transmitted light on the photodiode. These positioning stages
were based on T-shaped grooves and their mating counterparts
were fixed in place with screws. The beam splitter plate mounted
at a 45° angle in front of the LED has splitting ratio of 80:20, hence
20% of the incident light was diverted to the reference photodiode
which was placed in a fixed holder. All mechanical components
were made with high precision in order to minimize any possible
movement which could cause baseline fluctuations. A grounded
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metal case with dimension of 137 x 99 x 77 mm was used to cover
the base-plate on which the electronic and mechanical parts were
mounted in order to eliminate interferences from ambient light and
electromagnetic radiation.

3.2. Noise, linearity and detection limits of the detector

The baseline noise of the detector was evaluated by acquiring
the signal with the e-corder data acquisition system and determin-
ing the fluctuations over a period of 60s. A low pass filter with a
2 Hz cut-off frequency was applied by the input amplifier of the
data-acquisition system in addition to the analog output filtering
of the detector circuitry itself (10 Hz cut-off). The noise values for
the detector determined in this way are given in Table 1 together
with values for related LED based detectors reported in the liter-
ature. As an investigation of the data shows, the values of about
50 wAU (peak-to-peak over 60s) are comparable with that of an
earlier CE detector based on a green LED, and better than that of
the previously reported value for the deep UV-LED CE detector with
photomultiplier tube. On the other hand, they are not as good as
the best values reported for deep UV-LED based detectors for chro-
matography which generally have a larger available cross-section
for the optical path. However, it has to be borne in mind that such a
direct comparison of noise can only be approximate. As illustrated
by the data of Table 1, not only are the values obtained very much
dependent on the extent of low pass filtering applied, but also on
the method used for their quantification (e.g. the time scale consid-
ered and whether peak-to-peak or standard deviation values are
used). The baseline drift was also examined and found to be ran-
ging from 80 AU to 200 wAU for periods of 5 min. The variation of
this value is presumably due to different fluctuations in ambient
temperature.

The linearity performance of this detector was then investi-
gated by filling it with standard solutions in a wide range of
concentrations from 0 to 1000 wM (twelve concentrations). 4-
Hydroxybenzoic acid and L-tyrosine, which have strong absorption
bands at 255 and 280 nm, respectively, were used to carry out this
evaluation. The calibration curves were found to be linear up to the
highest concentrations tested, which correspond to 119 mAU for
4-hydroxybenzoic acid and 255 nm and 48 mAU for L-tyrosine and
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Table 2
Determination of aromatic acids at 255 nm.

D.A. Bui, P.C. Hauser / J. Chromatogr. A 1421 (2015) 203-208

Correlation coefficient for peak areas (r)*

Standard capillary

Sulfanilic Acid 0.9994
4-Nitrobenzoic Acid 0.9993
4-Hydroxybenzoic Acid 0.9993
4-Aminobenzoic Acid 0.9991
Extended light path capillary

Sulfanilic Acid 0.9996
4-Nitrobenzoic Acid 0.9994
4-Hydroxybenzoic Acid 0.9997
4-Aminobenzoic Acid 0.9993

2 10 concentrations (10-500 p.M).

b RSD, n=5, 100 wM.

¢ Concentrations corresponding to peak heights of 3 x the baseline noise.
d

Number of theoretical plates, calculated from the width at half maximum, 100 wM.

280 nm. Higher absorbance values are rarely obtained in capillary
zone electrophoresis. The correlation coefficients (r) were deter-
mined as 0.9996 and 0.9995 for 4-hydroxybenzoic acid (255 nm)
and L-tyrosine (280 nm), respectively. The good linearity confirms
the adherence of the detector response to Lambert-Beer’s law
as well as negligible levels of stray light and dark current on
the photodiodes for the relevant absorbance range. The detec-
tion limits, as the concentrations that gave signals corresponding
to three times the baseline noise, were determined to be 2.5 uM
for 4-hydroxybenzoic acid (160 wAU) and 5.5 uM for L-tyrosine
(170 pAU). The reproducibility for signals was determined at con-
centrations of 100 wM by refilling the cell 5 times. The standard
deviation was determined as 1.9% for both systems.

3.3. Applications with the 255 nm UV-LED

The separation of the four aromatic compounds, sulfanilic acid,
4-nitrobenzoic acid, 4-hydroxybenzoic acid and 4-aminobenzoic
acid by zone electrophoresis in a capillary with 50 wm ID and direct
detection at 255 nm is illustrated in Fig. 2A. Note, that while trian-
gular peak shapes are common in zone electrophoresis the reason
for the excessive tailing of the peak for 4-nitrobenzoic acid is not
known. Calibration curves for peak areas were acquired for con-
centrations from 10 wM up to 500 wM and these were linear up
to at least this level for all four compounds. The baseline noise
under separation conditions was found to be similar to the val-
ues obtained without application of the separation voltage. The
data for quantitative performance are given in Table 2. Good cor-
relation coefficients are evident and reproducibilities of peak areas
just under 2% were achieved. Limits of detection for the 4 com-
pounds in the low wM-range were obtained. The measurements
were repeated with a extended light path capillary which led to the
expected increase in sensitivity as shown in Fig. 2B. The validation
data is also given in Table 2. The reproducibility was comparable
to that obtained with the standard capillary and the detection lim-
its showed the anticipated improvement of approximately a factor
of 3. Note, that the peak sharpness in terms of plate number (N)
was not deteriorated by the use of the extended light path capil-
lary. The slight variance in the migration times obtained for the two
capillaries (Fig. 2A and B) is thought to be due to a difference in the
effectiveness of the dynamic coating with the quaternary amine
(CTAB), which was carried out for reversal of the electroosmotic
flow in the determination of the anions.

Also performed at 255nm was the indirect detection of car-
boxylic acids, namely acetic acid, propionic acid, butyric acid and
caproic acid, via the displacement of the UV-absorbing benzoate
anion in the background electrolyte [21]. The separation of these
species is illustrated in Fig. 3. A good linearity of peak areas with
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Reproducibility for peak area® (%) LOD¢ (M) Efficiency N4
1.9 3.0 38100
1.9 7.5 8300
1.7 25 62200
1.8 3.2 58700
2.0 13 37100
1.8 3.0 8460
1.6 1.1 61800
1.8 14 59100
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Fig. 2. Electropherograms for aromatic acids with detection at 255 nm: (A) Standard
capillary, (B) Extended light path capillary. (a) Sulfanilic acid, (b) 4-nitrobenzoic
acid, (c) 4-hyroxybenzoic acid, (d) 4-aminobenzoic acid (all 100 uM). Electrolyte:
DL-alanine 250 mM adjusted to pH=4.2 with acetic acid, CTAB 25 wM. Capillaries:
50 wm ID, total length: 46 cm, effective length: 42 cm. Separation voltage: —25kV.
Injection: hydrostatic, 10's at 10 cm elevation.

concentrations up to 2000 M was obtained as indicated by the
correlation coefficients given in Table 3. The LODs, also given in
Table 3, were slightly higher for this indirect method than for the
direct detection of the aromatic compounds. It was found that the
baseline was less stable for this indirect detection. The extent of
baseline fluctuations of approximately 0.2 mAU over the analy-
sis time presumably relates to changes in absorption due to the
probe molecule as this is more pronounced than the typical base-
line noise observed otherwise. The reproducibilites for peak areas
were in agreement with those obtained for the aromatic acids
(RSD ~ 2%).
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Table 3
Indirect determination of aliphatic carboxilic acids at 255 nm.
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Correlation coefficient for peak areas (r)* Reproducibility for peak area® (%) LOD (uM) Efficiency N¢
Acetic acid 0.9998 2.1 12 29500
Propionic acid 0.9995 2.0 11 53900
Butyric acid 0.9998 1.9 10 81400
Caproic acid 0.9997 23 10 40500
2 8 concentrations (25-2000 wM).
b RSD, n=>5, 100 WM.
¢ Concentrations corresponding to peak heights of 3x the baseline noise.
4 Number of theoretical plates, calculated from the width at half maximum, 100 WM.
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Fig. 3. Electropherogram for the indirect detection of carboxylic acids at 255 nm: (a)
acetate, (b) propionate, (c) butyrate, (d) caproate (all 250 wM). Electrolyte: Sodium
benzoate 10 mM adjusted to pH=7.8 with Tris, CTAB 0.2 mM. Capillary: extended
light path capillary, 50 um ID, total length: 46 cm, effective length: 42 cm. Separation
voltage: —20KkV; Injection: hydrostatic, 15s at 10 cm elevation.

3.4. Applications with the 280 nm UV-LED

The performance of this detector was further tested in the
detection of vanillic acid, L-tyrosine and DL-tryptophan at 280 nm
and this separation using the extended light path capillary is
demonstrated in Fig. 4. Photodiodes for the UVB range were
employed which have a maximum spectral response at this
wavelength. As shown by the correlation coefficients given in
Table 4, the absorbance values were well linear for concentra-
tions up to 1000 M for tyrosine, and 500 M for vanillic acid and
DL-tryptophan. The quantitative data shown in Table 4 were com-
parable to those given in Table 2 indicating that its performance
with this emission wavelength is as good as that achieved with
the 255 nm light source. The reproducibilities of peak areas was
acceptable with a RSD<3%. A further application at 280nm
is illustrated in Fig. 5 in the separation of the sulfonamides
sulfamethazine, sulfathiazole and sulfamerazine according to a
slight modification of a method previously reported by Lin et al.
[22].

Fig. 4. Electropherogram for the detection of aromatic compounds at 280 nm: (a)
vanillic acid (100 wM), (b) L-tyrosine (200 wM), (c) DL-tryptophan (100 uM). Elec-
trolyte: sodium tetraborate 35mM and 5% acetonitrile (v/v) adjusted to pH=9.2
with boric acid, CTAB 0.5mM. Capillary: extended light path capillary, 50 wm ID,
total length: 46 cm, effective length: 42 cm. Sparation voltage: —25KkV. Injection:
hydrostatic, 15s at 10 cm elevation.
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Fig. 5. Electropherogram of sulfonamides with detection at 280 nm: (a) sulfam-
erazine, (b) sulfathiazole, (c) sulfamethazine (all 300 uM). Electrolyte: trisodium
citrate 60 mM adjusted to pH =7 with citric acid, CTAB 0.1 mM. Capillary: extended
light path capillary, 50 um ID, total length: 46 cm, effective length: 42 cm. Separation
voltage: —15kV. Injection: hydrostatic, 15s at 10 cm elevation.

Table 4
Determination of vanillic acid and aromatic amino acids at 280 nm.
Correlation coefficient for peak areas (r)? Reproducibility for peak area® (%) LOD® (uM) Efficiency N¢
Vanillic acid 0.9997 22 0.5 47800
L-Tyrosine 0.9998 2.6 5.6 179700
DL-Tryptophan 0.9998 29 14 66200

2 7 concentrations for vanillic acid and DL-tryptophan (10-500 M), 8 concentrations for L-tyrosine (20-1000 pwM).

b RSD, n=5, 100 wM (vanillic acid), 200 wM (L-tyrosine), 100 uM (DL-tryptophan).
¢ Concentrations corresponding to peak heights of 3x the baseline noise.

4 Number of theoretical plates, calculated from the width at half maximum; 100 wM (vanillic acid), 200 uM (L-tyrosine), 100 wM (DL-tryptophan).
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4. Conclusions

With newer higher intensity deep-UV LEDs it was possible to
construct a detector for CE based on photodiodes, rather than the
photomultiplier tube previously used. Its performance in terms of
baseline noise (50 wAU) matches that of significantly more complex
and expensive commercial UV-detectors for current capillary elec-
trophoresis instruments (<50 wAU for the Agilent 7100 Capillary
Electrophoresis system [23], <30 wAU for the PrinCE-C 700 system
[24]). Similarly, drift and linearity are also excellent. The low cur-
rent consumption and compactness makes the LED based detector
also suitable for use in portable, battery operated CE instruments.
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The BTEX detector employs the emission band of an ultraviolet light-emitting diode at 260 nm as monochromatic light
source and photodiodes for the deep UV-range as reference and signal detectors. Optical fibres are used for coupling
the light to the absorption cell of 40 cm length as well as to the reference photodiode. The use of an integrated circuit
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ethylbenzene, o-xylene, m-xylene and p-xylene. There is some variation of the sensitivity between the six species, which
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correlate with differences in the absorption spectra, with toluene, ethylbenzene, o-xylene and m-xylene showing close
values between 150 pAU/ppm and 185 pAU/ppm, while benzene with 62 pAU/ppm has a somewhat lower and p-xylene
with 235 pAU/ppm a somewhat higher sensitivity. The limits of detection were determined as approximately 1 ppm.

© 2016 Published by Elsevier Ltd.

1. Introduction

The BTEX compounds, namely benzene, toluene, ethylbenzene
and the xylenes, are natural components of crude oil and belong to
the most abundantly produced chemicals because of their widespread
use as solvents and additives in industry. However, these aromatic hy-
drocarbons are a concern because of their risk for human health, es-
pecially the potential carcinogenicity of benzene, and their promotion
of photochemical smog in urban air [1]. Anthropogenic activities are
the major sources of benzene and its derivatives in air. It has been
determined that these compounds are also released to the atmosphere
via the exhaust of motor vehicles, which is considered the dominant
source in cities [1].

Gas chromatography (GC) has been the commonly used analyti-
cal technique for the determination of these aromatic hydrocarbons in
air. This separation method has the advantages of selectivity and ex-
cellent detection limits, in particular if on-line preconcentration tech-
niques such as cryogenic sampling are employed [2]. However, as the
aromatic compounds absorb well in the UV-range, their spectropho-
tometric determination is an attractive alternative. Direct absorbance
measurements are simpler than gas-chromatographic separations and
therefore instruments based on this method can be cheaper. Tunni-
cliff et al. in 1949 demonstrated the determination of the individual
BTEX components based on absorption photometry at several wave-
lengths in the UV range [3]. Since then, a variety of absorbance based
devices have been developed for their determination. Barber et al. in
1995 described an absorbance cell with 30 cm path length employed

Abbreviations: BTEX, benzene toluene ethylbenzene o-xylene m-xylene p-xy-
lene; UV, ultraviolet; LED, light-emitting diode
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on a soil remediation site, which was based on a deuterium lamp
with a conventional monochromator and a photodiode for detection
[4]. A detection limit of 13 ppm for benzene in air and good agree-
ment with the off-line analyses in the laboratory were reported. Ueno
in 2001 introduced a miniature detection cell for BTEX operating in
the 230-275 nm region with an optical path length of only 2 cm, but
used a preconcentration unit to obtain a comparable detection limit of
4 ppm [5]. They also employed a deuterium lamp and a conventional
monochromator. Allouch et al. in 2013 presented a review on BTEX
detection systems in which these and more recent developments have
been summarized [6].

In recent years light-emitting diodes (LEDs) for the deep UV-
range have become available. These devices have emission band-
widths which are relatively narrow (typically <30 nm) and well
matched to the absorption bands of molecules. If these are employed
as light sources for spectroscopic detectors, monochromators or opti-
cal filters are not required, resulting in significantly lower complexity
and cost compared to conventional systems with deuterium or tung-
sten lamps. LEDs have other advantages, such as high output stability,
robustness, low power consumption and low heat production which
are of great benefit for analytical applications. Since the first report in
1973 of Flaschka et al. on the use of a red LED as a light source in
spectrometry [7], LED-based devices have been introduced for a va-
riety of analytical purposes following the progression of the develop-
ment of LEDs with shorter wavelengths and higher intensities. For re-
cent reviews on the use of LEDs in analytical instruments see the arti-
cles by Macka, Piasecki and Dasgupta [8] and Bui and Hauser [9].

In gas phase sensing, LEDs have mostly been employed for ab-
sorption measurements in the infrared (IR) range. Johnston in 1992 in-
troduced IR-LEDs based sensors for monitoring carbon dioxide (CO,)
at 4.25 pm and hydrocarbons at 3.3-3.4 um [10]. Since then, a num-
ber of reports using IR and mid-IR-LEDs for the determination
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of CO,, carbon monoxide (CO), and water vapour [11] as well as
methane (CH,) [12-14] have appeared in the literature and some com-
mercial devices are available [9]. The use of visible and UV-LEDs for
gas sensing has also been reported. Fowles already in 1981 described a
photometric sensor for ozone (O5) based on a yellow-orange LED as a
light source [15]. Schorsch et al. employed a blue LED and a UV-LED
for the detection of CH and OH radicals at the bands of 430 nm and
310 nm, respectively [16]. Hawe in 2008 demonstrated a multi-pass
absorption detector for nitrogen dioxide (NO,) in which a UV-LED
with an emission band at 370 nm and a photodiode was mounted on
two sides of a spherical chamber employed as a reflection cell [17]. A
detection limit for NO, below 5 ppm was achieved with a calculated
optical path length of 55 cm. Degner et al. [18], Kalnajs and Avallone
[19], as well as Aoyagi et al. [20] reported purpose built photometric
devices for O; employing 255 nm and 280 nm UV-LEDs as radiation
sources. Detection limits below 100 ppb could be obtained. Degner et
al. also introduced UV-LEDs based configurations for the real-time
monitoring of SO, and NO, in exhaust gases from combustion engines
by their absorption bands at 280 nm and 400 nm, respectively [21].

The newer deep UV-LEDs of higher intensity released recently are
expected to also allow the construction of the simple absorption based
devices without requiring a monochromator for the determination of
aromatic hydrocarbons. To our knowledge the use LEDs for the direct
detection of volatile aromatic compounds has not previously been in-
vestigated. Reported herein is a detector suitable for the BTEX com-
pounds based on an LED with an emission band at 260 nm.

2. Experimental
2.1. Chemicals

All chemicals were of analytical grade. Benzene, toluene, o-xy-
lene, m-xylene, p-xylene and isooctane were products of Sigma-
Aldrich (Buchs, Switzerland). Ethylbenzene was purchased from
Fluka (Buchs, Switzerland). Compressed nitrogen was sourced from
PanGas (Dagmersellen, Switzerland). The BTEX analytical standard
mixture in nitrogen (each component 10 ppm) was obtained from
Fluka.

2.2. Instrumentation

A high intensity 260nm UV-LED (model: Optan260J,
Piooma = 1 mW) was sourced from Crystal IS (Green Island, NY,
USA). The photodiodes for the UV range (SGO1XL-C5, 4 mm? ac-
tive area for the signal and SGO1L-C, 1 mm’ active area for the ref-
erence) were obtained of Sglux Solgel Technologies (Berlin, Ger-
many). The aluminium tube with 2 mm i.d. and 4 mm o.d. was pur-
chased from Advent (Oxford, UK). A multimode optical fibre for
the range from 190 to 325 nm (UM22-300, 300 pm core diameter)
from Thorlabs (Dachau, Munich, Germany) was used for light trans-
mission. A log-ratio amplifier (LOG102) was purchased from Texas
Instruments (Austin, TX, USA). The mass flow controllers (model
1179) were products of MKS Instruments (Berlin, Germany). The vac-
uum pump (model PM20405-86) was obtained from VWR (Dietikon,
Switzerland). The precision balance (model PB1502) was a product
of Mettler Toledo (Greifensee, Switzerland). A diode array spectrom-
eter (model Maya 2000 Pro) and a deuterium light source (model
DH-2000), both from Ocean Optics (Dunedin, FL, USA), were used
to determine the absorption spectra of the BTEX species in solution
and the emission spectrum of the UV-LED. The mechanical parts,
including holders for the LED, photodiodes and the absorption cell
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were made in our workshop from aluminium. An Arduino microcon-
troller board (Nano 3.1) (RS Components, Widenswil, Switzerland)
with a purpose made interface circuitry was employed for setting the
mass flow controllers from a personal computer. The in-house written
software package Instrumentino was used for this purpose [22,23]. An
e-corder data acquisition system (model ED401) and the Chart soft-
ware package from EDAQ (Denistone East, NSW, Australia) running
on a personal computer were employed for the digitization and record-
ing of signals. A low pass filter with a cut-off frequency of 2 Hz was
applied.

2.3. Vaporization and dilution

Gas mixtures in nitrogen were prepared using the evaporation and
dilution unit shown in Fig. 1. First the laboratory glass bottle used
for dilution (approximately 1.1 L total internal volume) was evacu-
ated with the vacuum pump. Then the desired amount of the BTEX
compound was injected into the sealed glass bottle with a micro-sy-
ringe (approximately 1 pL). This was followed by the controlled in-
troduction of nitrogen with the help of mass flow controller 1 (maxi-
mum flow rate 200 mL/min) to about 1.5 bar in order to produce the
pressure required for the subsequent metering. The amount of nitrogen
added (approximately 2 g) was determined from the mass difference
obtained with the balance placed underneath the container. The diluted
vapour was then passed to the measuring cell via mass flow controller
2 (maximum flow rate 10 mL/min) and further diluted as required by
adding a controlled flow of nitrogen with mass flow controller 3 (max-
imum flow rate 200 mL/min). Note, that the ppm and ppb concentra-
tion values given herein denote gas phase volume fractions.

3. Results and discussion
3.1. Design of detector

The general arrangement of the detector is shown in Fig. 2A. It
was designed to directly obtain the absorbance value (A) according
to Lambert-Beer’s law, which is given by A = log (Iy/I) where I, and
T are the incident and transmitted light intensities, respectively. The
radiation from the LED is directed to the absorption cell and then
to a photodiode serving as detector. Part of the light is passed to a
reference photodiode. The photocurrents (i and i,) obtained from the
two photodiodes are then processed with a log-ratio amplifier which
produces an output voltage (V) which directly corresponds to ab-
sorbance according to Vg = log (iy/i). In order to limit variations in
emission intensity, the deep UV-LED was powered with a constant
current source at 100 mA. The circuitry also features an offset unit

MFC

0.000 g

Fig. 1. Overall arrangement of the vaporization and dilution system: MFC = mass flow
controller, (1) cylinder of compressed nitrogen, (2) syringe for injection of standard, (3)
laboratory glass bottle with about 1.1 L internal volume, (4) balance.
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Fig. 2. Design of the detector. (A) Overview. (B) Mechanical arrangement (not drawn to scale).

for zero setting of the baseline and a low-pass filter with a 10 Hz cut-
off frequency to remove high-frequency electronic noise. More details
on the circuitry can be found in previous reports [24-27].

The optical and mechanical setup is detailed in Fig. 2B. One end
of a 7 cm long bundle of 20 optical fibres was placed at a distance
of 4 mm from the surface of the LED, which features a built in lens.
Each fibre has an outer diameter of 370 pm and the diameter of the re-
sulting bundle was approximately 1.9 mm. A single fibre was directed
to the reference photodiode, while the other 19 fibres of the bundle
were placed at the inlet of a 40 cm long aluminium tube with an inter-
nal diameter of 2 mm, which served as a flow through detection cell.
The signal photodiode was placed directly at the far end of this cell.
All parts were aligned in precisely machined holders of high stabil-
ity in order to minimize baseline shifts due to mechanical movements.
The assembly was housed in a grounded metal case to exclude ambi-
ent light and electromagnetic interference on the circuitry. The case
was lined with thermal insulating material to also minimize tempera-
ture fluctuations.

3.2. Spectral considerations

The emission band of the UV-LED and the absorption spectra of
the BTEX species are shown in Fig. 3. As can be seen, the emission
band of the LED with a bandwidth of approximately 12 nm (full width
at half maximum), centred at 260 nm, represents a good compromise
for the monitoring of the BTEX species. It closely matches the absorp-
tion maxima of the broad absorption bands of ethylbenzene (260 nm),
toluene (261 nm), o-xylene (262 nm) and m-xylene (264 nm). It also
overlaps with a flank of the broad band of the more strongly absorb-
ing p-xylene which at 260 nm still has a maximum which is about
35-40% higher than that of the 4 species mentioned afore. Benzene,
on the other hand, exhibits only a relatively weak and narrow absorp-
tion band at 260 nm.
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2 :
el - =)
3 2500
c _ ~=
& 04 - 2000 &
5 2
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e | =
2 1500 &
0.2+
- 1000
- 500
0.0

230 240 250 260 270 280
Wavelength (nm)

Fig. 3. Emission spectrum of the deep UV-LED (dashed line) and absorption spectra of
the BTEX species in isooctane (solid lines): (1) benzene, (2) toluene, (3) o-xylene, (4)
m-xylene, (5) p-xylene, (6) ethylbenzene (all 1.5 mM).

3.3. Calibration

The performance of detector was first evaluated with the absorp-
tion measurement of vapours produced from each of the BTEX
species. As an example, measurements for toluene vapours between
550 ppb and 25.3 ppm are shown in Fig. 4. The measurement se-
quence started by flushing with pure nitrogen followed by the in-
troduction of the vapours of the different concentrations for about
30-40 s and interspersed by flushing with nitrogen for 30 s. As can
be seen from the inset of Fig. 4, illustrating the detection of 550 ppb
toluene vapour at an expanded scale, the baseline noise, taken as the
maximum deviations over a period of 60 s, was amounting to about
40 pAU. Incidentally, this value is comparable to those obtained with
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Fig. 4. Absorption measurements of toluene vapour. The inset shows an expanded view
of the measurement for the 550 ppb dilution.

our earlier detector for capillary electrophoresis based on 255 and
280 nm UV-LEDs (50 and 53 pAU respectively) for the same filter
settings for the data recording (low pass with 2 Hz cut-off) and quan-
tification method (peak-to-peak) [24]. This indicates that the perfor-
mance in this regard is dictated by the optoelectronic and electronic
setup.

Given in Table 1 is the quantitative data of measurements for
the six BTEX species. The response was found to be linear for each
species up to the highest concentration of 110 ppm measured and
the correlation coefficients were determined to be 0.999 or better.
This indicates a good adherence to Lambert-Beer’s law and negligi-
ble levels of stray light and dark currents on the photodiodes. Evi-
dently, the UV-LED based detector shows the highest sensitivity for
p-xylene, while its sensitivity for benzene is lowest, and the other
species showed relatively close values. This is in agreement with the
expected from the spectral data discussed above. The reproducibili-
ties are good and the detection limits, which are below 1 ppm, ex-
cept for benzene, reflect the differences in sensitivity. The latter val-
ues compare well with the value of 13 ppm reported by Barber et al.
[4] for benzene using a device based on a deuterium lamp and a mono-
chromator and an optical path length of 30 cm. Also determined was
the baseline drift, which was found to be typically in the range from
620 to 750 pAU for periods of 15 min. Temperatur instabilities are
thought to be the reason for this behaviour. For critical determina-

Table 1
Detection of BTEX Vapours.
Correlation Sensitivity" Reproducibility of Lop!

Compound coefficients (r)*  (RAU/ppm) absorbance values® (%) (ppb)
Benzene 0.9990 62 2.3 1194
Toluene 0.9997 152 1.9 658
o0-Xylene 0.9998 185 22 600
m-Xylene 0.9998 169 1.8 607
p-Xylene 0.9997 235 1.7 457
Ethylbenzene  0.9997 166 2.1 612

# 13 concentrations between 500 ppb and 110 ppm.
" As obtained from the regression equation.
€ RSD, n =5, determined at 5 ppm.

4 Concentrations corresponding to signals whose values are 3 times higher than the
baseline noise.
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tions it is therefore desirable to establish the baseline inbetween mea-
surements.

3.4. Verification

The response of the detector to BTEX was verified by measur-
ing a 60 ppm BTEX standard consisting of 10 ppm each of ben-
zene, toluene, o-xylene, m-xylene, p-xylene and ethylbenzene. The ab-
sorbance value of 9.55 mAU compares well with the value expected
from the calibration data given in Table 1, i.e. the sum of the expected
absorbance values for each of the compounds at 10 ppm, of 9.7 mAU.
The deviation is less than 2%. The measurement for BTEX mixtures
obtained by dilution from the 60 ppm standard showed good linear-
ity with a correlation coefficient of 0.9990 (11 concentrations from
934 ppb—60 ppm). The response to the lower end of this calibration
range is illustrated in Fig. 5. The reproducibility was determined as
1.8% (relative standard deviation, n= 5, for the dilution at 5.7 ppm).
The LOD for the BTEX mixture was determined as 680 ppb.

4. Conclusions

It was found possible to construct a simple photometric detector
for the BTEX species by employing a deep UV-LED and photodiodes.
The detection limit of the device was by about one order of magnitude
lower than that of an earlier reported instrument based on a conven-
tional deuterium lamp and monochromator. The low power consump-
tion allows the construction of battery based portable instruments for
detections in which the utmost sensitivity is not required. While the
detection limits of the device are not adequate for all applications its
combination with a preconcentration system is also a possibility. If
higher precision is desired, careful thermostatting should be adopted.
This would not only overcome a remaining temperature dependence
of the optoelectronic setup, which presumably is the reason for the ob-
served drifts, but also take care of a significant temperature effect on
the absorption coefficients of the analytes [3].
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1. Introduction

Light-emitting diodes became commercially available in the
1960s [1]. The early devices emitted red light and this was followed
by the introduction of LEDs of shorter wavelengths, i.e. orange,
yellow and green. Blue LEDs were first sold in the mid-1980s, near-
UV (ultraviolet) devices at 370 nm in about 2000 and only in recent
years deep-UV devices, i.e. with wavelengths below 320 nm, have
become available. Currently LEDs with wavelengths down to
240 nm can be obtained commercially. The shorter the wavelength,
the higher the energy, which requires the more difficult creation of
semiconductor junctions with higher bandgaps. Along with the
move to lower wavelengths has also been a trend to higher
intensities. Parallel to these developments occurred an extension
to longer wavelengths, so that now devices with wavelengths up to
about 4.6 um in the mid-IR (infrared) range are also available
commercially.

The general applications of LEDs are manifold. Prominent is
their use as indicating lights for electronic circuitry, but
increasingly LEDs are also used for lighting applications, in
particular in form of white light emitting devices (which either
contain a fluorescent compound to achieve wide band emission or
a combination of LED substrates of different colours). Invisible
near-IR LEDs are used for remote controls and automatic door
openers, and also, along with semiconductor lasers, for fibre optic
telecommunications. Near-UV-LEDs are used for examination of
banknotes for forgery and invisible owner markings. Deep-UV-
LEDs have potential for use in disinfection. The brightest visible
LEDs now have such intensity that radio amateurs were able to
demonstrate audio communications links based on the transmis-
sion of the modulated light of single LEDs over free space through
distances of 83 km during daytime [2] and 167 km at night [3].

The development of applications of LEDs in analytical chemistry
naturally has followed the progression in wavelengths and
intensity. The first report on an analytical LED device appears to

78

be a publication by Flaschka et al. [4]. The photometric instrument
was based on a red LED and a phototransistor [4]. Analytical
devices based on blue LEDs were first reported in about 1986 [5],
while first instruments employing deep-UV-LEDs were reported
about 5 years ago [6,7]. The development of deep-UV-LEDs is very
significant for analytical applications as most organic molecules
absorb in this range, but not in the near-UV or visible wavelength
regions. LEDs in the IR range have been found to be most useful for
the detection of small gas molecules such as CO,. Many of the
reported devices based on LEDs are low cost alternatives to
commercial instruments, but on the other hand, due to the
inherent properties of the LEDs, well designed devices are capable
of delivering the highest performance, often surpassing that of
instruments based on conventional light sources.

The use of LEDs in analytical devices has been reviewed
repeatedly. As the field is very wide, most of these have been
focussed on specific areas, but there are some more general
overviews. Dasgupta et al. in 1993 [8] wrote a review concerning
absorption measurements in flow through detectors based on
LEDs, and again in 2003 [9] covered the topic with the inclusion of
fluorescence and spectroelectrochemical techniques. Capitan-
Vallvey and Palma have summarized developments in handheld
and portable analytical instruments based on optical sensing [10].
Their review does not exclusively cover LED-based devices, but due
to their utility for battery operated portable instruments, they
feature very prominently. O'Toole and Diamond have reviewed
sensors and sensing devices based on absorbance measurements
with LEDs in 2008 [11]. During the preparation of this article a
further review by Dasgupta and coauthors has appeared which is
focussed mainly on the developments of absorbance and fluores-
cence measurements in liquids with LEDs over the period from
2008 to 2013 [12]. The interested reader is advised to also consult
this complementary publication.

This review is intended to give a broad overview of the state-of-
the-art concerning analytical uses of LEDs. Fundamentals are
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covered as far as relevant for the basic construction of analytical
devices, without delving into the underlying semiconductor
physics. Given the breadth of the subject it naturally cannot
comprehensively cover all publications in the field. Often
publications are cited as examples to illustrate a point, but it
should not be taken to imply that there are not other equally valid
publications as well. Not discussed are applications of LEDs in
chemistry in general, such as for decomposition of molecules or
curing epoxies. Also not discussed are purely physical sensing and
detection with LEDs, nor are laser diodes.

2. Fundamental considerations
2.1. Characteristics of LEDs

A photograph of an LED in the most common package is shown
in Fig. 1. This is referred to as a 5 mm, or T-1 3/4, package. The latter
denotation stems from an earlier standard for tungsten filament
lamps and corresponds to its diameter as a multiple of 1/8th of an
inch [13]. The light originates from the semiconducting material
contained in a reflective cup in the centre on top of one of the
connecting leads. Note that there is a very thin wire contacting the
semiconducting material from the top, which is connected to the
second lead. The entire assembly is encapsulated in an epoxy resin.
Different forms are available, such as miniature types, surface
mount variants, or special high power versions. All forms have in
common a much higher degree of robustness and miniaturization
than the common light sources used in analytical instruments,
which are usually either incandescent light bulbs or discharge
lamps. The dome of the standard package shown in Fig. 1 forms a
lens and disperses the light. LEDs with narrow or wider beam
angles are available according to their intended purposes. For
analytical applications it is usually not desirable to have the light
dispersed but it should be focussed or collimated. It is possible to
cut off the dome, followed by polishing of the surface, in order to
get closer access to the emitter, but one must be careful not to
break the top connecting wire in the process. Such polished LEDs
are well suited for coupling to optical fibres, in particular the
plastic fibres with 1mm diameter. The latter corresponds to a
readily available standard. However, tight focussing, e.g. for
detection on capillaries or coupling into narrower optical fibres,
or good collimation of the light, is difficult as the emitting
substrates are not point sources. Ball lenses may be the best option
for narrow focussing.

Fig. 1. Photograph of a blue LED in the common 5 mm package. The emitting chip is
contained in the well on top of the pin on the right. The dome acts as a lens to
disperse the light.

Other advantages are high current efficiency and therefore low
heat production, which in turn reduces intensity drifts. Further
advantageous features compared to conventional light sources
used in analytical instruments are long lifetimes, and low cost. All
these attributes make them attractive for use in analytical
instrumentation, in particular for low power portable devices. A
further important aspect, which strongly distinguishes LEDs from
conventional light sources employed in analytical instruments, is
the restriction of the emission to bands of typically 30 nm in width.
This wavelength limitation further improves the efficiency of the
light source. Note that, in contrast, laser diodes have much
narrower emission lines. The emission spectra of a selection of
LEDs covering the range from about the shortest currently available
wavelength of 255 nm to about 900 nm are shown in Fig. 2. LEDs
for wavelengths much further into the IR are also available. The
emission bands are usually clean, but deep-UV-LEDs may also
show spurious emissions at longer wavelength which would have
to be considered in the design of a device. The wavelength
selectivity is often the most important ground for choosing LEDs as
light sources in instrumentation as this can eliminate a costly
monochromator, which is generally needed with conventional
lamps, and few other light sources with inherent wavelength
restriction are available. Generally a good match of the emission
bands of the LEDs with the broad absorbance bands of molecules
can be obtained. On the other hand, of course, such a fixed emission
band can also be a limitation. This can, to some extent, be overcome
by the use of switchable LED arrays [14-16], while still benefitting
from the other advantages of the LEDs. In recent years white LEDs
have also become available. Some of these devices are based on the
combination of three different substrates emitting the three
primary colours. By balancing the intensities the impression of
white light is achieved. A second type of white LEDs is based on the
combination of a short wavelength emitter with an embedded
fluorescent material to achieve emission over a wider wavelength
range. Both types appear white to the human eye, but show gaps in
the emission spectra. If used for analytical instruments a
wavelength dispersive element would normally be required, as
with a more conventional light source, and one would have to be
aware of the gaps in the emission.

A further advantage is the possibility for fast switching. This
feature is made use of in infrared remote controls and fibre optic
communications, and bandwidths well into the MHz range are

uv Visible Near-IR

Intensity (arbitrary units)

N,

T T L T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 2. Emission spectra of a selection of LEDs from the deep UV to the near IR. UV:
255nm, 280 nm, 365 nm. Visible: blue at 464 nm, green at 516 nm, amber at 590 nm,
red at 635 nm, dark red at 645 nm. IR: 850 nm.
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possible [1]. This characteristic is also of interest when employing
LEDs in analytical instrumentation as this means that for
modulation of the light intensity it is not necessary to employ
mechanical beam choppers, as is usually the case with conven-
tional light sources due to their slow response, but this can be done
with electronic oscillators. This is useful for lock-in amplification,
e.g. for the suppression of ambient light interference, or for lifetime
measurements in fluorescence.

Light-emitting diodes are non-linear devices and show the
typical logarithmic current vs. voltage characteristics (i/V-curve) of
a diode shown in Fig. 3. This means that they cannot be operated
directly from a voltage source as slight changes in the supply
voltage or drifts in the junction voltage (such as those due to
temperature changes) can cause not only pronounced changes in
output intensity, but may also lead to catastrophic failure of the
device. Therefore they should be driven with a constant current
source, rather than the common constant voltage source. Usually
this is approximated by using a higher voltage and a current
limiting resistor. For more precise operation it is better to use an
active current control which can easily be achieved with a
LM317 voltage regulator integrated circuit in the appropriate
configuration, or an operational amplifier, as shown in Fig. 4. Other
approaches are possible. The use of such a circuitry is particularly
important when the voltage drop across the diode is very high, as is
the case for deep-UV-LEDs (about 7V), and it is driven from a
standard low voltage source.

It should be noted, that, while the use of a constant current
source reduces the temperature dependence of the output
intensity of the LEDs, this effect is far from being perfect as
shown in Fig. 5. Measurements for three LEDs of different colours
operated with a current limiting resistor and with a constant
current source are shown and it can be seen that the temperature
stability is only slightly better for the constant current operation.
The reason for this must be the fact that with temperature not only
the voltage drop across the diode (and with it the current when
operated with a current limiting resistor) changes, but also the
conversion efficiency of the LED [1]. When good precision is
required, it is therefore necessary to compensate for intensity
drifts due to temperature changes by using a referenced measuring
approach. Stable output intensities can also be achieved by using a
servo circuitry which makes use of a photodiode for monitoring.
Some commercially available LEDs even include a monitor
photodiode in the same case. However, temperature changes
may also cause a spectral drift, and for high precision work it may
therefore be necessary to control the temperature of the LED with a
Peltier (thermoelectric) element. A detailed discussion of the
temperature dependence of LEDs and options for compensation
can be found in Dasgupta et al. [9].

Near-IR

T T T T T
0.0 0.5 1.0 1.5 2.0
Voltage (V)

Fig. 3. i-V curves determined for LEDs of different colours.
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Fig. 4. Constant current circuitries for use with LEDs. (A) Based on the LM317
adjustable voltage regulator integrated circuit. (B) Based on an operational
amplifier.

LEDs of vastly different intensities are available. Power LEDs for
lighting applications can have optical output powers of up to
several Watts (available e.g. from Avago, Philips Lumileds, King-
bright or Osram Opto Semiconductors). However, at the far ends of

_— Active current control

5.60 -1

Red LED

5.55 1
5.50 -1

5.45

Intensity (MA)

5409 Current limiting resistor

5.35

T T T T T T T 1
28 29
Temperature (°C)
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Blue LED
3.64 4
3.62 4

3.60
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T T T T T T T 1
28 29 30
Temperature (°C)
0.155
0.150 -

0.145

0.140

Intensity (HA)

0.135

T T T T T T T 1
28 29
Temperature (°C)

Fig. 5. Temperature dependencies measured for a red, blue and UV (365 nm) LED
when operated either with a current limiting resistor from a fixed voltage supply of
5V, or with a constant current supply according to the circuitry of Fig. 4A.
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the spectrum covered by LEDs, i.e. the IR range above 3 wm and the
deep UV below 300nm the maximum available output powers
drop to the wW range (see for example www.roither-laser.com).
Note that the intensities for visible LEDs are usually specified as
luminous intensity (with the units of Candela, cd), which is a
measure of the brightness as perceived by the human eye, i.e. it
takes into account the dispersion of the light by the body of the LED
and the wavelength dependence of the eye sensitivity.

2.2. Detection of light

2.2.1. Detection devices

When using LEDs as light sources in analytical devices it is also
necessary to employ detectors for light. The exception are the
thermo-optic methods. One of these is photoacoustic sensing,
which is discussed in a later section. A discussion of the use of LEDs
is not complete without a consideration of the other half of the set-
up. In keeping with the simplicity of the LEDs photodiodes based
on semiconductor p/n-junctions are usually employed. In these
devices an annihilation of charge carriers occurs at the interface,
but the absorption of photons releases the charges. The principle is
the same as for photovoltaic cells employed for the production of
electricity from sunlight. For visible, and immediately adjacent
wavelengths Si-photodiodes work best. In construction, photo-
diodes are very similar to LEDs, they are solid state and small. Well
performing devices can be obtained for as little as about 1 euro and
these are therefore as inexpensive as the cheapest LEDs. Special
devices, in precision cases, with extra low dark current (back-
ground signal when no light is present) or specific wavelength
sensitivities, will, of course, be more expensive. Standard Si-
photodiodes have a maximum in sensitivity close to 1000 nm, but
as dictated by the bandgap of the junction a sharp cut-off at
1100 nm. For use in the UV below about 300 nm, special types with
UV-transparent windows are needed. Several alternatives are
available for the deep-UV range between about 200nm and
300nm, based on SiC, GaN, GaP or TiO,. For the IR-range
photodiodes based on InGaAs, InAs, InSb or HgCdTe are available.
They all have different instrinsic spectral sensitivities and must be
chosen according to the wavelength range of interest for the
application at hand. Some devices have been designed to cover
only relatively narrow bands, and may contain optical filters, such
as to allow the determination of the intensities of the UV-A, UV-B
and UV-C ranges related to sun-light.

When very low intensities must be measured the more complex
and more expensive photomultiplier tubes (PMT) may be
employed. The combination of LEDs with PMTs is rare, but an
example is a detector for capillary electrophoresis based on a deep-
UV-LED which was only available with low intensity [17]. In
practice the use of PMTs does not have to be difficult as simple
modules which include all the necessary electronics are available.
Phototransistors also have higher sensitivities than photodiodes,
but are not well suited for reproducible intensity measurements.
Note, that also light dependant resistors (LDR) can be used to
measure light intensity. These are junctionless semiconductor
devices which change their resistance in dependence of the light
intensity. The performance of these components is inferior to that
of photodiodes, due to non-linearity, hysteresis and slow response
times, and they should not be used in modern devices.

While photodiodes do not emit light when a current is passed
through, it has been known that LEDs also behave like photo-
diodes [18], although at lower sensitivity than real photodiodes
[8]. An intriguing fact is that the sensitivity of LEDs when used as
detectors is limited to a rather narrow wavelength range, with a
width similar to their emission bands. But note that the
sensitivity is shifted to lower wavelengths compared to their
emission. The wavelength selectivity has been made use of in the
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construction of inexpensive instruments where this is needed, i.e.
for sun light spectrometers [ 18] and crop monitors [19]. Berry et al.
have constructed a molecular absorption spectrometer based on a
tungsten broadband emitter and an array of different LEDs as
detectors to achieve wavelength selectivity [20]. However, when
the wavelength selectivity in an analytical device is already
determined by the employment of an LED as source, the use of an
LED instead of a photodiode for detection has no clear general
benefit, in particular when considering that well performing
photodiodes can be obtained for a cost as low as that of
inexpensive LEDs. For a detailed discussion and a comparison of
the performance of LEDs used as detectors vs. photodiodes see
[21]. Nevertheless the combination of two LEDs for analytical
devices, one used as source, the other as detector, has been
reported repeatedly and has been termed PEDD (paired emitter
detector diodes) (see for example [22-24]). An interesting
application of the use of LEDs for detection, other than for
analytical instrumentation, is in bi-directional digital communi-
cation over light where the LEDs alternately function as emitters
and as detectors [25].

2.2.2. Intensity measurements

A signal may be obtained from photodiodes in different modes
of operation. These can be distinguished fundamentally between
current measurements (the photocurrent mode) or voltage
measurements (the photovoltaic mode) [26]. The photocurrent
is proportional to light intensity, while in the photovoltaic mode
a logarithmic response is obtained. For quantitative measurements
the photocurrent mode is generally preferred as the photovoltaic
mode has a poorer precision, mainly caused by a significant
temperature dependence. The photocurrent can easily be
measured with the help of an operational amplifier in the
current-to-voltage convertor (or current follower) configuration
as shown in Fig. 6A. The output voltage of the amplifier is then
proportional to the light intensity. In the photovoltaic mode shown
in Fig. 6B, the diode voltage is measured, usually with an
operational amplifier as a buffer to avoid loading, i.e. drawing a
significant current from the photodiode. A further, indirect
approach is also possible [27]. The photodiode is first reverse
biased, that is a voltage is applied in the polarity which is blocked
by the device, in order to charge its intrinsic junction capacitance.
In the second step the voltage source is disconnected, and the
remaining voltage across the device is monitored. As the junction
capacitance is discharged by the photocurrent, the time for decay
of the voltage is dependant on the light level. While this appears to

A) Photocurrent mode B) Photovoltaic mode

Vo=i-R Vo=V

S

C) Junction Discharge Mode

Fig. 6. The different reported modes of measuring light intensities with
photodiodes.
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be rather complicated, the approach can be implemented easily,
essentially in software, using a digital input-output pin of a
modern microcontroller without requiring any additional circuitry
as illustrated in Fig. 6C. The method has also been employed with
LEDs used as detectors [28]. Special photodiodes are also available,
such as avalanche photodiodes for low light level measurements,
photodiodes with built in amplifiers, and photodiodes with a built
in circuitry that gives a light level dependant frequency output for
ease of interfacing with a microcontroller. Interference by ambient
light can be overcome by intensity modulation of the LED and lock-
in detection. This does not need to be complicated, nor expensive,
as it can be implemented with a synchronous detector available as
an integrated circuit [29,30].

2.2.3. Measurement of absorbance

Analytical measurements based on the absorption of light by
the analyte make use of the absorbance (A) parameter, which is
directly related to concentration (c), but obtained only indirectly
from the light intensities before (Iy) and after (I) passage through
the absorbing material as described by the well known Lambert-
Beer law:
A:logITO:exbxc (1)
¢ is the molar absorptivity coefficient of the analyte, and b the
optical pathlength.

If the light intensities are measured with photodiodes, the
intensities (Io and I) are converted to currents (ip and i), and
therefore in practice the absorbance is then given by:

(2)

The Lambert-Beer law in the common form is, however, strictly
only true for monochromatic radiation. For non-monochromatic
light sources an extended form of the equation is applicable, which
takes into account the variation of the intensity (Ip) of the source, of
the detector sensitivity (S) and of the absorptivity (¢) across the
wavelength (1) band of the source:

A= log%0

) T2 S(A) x To(A)dA

(3)
TS () x Io(h) x 100,

A= long‘,’ = lo

As illustrated in Fig. 7, this can in practice lead to more or less
strongly pronounced non-linear calibration curves when LEDs are
employed for absorbance measurements. The deviation from
linearity depends on how well the absorbance bands are matched
with the LED emission spectra. If the molar absorptivity, ¢, varies
only slightly across the emission band of the LED, then the
deviation from linearity is usually small. For this reason the two
spectra should be compared carefully when choosing an LED for a
given application. A further discussion of this effect can be found in
Mackaetal.[31] as well as in two of our earlier publications [16,32].

Absorbance measurements are best implemented with a log
ratio amplifier as illustrated in Fig. 8. These amplifiers give an
output voltage (Vo) that is logarithmically related to the ratio of
two input currents (i; and i,):
Vo ~ logl.—1

12

(4)

As shown in the figure, two photodiodes, one of which provides
the reference signal, can be connected directly in the photocurrent
mode to the log ratio amplifier. The output voltage represents
directly Absorbance, A, i.e. typically 1V equals an absorbance of 1
(or 1 absorbance unit, 1AU). The referenced approach will
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Fig. 7. Absorbances measured for methyl green measured with a device based on a
red LED and a photodiode against absorbances measured with a conventional
spectrometer. The non-linearity is a violation of Lambert-Beer’s law, occurs despite
the peaks of absorbance and emission being very close (Amax =629 nm and 635 nm),
and is due mainly to the changing absorptivity of the dye across the emission
spectrum of the LED.

significantly reduce drifts such as those caused by temperature
changes, but can, of course, not completely eliminate them.
Residual drifts between 0.3 mAU h~! and 5 mAU h~! were reported,
for example, by Bomastyk et al. for such an arrangement [32].
Absorbances down to the low wAU level can be measured with a
log ratio amplifier and short term noise levels as low as about
10 AU are readily possible [32]. Integrated logarithmic amplifiers
used to be fairly expensive, and thus not suitable for the low-cost
applications typical for many of the reported analytical uses of
LEDs, but they are now available for about 10-20 US$ when
sourced through catalogue distributors. Log amps suitable for
absorbance measurements are presently available from at least
three suppliers (Texas Instruments, Analog Devices and Maxim
Integrated). Note, that for absorbance measurements there is not
much to be gained by using LEDs with intensities higher than
average (due to the ratio measurement). Shot noise would
ultimately be obtained for low light levels, but even the low
intensities of current deep-UV-LEDs are far from this limit [33].
For less demanding applications the reference photodiode can
be omitted, but the log amplifier is still useful for carrying out the
logarithmic conversion demanded by Lambert-Beer’s law. Again
for unexacting tasks a logarithmic signal that is inversely

Signal

LOG
102

Reference

L0 Vg = -log(iy/iy)

Fig. 8. The use of a log-ratio amplifier to obtain a voltage signal that directly
represents absorbance.
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proportional to absorbance may also be obtained by using a
photodiode in the photovoltaic mode. As has been shown by
Bui and Hauser [21] for a LED-photodiode pair this measurement
may be carried out directly with a multimeter, instead of a circuitry
based on an operational amplifier, as the load by such a
standard voltmeter was found tolerable. A variation of this
approach is suggested here. Most microcontrollers, such as the
AVR-series from Atmel employed on the open source Arduino
electronics platform (www.arduino.cc) include an analogue-to-
digital convertor (ADC). It is possible to directly connect a
photodiode to such an input in order to carry out measurements
in the photovoltaic mode, an approach which to our knowledge has
not been reported before. The results of such measurements are
shown in Fig. 9.

For many of the devices intended for absorption measurements
reported in the literature a logarithmic conversion has not been
implemented and simply a measurement of light intensity has
been used. This parameter is proportional to Transmittance,
T, which does not have a linear relationship to concentration. It
is, of course, to some extent possible to work with non-linear
calibration curves, and furthermore, for a limited concentration
range (corresponding to small maximal absorbances) the deviation
from linearity may be tolerable (see also the discussion by
Dasgupta et al. [8]).

3. Applications
3.1. Molecular absorption spectrometry

3.1.1. Batch measurements

The photometric determination of metal ions following their
complexation with colour forming reagents is versatile and
widely used and several common anions can also be determined
with this long established technique. The absorption bands of
molecules, and of the metal complexes, are generally broad and
therefore can be well matched to the emission bands of LEDs.
However, surprisingly few of the original publications on
molecular absorption measurements with LEDs as light source
deal with the construction of photometers for batchwise
measurements, i.e. with replacements of standard photometers.
A reason for this must be the appeal of LEDs for miniaturization

340 4
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Fig. 9. Voltages on a photodiode operated in the photovoltaic mode measured
directly using the analogue-to-digital convertor (ADC) of the microcontroller
(ATmega328 from Atmel) on the Arduino Uno platform. Thymol blue in 0.1 M NaOH.
LED: Amax=595nm.
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which led to a focus especially on detector cells for flow-injection
analysis. However, LED based photometers for the measurement of
individual samples are still useful and the first publication on the
use of LEDs in analytical chemistry by Flaschka et al. indeed
described such a device [4]. Real applications were not reported
but the cell was evaluated with solutions of a Cu(Il)-aquo complex
using a red LED. An early report by Imasaka et al. [34] on batch-
wise measurements concerned the sensitive determination of
phosphate with the molybdenum blue method. A detection limit
in the sub-ppb level was achieved. LED-based photometers can be
compact and battery operated and such field portable instruments
are now commercially available from various suppliers (for
example from Hach-Lange, Hanna Instruments, Windaus Labor-
technik, WTW Wissenschaftlich-Technische Werkstdtten, Cheme-
trics, etc.). Typical applications are the determination of chlorine
or ozone in swimming pools, or the determination of ammonium
or phosphate in waste water treatment plants or in environmental
samples. LEDs have also been adopted as light sources into
commercial benchtop robotic analyzers for the microtiter format
(e.g. from Tecan, Biorad, Biochrom, Labexim Products, etc.) with
their main applications in the clinical field or in life science
research, or in a clinical analyser based on a rotary sample tray
(Eurolyser). In these routine applications wavelength flexibility is
not required.

The fixed wavelength of LEDs can indeed be seen as a
disadvantage, and to address this limitation a number of authors
have reported switchable multi-wavelength photometers based
on dual- or triple-colour LEDs, i.e. components which contain two
or three emitting chips of different colours, or photometers which
combine several standard LEDs [14-16]. The challenge to
efficiently combine the light from a number of LEDs into one
spot can be solved by employing fibre bundles or fibre splitters.
Such LED-array photometers have been reported for the simulta-
neous determination of binary mixtures of analytes with over-
lapping spectra in combination with multivariate calibration
[15,35]. Another approach to obtain wavelength flexibility from
LEDs is to use white LEDs in combination with a wavelength
selective device. Veras et al. combined such an LED with a compact
disc (CD) as an inexpensive wavelength dispersive device, in order
to construct a simple spectrophotometer for molecular absorption
spectroscopy [36]. Piasecki et al. replaced the standard deuterium
lamp in a commercial diode array detector for capillary
electrophoresis with a white LED [37]. For the LED less noise
was present compared to the standard light source, which
demonstrates that this arrangement still can be advantageous
despite the loss of the wavelength selectivity inherent to the light
source.

A very special but well established application of absorbance
measurements with LEDs is pulse oximetry, in which the oxygen
content of blood is measured with a red LED at 600 nm via the
colouration of haemoglobin. A probe is clipped directly onto a
finger or an earlobe for direct non-invasive in-vivo measurement.
To account for such variations as the length of the light path and
light scattering, a second measurement is made with an IR-LED at
950 nm and the two measurements are ratioed [38].

3.1.2. Titrations

Another early reported analytical application of LEDs was in
probes for end-point detection in titrations [39]. This approach has
also been adopted commercially and is implemented in state-of-
the art automatic titrators (Metrohm, Mettler-Toledo). One of the
advantages of the optical end-point detection in titrations, instead
of employing electrochemical sensors, is the possibility of
automation of older methods which had been validated for use
with indicator dyes.
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3.1.3. Flow systems

An important field of application of absorbance measurements
with LED based devices is detection in analytical flow-through
systems. Some of the earliest applications reported concerned
detectors for flow-injection analysis (FIA), where a reagent is added
to produce a coloured product, and these have been reviewed by
Trojanowicz et al. [40]. For such cells attention has to be paid to
potential refractive index effects (changes of intensity due to
changes in the refractive index of the solution when the sample
passes through the cell). Such interferences may be minimized by
optimizing the cell geometry [8]. It is also possible to use a
referenced approach in which a second wavelength at which the
analyte does not absorb is employed for, at least, partial correction
of refractive index effects or turbidity [41]. The use of LEDs lends
itself well to the construction of miniature devices, and even flow
through cells constructed by drilling appropriate holes into the
body of an LED have been reported (see for example Dasgupta et al.
[8]). Flow-through process analysers with LED based absorbance
detectors are now commercially available (e.g. from Metrohm).
Process monitoring without adding reagents is also possible if the
stream shows an absorbance in dependence of the analyte
concentration at a wavelength accessible with LEDs [42].

3.1.4. Chromatography

LED based detectors have also been reported for column
chromatography. Early reports were based on visible LEDs.
Schmidt and Scott in 1984 reported a detector based on a green
LED for the determination of heavy metal ions as their complexes
with 4-(2-pyridylazo) resorcinol (PAR) [43], a method which was
later also used with a PEDD device [44]. Berthod et al. in 1990
described an indirect HPLC detector which was based on the
displacement of methylene blue in the eluent by the analytes [45].
Standard photometric detection in HPLC is based on UV-light
below 300 nm as most analytes are not coloured and absorb light
only in the lower UV-range, and therefore only the commercial
introduction of deep-UV-LEDs a few years ago really opened up the
field. Detectors based on 255 nm and 280 nm LEDs were reported
by Hauser and co-workers [7,32,33]. A detector for conventional
HPLC showed detection limits of 0.4mAU, excellent linearity
(correlation coefficients of 0.9999) and reproducibilities of
between 0.1 and 0.2%; performance data which is comparable to
that of a commercial diode-array detector with a significantly
higher purchase price [32]. A photo of a prototype detector for
narrow bore separation columns is shown in Fig. 10 and a
chromatogram acquired with this device is given in Fig. 11. Note,
that for this application special visible light blind photodiodes
were employed, in order to suppress a background signal due to
secondary emission at longer wavelengths present for the UV-
LEDs. Kraiczek et al. recently described an HPLC detector which
featured an array of UV-LEDs for flexibility of the wavelength [14].

3.1.5. Absorption detection in capillaries/capillary electrophoresis
Absorption measurements in capillaries are a challenge for
three reasons. First of all, in the usual transversal measurement,
the optical pathlengths are very short (the internal diameters are
100 wm or less in capillary electrophoresis), which according to
Lambert-Beer’s law imparts a low sensitivity. It also means that
the light source should be highly stable to achieve good precision
and low limits of detection. Secondly, the light path needs to be
restricted to the narrow internal diameter of the capillary in order
to avoid stray light. A carefully produced and aligned optical slit is
needed. Thirdly, the assembly has to be very stable mechanically as
slight changes in the alignment can strongly influence the intensity
of light falling on the detector. On the other hand, the inherent
stability, high intensity, and small size of LEDs are an advantage for
such applications and a number of LED based absorption detectors
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Fig. 10. Detector for narrow bore HPLC based on a deep-UV-LED.

for capillary electrophoresis (CE) and other flow methods employ-
ing capillaries have been developed. The first report on the use of
such a cell in CE by Tong and Yeung in 1995 described the
employment of yellow and red LEDs and a cell that included
focusing optics (a camera lens and two ball lenses) [46]. Direct
absorption detection, as well as indirect detection were demon-
strated. The latter refers to the use of a charged dye in the
separation buffer which is displaced by the analyte ions leading to
negative going peaks [46]. This approach is commonly used in CE,
also when employing conventional absorption detectors, when
ions which do not absorb light are to be detected. This early report
was followed in 1996 by a study by Macka et al. in which the
mercury vapour lamp in a conventional CE detector was replaced
by an LED and the superior performance of the solid state light
source was demonstrated [31]. Boring and Dasgupta in 1997
described a compact purpose made cell that did not require any
focussing optics [47]. A different arrangement, which was based on
fibre optic cables butted perpendicularly to the separation
capillary, was also reported in 1997 [48]. The latter approach
dispenses with the need of placing an optical aperture in front of
the capillary as the size of the fibre core can be made to match the
internal diameter of the separation capillary.

To improve the sensitivity of absorbance measurements in
capillaries Mishra and Dasgupta in 2007 reported a multi-
reflection cell [49]. Another approach to increasing the sensitivity
for optical detection in capillaries is by passing the light axially
along the capillary, instead of the usual transversal arrangement.
This is possible by employing capillaries which are made from a
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Fig. 11. Chromatogram for nucleosides at 25 wM acquired with the detector shown
in Fig. 10.
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low refractive index material (Teflon AF), or which are internally
coated with such a material, in order to obtain a liquid-core
waveguide. Wada et al. [50] reported such a set-up for a study in
capillary electrophoresis in which the light could be guided along
its entire length, but it is difficult to see how this could be
implemented for the usual end-of-capillary detection in electro-
phoresis. However, other analytical applications of liquid-core
waveguides in capillaries have been described, some of them
involving LEDs as light sources, and these have been reviewed by
Dallas and Dasgupta [51].

Macka and co-workers have also remained active in the field of
LED based absorption detectors for CE and over the years have
demonstrated a range of applications [52-61]. This included, for
example, a study of the use of a near-UV-LED (380 nm) with
chromate, which is frequently used as displacement dye in the
indirect detection of inorganic anions [62]. The developments of
LED based detectors in CE up to 2009 have been reviewed by Xiao
et al. [63,64].

As for HPLC, in capillary electrophoresis the deep UV range is
the most important wavelength region. A detector employing an
LED with an emission band at 255nm which was based on a
modified cell from a conventional CE detector, was reported by
Kr¢mova et al. in 2009 [17]. Due to the relatively low intensity of
the early deep-UV device, and the loss of light at the narrow cell
aperture, a photomultiplier tube had to be employed for the
measurement of the transmitted light intensity. A similar detector
based on a 255 nm LED was also reported by Rudaz and co-workers
[65,66], but unfortunately very little detail, other than that it
employed a deep-UV-LED as light source was given.

LED based detectors for CE are, to our knowledge, presently not
commercially available, but a suitable capillary cell which may be
used with LEDs is on sale (Ocean Optics). This employs butted fibre
optic cables and is based on a commercial cross-type tubing
coupler.

3.1.6. Gas phase

The determination of small analytes by absorption measure-
ment in the gas phase is a well established technique. A prominent
species is carbon dioxide (CO,), but many others, such as methane
(CH4) and other hydrocarbons, ozone (O3), NO, compounds,
sulphur dioxide (SO;), hydrogen sulfide (H,S), ammonia (NH3),
or carbon monoxide (CO) are also of interest. For a review on
optical gas sensing see for example [67]. These analytes show
groups of very narrow absorption lines in the mid-IR range
(2.5-14 wm) due to the vibrational and rotational modes of the
molecules. Spectral matching to a single line requires the narrow
emission line of a laser, and indeed powerful laser based
techniques are available, which allow sensitive determination
and may even be used for the distinction between molecules
composed of different isotopes. For the construction of simple
instruments or sensors, broadband sources, such as incandescent
lamps, are employed. Typical applications are air monitoring in
industrial settings or in mining. These give good results for not too
challenging limits of detection despite the not perfect spectral
match. Different cell arrangements are used and these usually
include an optical filter to limit the wavelength range and often
relatively long pathlengths to achieve good sensitivity. Another
difficulty is the presence of a background radiation in the IR-range,
and for this reason the light source is generally intensity-
modulated to allow discrimination via synchronous detection
[68]. The replacement of thermal sources with LEDs is advanta-
geous not only due to their inherent wavelength selectivity but also
because they can be electronically modulated. The presence of the
background radiation also makes the use of wavelength selective
detectors sensible for this wavelength range in order to suppress
some of the unwanted baseline signal, and for example Matveev
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have described the use of specially designed spectrally matched
pairs of LEDs and wavelength restricted photodiodes for optical gas
sensing [68].

Probably the earliest report on a gas sensor based on a direct
absorbance measurement and employing an IR-LED was published
by Johnston in 1992 [69]. Two devices for monitoring carbon
dioxide at 4.25pum and hydrocarbons in the range from
3.3-3.4 um were described. Since then, a variety of photometric
absorbance sensors employing mid-IR LEDs have been reported,
for example for the detection of CH4 [70-72], CO and CO, [73], and
water vapour [73]. The commercial adoption of the mid-IR LEDs for
this purpose has been relatively slow, possibly because these
devices are not mass-produced for other applications, but some
products are commercially available (e.g. from LED Microsensor NT,
Gas Sensing Solutions, and Mipex). An added advantage of these
devices is the lower power consumption compared to the ones
based on thermal radiation sources, so that this approach is of
particular interest for portable gas detectors.

Photometric gas sensing with LEDs is mainly the domain of IR-
LEDs, but some fruitful spectral matches outside the mid-IR have
also been reported. Fowles and Wayne reported already in 1981 a
photometric detector for ozone employing a yellow-orange LED as
light source and a silicon photodiode as light sensor [74]. It was
reported that the detection limit in the ppm range was achieved
with a relatively short optical pathlength for gases of 10 mm. The
introduction of UV-LEDs opened up some further possibilities.
Degner et al. [6], Kalnajs and Avallone [75], as well as Aoyagi et al.
[76] reported ozone sensors based on deep-UV-LEDs with 280 or
255nm emission bands and achieved detection limits below
100 ppb. Degner et al. also reported the determination of SO, and
NO, in exhaust gases from internal combustion engines via their
absorbance bands at 280 nm and 400 nm respectively using LEDs
[77]. Schorsch et al. reported the use of a blue and a UV-LED of
370 nm for the detection of OH and CH radicals in flames [78].

3.2. Fluorescence

LEDs may also be employed as excitation sources in molecular
fluorescence spectrometry. For this application the shorter wave-
lengths are more important as most fluorescent compounds
require blue or ultraviolet light for excitation. In contrast to
molecular absorbance measurements for fluorescence measure-
ments LEDs of the highest intensities are desirable as the signal,
and therefore the detection limit, is directly proportional to the
intensity of the excitation source. Generally, much lower detection
limits are achieved in fluorescence than in absorption measure-
ments. The intensities of LEDs tend not to be as high as those of
lasers, but this is, at least partially, compensated by a higher
stability. The suitability of LEDs for fluorescence measurements is
illustrated in Fig. 12.

In a very early report in 1975 an instrument based on a red LED
for the measurement of the fluorescence of chlorophyll directly in
leaves was described [79]. Another early report on the use of an
LED for a fluorescence measurement in 1986 described a fibre optic
end-point detection system for acid-base titrations employing a
coumarin indicator dye [5]. Smith et al. pursued more standard
fluorimetry and presented a simple fluorimeter with a green LED
and a photodiode employing a conventional cuvette [80]. Their
study was focussed on the improved noise and stability that could
be obtained with LEDs compared to conventional light sources.

A prominent application over the years has been fluorescence
detection in capillary electrophoresis. The first publication by
Bruno et al. [81] demonstrated the simple detection of rhodamine
B standard excited with a green LED, but the method is particularly
useful for the determination of fluorescently labelled biochemical
species, such as amino acids, peptides, proteins, DNA fragments,
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Fig. 12. Excitation of fluorescence from fluorescein using a blue LED.

catecholamines, and others. The developments up to 2009 have
been summarized by Xiao et al. in their reviews on the use of LEDs
in capillary electrophoresis [63,64]. This work has mostly been
carried out with blue LEDs which are available with high intensity
and match the excitation wavelengths of common fluorescent
labels, such as fluorescein.

In fundamental studies of fluorescence frequently lifetime
measurements are made using pulsed light sources. LEDs are again
well suited for this task as they can be electronically modulated
reaching into the nanosecond domain. This approach was first
demonstrated by Araki and Misawa in 1995 with a blue LED using a
special pulse shaping circuitry and a ultrafast digitizing oscillo-
scope [82]. Harms et al. soon after demonstrated a more affordable
set-up based on a commercial lock-in amplifier [83]. An
example of an application for such measurements is the detection
of polycyclic aromatic hydrocarbons (PAHs) in environmental
samples [84]. Recently the time domain technology has also been
implemented in a very compact portable format [85].

The fact that in fluorescence the sensitivity is directly
proportional to the intensity of the excitation source has been
exploited for single molecule detection using lasers. It has also
been shown more recently by different authors that single
molecule detection can also be achieved with high intensity LEDs
[86-88]. Also possible is gas-phase fluorescence with LED sources.
Sadanga et al. have described the determination of
atmospheric nitrogen dioxide with a blue light-emitting diode
via its fluorescence [89]. The use of LEDs for the excitation of
fluorescence has not been limited to molecules, atomic fluores-
cence of alkali and alkaline earth metals in the inductively coupled
plasma with these sources has also been reported [90].

A very useful application of LEDs is as light sources in
fluorescence microscopy for the investigation of stained biological
samples. According to Marzouk et al. in such applications LEDs are
a replacement for conventional mercury lamps with
improved spectral properties and higher intensities, which
eliminates the need for a darkened room [91]. This provides, for
example, easier access to sputum tests for tuberculosis in
developing countries [92]. Such microscopes are now commer-
cially available as are LED based instruments for time domain
fluorescence studies (e.g. from Photon System Instruments),
special instruments for algue or chlorophyll determination (e.g.
from Qubit), handheld portable instruments for
environmental testing such as the determination of optical
brighteners in waste water or cyanobacteria in fresh water (e.g.
from Turner Designs), portable instruments for chlorophyll
measurements in leaves (e.g. from Walz Mess- und Regeltechnik),
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instruments for total DNA quantification (e.g. from Biotium) or for
determination of DNA fragments following PCR (e.g. from Biosan)
and others.

3.3. Membrane based sensors

Optical chemical sensors (“optodes” or “optrodes”) generally
are based on membranes which interact specifically with an
analyte and in the process change an optical property. Fluores-
cence measurements are more easily implemented than absor-
bance measurements as both, the excitation and the
measurement of the signal, cannot be carried out from the back
of the membrane which is not exposed to the sample. An early
report on an LED-based all solid-state instrument for use with
optical sensors was presented by Guthrie et al. 1988 [93]. Among
the many examples reported in the literature the most prominent
application is the determination of dissolved oxygen via fluores-
cence quenching of, for example, ruthenium complexes [94] and
such sensors are now commercially available from different
suppliers. The end of a fibre optic probe, which was used in our
laboratory, is shown in Fig. 13 [29]. It was employed with
fluorescent membranes, for example for the determination of
nitrate. The probe consisted of a bifurcated fibre bundle, one half
of the bundle was used to bring light from the LED to the sensing
membrane, while the other half served to bring light back to the
detector. Lock-in amplification allowed the distinction from
ambient light. Taib and Narayanaswamy in 1995 [95] reviewed
fibre optic sensors employing solid state instrumentation, which
largely implies LEDs or laser diodes as light sources.

3.4. Microfluidic devices

The small volumes of microfluidic devices pose the same
challenges as capillaries. As the optical path lengths tend to be even
shorter, absorbance measurements are relatively seldom used in
favour of fluorescence measurements. Gotz and Karst in
2007 wrote a review on optical detection methods for microchip
separations which includes the LED based methods [96]. A nice
example is the compact microchip electrophoresis analyzer for
creatinine in urine following labelling with fluorescein isothiocy-
anate described by Wang et al. [97]. The compact instrument was
based on a blue LED and a photodiode for quantification.

Fig. 13. The end of a bifurcated fibre optic probe for use with fluorescent sensor
membranes.
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3.5. Photoacoustics

Photoacoustic spectroscopy is a thermo-optic method in which
the absorption of light is measured indirectly via the heat waves
created when the sample is irradiated with intensity modulated
light. The heat waves translate into pressure waves, ie. the
propagation of sound according to the frequency at which the light
source is modulated. The sound can then be picked up with a
microphone or a piezoelectric transducer. As it is not a differential
measurement, high intensity light sources lead to low limits of
detection, a feature shared with fluorimetry. Lasers are often also
used for this reason, but the introduction of high intensity LEDs
brought about some examples of instruments based on these as
well. Lay-Ekuakille et al. described a gas monitor based on mid-IR
LEDs (4-4.5pm) for applications in a hospital such as the
determination of the anaesthetics sevoflurane and nitrous oxide
(N20) [98]. Water vapour may be determined with a near-IR LED
(1450 nm) [99]. NO; in air can be determined with a blue LED
(about 460 nm) also by photoacoustics [100-102], and ozone in air
is accessible with a deep-UV-LED (285 nm) [103]. Rabasovic et al.
reported a low-cost photoacoustic instrument for solid samples
employing a white LED [104].

3.6. Other applications

An unusual spectrometric application of LEDs is their use in
Raman spectroscopy, which was reported by Adami and Kiefer
[105]. Note that in order to achieve good spectral resolution, a
further narrowing of the emission band of the LED was necessary,
which was achieved by placing an interference filter in front of
the LED.

It was recognised already in 1978 by Betteridge et al. that LED
based transducers can be employed for refractive index measure-
ments on liquids in flow through systems [106] and Pawliszyn
studied this effect further in 1987 [107]. This application has now
also been implemented commercially. Refractive index detectors
for HPLC with LEDs as light sources are produced (e.g. by Waters),
and benchtop instruments for the batchwise determination of the
refractive index of solutions and solvents employing LEDs are also
available (e.g. from Schmidt +Haensch).

Turbidimetry and nephelometry may also be carried out with
LEDs. Schnable et al. [108], for example, in 1998 described a
portable nephelometer featuring LEDs of different wavelengths.
dos Santos et al. reported an LED-based instrument for
concurrent turbidimetric and nephelometric measurements of
pharmaceutical formulations [109]. Strzelak and Koncki de-
scribed a flow-through cell for turbidimetry/nephelometry of
urine proteins [110]. Benchtop and portable turbidimeters
(employing near-IR LEDs) are now available commercially (e.g.
from Hanna and Hach).

4. Conclusions

The development of analytical applications of light-emitting
diodes has been very successful as evidenced by the diversity of
reported methods. There is a clear trend to the replacement of
conventional light sources in commercial instruments for appli-
cations where wavelength flexibility is not required. It has also
been a great success story for academic research in analytical
chemistry, indeed an endorsement, as many of the approaches first
published in the scientific literature have later become imple-
mented in routinely used commercial instrumentation. Further
progress can be expected, in particular with regard to the
important deep-UV range where most organic molecules show
an absorbance.
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The most common detection method for the analytical sepa-
ration techniques of HPLC and capillary electrophoresis (CE) is
absorbance measurement in the deep-UV range (below 300 nm)
as a large number of organic species absorb in this wavelength
region. Conventional UV detectors are based on deuterium dis-
charge lamps coupled to a monochromator for wavelength se-
lection. Light-emitting diodes (LEDs) for this wavelength range
have been produced in recent years. They have bandwidths of
typically 30 nm, which makes them well suited for direct ab-
sorbance measurements of molecules without requiring a mono-
chromator. Only UV-photodiodes and a log-ratio amplifier inte-
grated circuit for emulating Lambert-Beer’s law are required to
complete the electronic circuitry.

Narrow-bore HPLC has primarily been developed for use
with mass-spectrometric detection, for which only small amounts
of analytes are sufficient. However, the savings in eluent con-
sumption makes this approach also attractive for use with optical
detection when ultimate sensitivity is not required. In CE narrow
channels are essential to limit the Joule heating associated with
the ionic current along the separation path.

The detector cell for capillary electrophoresis.
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Detection of aromatic acids in capillary electrophoresis using a 50 um
ID capillary with a 255 nm LED.

The design of LED-based detectors for these narrow gauge
methods is more challenging than for standard HPLC. Due to the
small available volumes, the construction of dedicated Z-shaped
flow cells is not possible and the measurement has to be made
transverse to the flow path. The narrowness of the necessary ap-
ertures requires careful attention to efficient light coupling and
avoidance of stray light. High mechanical stability is also required
in order to minimize noise due to mechanical fluctuations. De-
spite these hurdles excellent performance with regard to baseline
noise (low LAU range), reproducibility of peak areas (~1%), and
linearity of calibration curves (correlation coefficients >0.999)
could be obtained with LEDs of the commonly used wavelengths
of 255 and 280 nm for both, narrow-bore HPLC (250 mm ID)
and CE (50 mm ID).

The inexpensive LED-based devices display a capability
comparable to standard commercial detectors. Their com-
pact size and low power requirements make them also suit-
able for portable battery-powered instruments.
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