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Element-selective detection in liquid and gas chromatography
by diode laser absorption spectrometry
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Abstract

An element-selective detector for chromatography based on atomic absorption spectrometry with semiconductor diode lasers is described.
The analytical utility of the technique is demonstrated by speciation examples of HPLC and GC employing analytical flames and plasmas to
atomize.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

This article describes the analytical capabilities of a still
widely unknown powerful element-selective detection tech-
nique for chromatography, diode laser atomic absorption
spectrometry (DLAAS). In our opinion, this detector has sig-
nificant general applicability for speciation once laser diodes
are commercially available that emit radiation across the en-
tire ultraviolet-visible range. At the moment, DLAAS detec-
tion can solve particular problems. Some recent examples
are discussed in this short review.

The paper presents a brief description of the theoreti-
cal background of AAS with diode lasers and outlines the
instrumentation, with a focus on recent developments in
laser diode technology that have increased its sensitivity.
Examples of analytical problems are given which require
HPLC for metal speciation analysis and GC for the mea-
surement of species containing halogen elements, hydrogen,
carbon, and sulfur. The HPLC examples include the de-
termination of toxic and carcinogenic chromium(VI) with
essential chromium(III) and a potentially toxic organoman-
ganese fuel additive, methylcyclopentadienyl manganese
tricarbonyl (MMT) in the presence of essential man-
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ganese(II). The GC-DLAAS examples involve measure-
ments of halogenated hydrocarbons. Analytical results are
presented which demonstrate the suitability of DLAAS to
perform complicated speciation analyses with sensitive but
simple and inexpensive systems which complement the
element-selective detectors employed in chromatography.

The most widely used element selective techniques for
chemical speciation analysis are the atomic spectrometry
methods of atomic absorption (AAS), optical emission
(OES), atomic fluorescence (AFS), and atomic mass spec-
trometries[1–4]. The most suitable atomizers for speciation
analysis employ a continuous flow of sample into the instru-
ment to allow a direct interface between a chromatography
system, such as flames or plasmas[5]. Discrete atom cells,
such as electrothermal atomizers (graphite furnaces) and
arcs/sparks, are generally less suitable because of the diffi-
culty of interfacing continuous flow into these devices[6].
Early speciation analysis work employed chromatography
systems coupled to flames as atomizers, primarily with
hollow cathode lamps (HCLs) as excitation sources for
AAS. Disadvantages of HCL-AAS include relatively poor
sensitivity and a short linear dynamic range (LDR).

More recently, speciation analysis work has focused upon
the use of inductively coupled plasmas (ICP) for detection,
using either optical emission spectrometry (ICP-OES)[7]
or mass spectrometry (ICP-MS)[8]. These techniques pro-
vide better detection limits and longer LDRs than flames.
ICP-MS is particularly sensitive, with detection limits below
1 part-per-trillion for many elements. In addition, ICP-MS
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has the additional advantage of providing isotopic informa-
tion which is of crucial importance in speciation studies.
However, the purchase price and cost of operation of these
instruments are high.

An alternative approach to speciation analysis involves
the use of lasers as excitation sources for AAS or AFS.
For example, Walton et al.[9] determined organomanganese
compounds by HPLC with AFS detection using a flame as
the atom cell, and obtained a detection limit of 0.5 ng/mL
(10 pg). This system used an expensive and unreliable ex-
cimer laser system, which limits the practicability of the
technique. In addition, these laser systems are pulsed lasers,
operating at relatively low frequencies (maximum 500 Hz,
most less than 100 Hz) and very low duty cycles. They are
also very large and cumbersome to operate.

Semiconductor diode lasers (DL) are a relatively new laser
source that offer high reliability, small size, and easy opera-
tion [10,11]and consequently offer the potential for low cost,
high sensitivity elemental analysis. The use of DLs for AAS
typically improves the sensitivity by one to three orders of
magnitude while maintaining the advantages of low cost, ro-
bustness, reliability, ease of use, and widespread use. Many
HPLC methods employ high concentrations of organic sol-
vents or salts. An important advantage of AAS compared to
ICP-MS is the insensitivity of a flame to these compounds
compared to a plasma, providing higher flexibility for the
chromatographic conditions. In summary, DLAAS provides
a sensitive, low cost alternative to complicated and expen-
sive detection systems for speciation analysis.

2. Diode laser atomic absorption spectrometry

Usually, absorption measurements are not considered to
be very sensitive since the signal is a subtle variation of a
large light flux. However, the employment of laser diodes
enables measurement of these variations very accurately. For
example, an absorption of 10−8 causes a change of pho-
ton flux which exceeds the fluctuations determined by shot
noise if about 5 mW laser power in the red spectral range
and a detection bandwidth of 1 Hz is applied. Theoretically,
this value corresponds to the detection of about 10 atoms
in an absorption path ofL = 10 cm if the laser beam has
a diameter of about 1 mm, a strong resonance line is used,
and no optical saturation takes place. In practice, the sig-
nal is perturbed by additional noise contributions, such as
intensity fluctuations of the laser source (laser noise) and
optical interference effects (optical noise). Therefore, vari-
ous modulation techniques have to be used to transfer the
absorption signal into a high frequency range where these
noises can be eliminated and measurements at the shot noise
limit can be performed. However, it has to be mentioned
here that modulation techniques also reduce the absorption
signal [11]. In a previous paper, we have investigated and
critically analyzed appropriate modulation techniques for di-
verse noise terms and situations typical for measurements

Table 1
Noise suppression and detection limits in DLAAS obtained with 2 mW
laser power, different modulation techniques, and linear (single beam
scheme) and logarithmic (double beam scheme) signal processing

Modulation
scheme

Detection Noise suppression Detection limit
([AU/

√
Hz])

Wavelength Linear Laser excess noise ≈10−5

Wavelength ln(IS/IR) Laser excess noisea ≈10−5

Wavelength
+ absorption

Linear Laser- and optical-excess
noise/RAM noise

≈10−6

Wavelength
+ absorption

ln(IS/IR) Laser- and optical-excess
noise/RAM noisea

≈10−7

a Total suppression of laser excess noise.

in analytical chemistry[12]. Table 1recapitulates the noise
suppression and detection limits of various modulation tech-
niques (wavelength and absorption modulation) with linear
and logarithmic detection, respectively. The signal was lin-
early processed when only the sample beam was measured.
Logarithmic amplification was also employed when the ref-
erence beam was measured. The laser wavelength was about
838 nm and the power 2 mW. A detailed discussion of the
techniques and their noise suppression is given in reference
[12].

In order to determine the detection limit which can
be achieved applying a definite modulationω(t) =
ω0 + m sin(ωmodt), we have to calculate the value of the
modulated signal corresponding to the extinction ofκL (κ
is the absorption coefficient). The amplitude of the (mod-
ulated) signal isi(κL/2), where i is the current of the
photodetector in the absence of absorption.

Based on the relation between the modulation depthm and
relevant noise terms, optimum S/N-ratios in WM-DLAAS
are generally obtained at second harmonic detection[11],
though the peak signal is slightly reduced in comparison with
direct absorption and amounts, in the case of a Lorentzian
line shape, to about 0.35i(κL/2).2 This means that an ab-
sorption of 0.18κL can be distinguished with high signifi-
cance from noise.

Moreover, taking into account the internationally accepted
3σ criterion for detection limits (σ is the standard deviation
of the noise
inoise), the smallest detectable absorption is:

Amin = 3

0.18


inoise

i
≈ 17


inoise

i
(1)

for the considered Lorentzian line.
On the other hand, shot noise is described by
ishot =√
2ei
f . Therefore, the detectable absorption — given by

(1) — is limited to

Amin ≈ 17

ishot

i
≈ 25

√
e
f

i
(2)

wheree denotes the charge of the electron and
f is the
detection bandwidth.

2 About 0.44i(κL/2) for a Gaussian line[11].
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This means, for example, that a photocurrent of 3 mA
corresponds to a smallest detectable absorption ofAmin =
1.7 × 10−7 within a bandwidth of 1 Hz, which is a typical
situation for measurements with laser diodes. Such low ab-
sorption measurements have been demonstrated in our labo-
ratory[12]. On the other hand,Amin amounts to 2.5× 10−5

if radiation powers of about 1.5�W (0.15�A photocurrent)
are applied. The latter absorption limit is typical for the
chromium measurements reported in the present paper.

The LDR of DLAAS can be many orders of magnitude.
The upper limit corresponds to an absorption of about 1%
while the lower limit is given by the detection limit. If the
detection limit is of the order of 10−7 to 10−6 the LDR is
four to five orders of magnitude[13].

3. Experimental arrangement for DLAAS in
chromatography

DLs have typical powers of several mW and operate in
the blue, red and near infrared range of the electromag-
netic spectrum. Commercially available DLs produce light
at wavelengths of 375–450 nm and >620 nm for the blue
and red/NIR, respectively[10,14]. Most useful atomic lines
for AAS are in the UV or blue region, and hence frequency
doubling of the DL radiation is necessary if the transition
wavelengths are outside 375–450 nm. Until quite recently,
the only technique to access these wavelengths for DLs in-
volved second harmonic generation (SHG) using a bulk fre-
quency doubling crystal, which is a very inefficient process,
producing typical powers of 10–100 nW. The shot noise limit
for this power is approximately 10−4 absorption units (AU).
Recently, quasi phase-matching (QPM) structures for fre-
quency doubling[14–16] became commercially available.
These devices, which can be used at wavelengths above
320 nm, are based on periodically poled nonlinear crystals
and have a much higher efficiency — up to 1% at 100 mW
of DL power. This innovation improves the performance of
the DLAAS instrumentation and makes the method applica-
ble for about 40 elements.Table 2shows the elements that
can be excited directly with commercially available DLs (in
the red/NIP or blue) or by frequency doubling of DL radia-
tion with QPM structures (in the UV and blue).

In Table 2we have also listed strong absorption transitions
of 40 different metals whose wavelengths can be reached
with commercially available laser diodes, either directly
applying the fundamental wavelengths or by frequency
doubling. The initial states of the absorption transitions
are the ground states or states which are highly populated
by thermal collisions in the absorption volume.Table 2
could include even more metallic elements if also weaker
absorption transitions are included. Non-metallic elements,
such as the halogen elements, carbon, sulfur or hydrogen
have resonance transitions in the far UV which are far from
the wavelengths reached by frequency doubled diode laser
radiation. However, most of these elements have strong ab-

Table 2
Determinable elements (metals) by DLAAS

Element Wavelength (nm)

Elements accessible by second harmonic generation
Ag 328.07
Ba 350.12
Co 347.4
Cu 324.7
Eu 333.44
Fe 344.07
Hf 333.2
Lu 331.21
Ni 335.96
Os 325.79
Re 346.05
Rh 343.49
Ru 342.83
Th 330.4
Ti 334.19
Tl 377.57
V 318.39
Zr 341.47

Elements directly accessible with DLs
Al 396.1
Ca 422.7
Cr 425.4
Cs 852.14
Ga 403.31
Gd 404.5
Ho 405.4
In 410.1
K 766.49
La 407.92
Li 670.78
Mn 403.08
Mo 390.3
Nb 410.09
Nd 454.22
Rb 780.0
Sc 405.45
Sm 380.4
Tb 431.89
Tm 409.42
U 404.27
Y 407.74

sorption transitions from their metastable levels in the red
and NIR range where commercial laser diodes operate. Rel-
atively high population densities of metastable atoms can
be produced in low-pressure plasmas, where the collisional
depopulation is low.Table 3shows those non-metallic el-
ements with their strong absorption lines which can be
sensitively detected by DLAAS in low-pressure discharges.

The basic experimental arrangement for speciation anal-
ysis with DLAAS detection is shown inFig. 1. The spec-
tral output of a laser diode or of a frequency doubled diode
laser system is passed through a continuous atomizer which
can be plasma or a simple analytical flame coupled to the
chromatograph. The wavelength of the diode laser system
is tuned to the absorption transition of interest changing the
temperature of the laser diode[10]. Here, at stable temper-
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Table 3
Determinable non-metallic elements by DLAAS using electronically ex-
cited, metastable state population in a low-pressure plasma

Element Wavelength (nm)

H 656.28
He 667.82
C 833.74a

N 746.83
O 777.75
F 685.79
Ne 640.40
S 921.29
Cl 837.59
Ar 811.75
Br 827.47
Kr 811.56
I 906.08
Xe 823.16
Rn 745.00

a Lower level resonant.

ature, the laser wavelength is modulated by variation of the
laser diode current to obtain low-noise absorption signals
from the photodetector behind the atomizer. Usually, the
photodetector is a low-noise silicon photodiode, or, in some
cases, a photomultiplier tube.

Fig. 1. Experimental arrangement for element-selective detection by
DLAAS in chromatography. The laser radiation applied can be the fun-
damental or the frequency doubled (not shown in the figure) output of a
diode laser system and the continuous atomizer of the chromatographic
eluates a plasma or a flame. The wavelength of the laser diode has to
be modulated across the absorption line and the absorption signal is
phase-sensitively detected. Optionally, a reference beam for normaliza-
tion, modulation of the absorption (in particular for plasma atomizers),
and logarithmic processing of the signal can be applied to achieve ulti-
mate sensitivities. This is shown by dashed lines.

If DLAAS measurements with wavelength modulation are
not shot noise limited due to low radiation power, as may
occur with frequency doubling, it is of advantage to use a
double beam arrangement as discussed above and shown in
Fig. 1. In some cases, e.g. with plasma atomizers, there is
the additional ability to modulate the absorption by switch-
ing the plasma on and off. The absorption signal normalized
by the reference signal is phase-sensitively detected at the
sum or difference frequency of the wavelength and absorp-
tion modulation frequencies or its higher harmonics. Almost
shot noise limited absorption (2× 10−7 absorption) at rela-
tively high laser powers (2 mW) has been demonstrated ap-
plying logarithmic processing of the absorption signal[12].
Details of the double beam, double modulation technique
with logarithmic detection are given, for example, in refer-
ences[12,17].

4. Experiment and discussion

4.1. Metal speciation analysis

4.1.1. Chromium(III) and chromium(VI)
The determination of chromium(III) and chromium(VI)

in the environment is a well-known problem. Chromium(III)
is regarded as a nutritionally essential element that is linked
to glucose and lipid metabolism in mammals[18]. The esti-
mated safe and adequate dietary intake is 50–200�g for an
adult [19]. Chromium(VI), however, is significantly more
toxic than chromium(III), producing liver and kidney dam-
age, respiratory disorders, and internal hemorrhage[19–21].
In addition, inhalation exposure of Cr(VI) has been shown
to induce lung cancer. Skin contact may cause allergies and
dermal corrosion. The higher toxicity of Cr(VI) has been
linked to the ease through which it crosses cell membranes
and its high oxidative potential. The US Environmental
Protection Agency (EPA) has established Preliminary Re-
mediation Goals (PRGs) of 55 000�g/L for Cr(III) and
110�g/L for Cr(VI) in drinking water, illustrating the
differences in toxicity between the two oxidation states
[21].

Chromium is the 21st most abundant element in the
crust of the earth[19,20]. It is employed in a variety of
industrial applications, including metallurgical applications
(steel production), as pigments for paints and other prod-
ucts, and in wood preservatives. Because of its industrial
importance, large quantities of chromium are discharged
into the environment. The speciation of this element is fur-
ther complicated because Cr(III) and Cr(VI) are in dynamic
equilibrium. Chromium(III) is favored by low pH, anaer-
obic conditions, and high amounts of organic matter. In
addition, chromium(III) adsorbs onto clay and other nega-
tively charged particles, while Cr(VI) is more water-soluble
and mobile. It is clearly desirable to have high sensitivity,
low cost instrumentation to distinguish between these two
forms of chromium to evaluate toxicological effects and
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distribution, transport, and chemical transformations in the
environment.

ICP-MS has excellent analytical sensitivity for chromium
speciation analysis. However, interferences with polyatomic
ions effect Cr(VI) determination at sub-�g/L concentra-
tion levels [22]. Moreover, these interferences restrict the
chromatographic conditions usable for ICP-MS. For exam-
ple, our ion-pair chromatography system, which allowed
on-line preconcentration of Cr(VI), employed a mobile
phase containing 40% of methanol and cannot be coupled
with ICP-MS due to a strong interference of40Ar12C+ with
52Cr+ unless a sector field mass spectrometer with suffi-
cient resolution is used. As a result, DLAAS coupled with
the ion-pair chromatography provided a significantly bet-
ter detection limit for Cr(VI) determination than ICP-MS.
In addition, DLAAS is more compact and robust, making
DLAAS the method of choice for Cr(III)/Cr(VI) speciation
analysis.

The capability of DLAAS employing simple analytical
flames in combination with HPLC and a high pressure neb-
ulization system for the Cr(III)/Cr(VI) speciation analysis
has first been shown in[23]. The power of the frequency
doubled radiation was only 70 nW since we used LiIO3 as
non-linear medium for 50 mW fundamental radiation from
a laser diode. Although the detection limit was already very
low (about 1 ng/mL), it was too high to detect Cr(VI) in or-
dinary drinking water. In more recent work, a SHG power
of about 3�W was generated in a more efficient crystal
(KNbO3). The increase of radiation power improved the de-
tection limit significantly and allowed us to detect Cr(VI) in
tap water far below the level which is considered as toxic
[24].

For quantitative chromium speciation analysis by
DLAAS, the atomizer in the basic experimental arrange-
ment (Fig. 1) is a flame and the chromatograph a HPLC
system. An AlGaAs-type laser diode (SDL-5410, wave-
length at room temperature: 853 nm, maximum output
power: 50 mW) driven by a commercial laser diode con-
troller (LDC 400 by Profile) was used. The wavelength of
the laser diode was modulated sinusodially using a commer-
cial function generator (Wavetec FG 5000) at a frequency of
7.5 kHz. As already mentioned above, the collimated laser
radiation was frequency doubled in a KNbO3 crystal which
was temperature tuned for phase matching. The atomizer
was a commercial air-acetylene flame (Varian).

The specific Cr absorption (3d54s7S3 → 3d54p7P3 transi-
tion at 427.48 nm) was measured by a low noise silicon pho-
todiode applying phase sensitive amplification at the second
harmonic of the wavelength modulation frequency. More-
over, we applied a double beam detection scheme with log-
arithmic subtraction similar to the arrangement described in
[12] in order to compensate for the background component
at the second harmonic of diode laser modulation frequency.
This component arises by SHG in the nonlinear crystal,
where fluctuations cause additional noise. The 2f signal of
the lock-in amplifier (Stanford Research Systems SR-830)
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Fig. 2. Cr(III)/Cr(VI) speciation of a spiked water sample by HPLC and
DLAAS in a flame.

was fed into a personal computer via an analog–digital PC
board with a sampling rate of 3 Hz.

A commercial HPLC system (Knauer) with a Eurosphere
Rp C18 chromatographic column (also from Knauer) was
used. The chromatographic separation required a special
preparation procedure, consisting of the admixture of acetic
acid to reach a definite pH value and tetrabutylammonium
acetate for the ion-pairing process. Sample volumes of 1 mL
were introduced into the HPLC system. A detailed descrip-
tion of the full procedure is given in[25].

Fig. 2 shows a chromatogram for a water sample spiked
with 5 ng/mL Cr(III) and 1 ng/mL Cr(VI). While the Cr(VI)
peak is relatively narrow, due to on-line preconcentration by
the chromatographic procedure, the Cr(III) signal is quite
broad due to the presence of various Cr(III) complexes. The
high detection power of our instrument was demonstrated
by the determination of Cr(VI) in tap water. The Cr(VI) con-
centration varied from 400 to 50 pg/mL, depending on the
day and time of measurement. As expected, higher concen-
trations were obtained early in the morning.Fig. 3shows, for
example, the signal of a sample taken directly after opening
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Fig. 3. Chromatogram Cr(VI) in tap water measured by HPLC and DLAAS
in a flame.
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the tap in the morning and taken after the water was allowed
to flow for 10 min. The detection limit was determined to be
30 pg/mL which corresponds to about 1.4×10−4 absorption
(band width: 0.5 Hz). The experimental detection limit was
very near to the theoretical one.

It has to be stressed that similar detection limits in
chromium speciation analysis can only be expected if
ICP-MS with a sector field mass spectrometer is used in
combination with HPLC. However, ICP-MS is a bulky and
expensive technique which is certainly much more difficult
to use for on-line control than the simple and compact
flame-DLAAS technique.

4.1.2. Speciation analysis of organic and inorganic
manganese compounds by HPLC-DLAAS

Considerable controversy has developed over the poten-
tial toxicity of a fuel additive, methylcyclopentadienyl man-
ganese tricarbonyl[26,27]. From 1977 to 1995, MMT was
approved only for limited use in leaded gasoline at a con-
centration level of 9 mg (as Mn)/L. During this period, the
manufacturer made several applications to the US Environ-
mental Protection Agency for permission to market MMT
for use in unleaded gasoline. Although these applications
were denied, the manufacturer was able to successfully chal-
lenge the denial in federal court. Consequently, MMT has
been marketed in the United States since December, 1995.

Although manganese is considered a nutrionally essential
trace element, it is clear that very high levels of inhaled
manganese induce neurobehavioral and respiratory effects
[26–29]. The major manganese-containing compounds
were manganese sulfate, manganese phosphate, Mn3O4,
and MnO. The health risks associated with a potential
widespread introduction of MMT into the US gasoline sup-
ply, which would probably cause relatively small increases
in inhaled manganese, remain unknown because of limita-
tions in data. These include limited knowledge of the toxi-
city of MMT and its combustion products and considerable
uncertainty in exposure assessments of MMT.

In addition to the combustion of manganese, human ex-
posure to MMT may also occur through surface water and
ground water ecosystems[30]. The addition of MMT to
gasoline may increase gastronomical absorption of the com-
pound. Workers at MMT production facilities, refineries,
fuel terminals, and service stations may sustain direct ex-
posure to the chemical. In addition, manganese emissions
from tailpipes are expected to contaminate soil near roads.
This may lead to ingestion of manganese-contaminated soil
by children.

The widespread introduction of MMT into the United
States gasoline supply has the potential to be a serious threat
to public health[27]. It may be necessary to routinely mon-
itor gasoline, ground water, and human fluids (e.g., urine,
blood) to evaluate potential human exposure. Toxicologi-
cal experiments of MMT and its metabolites on animals are
required to assess the effects of these compounds on hu-
man health, with particular emphasis on “at risk” popula-

tions which include MMT production facility workers, ser-
vice station attendants, children, and pregnant women. The
development of high sensitivity, low-cost, reliable instru-
mentation will allow research and monitoring laboratories
to make these important measurements.

One of the deficiencies of most previous studies of MMT
is the analysis typically consisted of the measurement of
total levels of manganese, rather than speciation of the
compounds present. MMT is considerably more toxic than
most inorganic forms of manganese. Differences in tox-
icity exist among inorganic manganese compounds, with
manganese(III) more toxic than manganese(II)[16,28,30].

We have applied HPLC-DLAAS instrumentation de-
scribed above for the determination of inorganic man-
ganese, MMT and its nonmethylated derivative, cyclopen-
tadienyl manganese carbonyl (CMT)[31]. In this study, a
near-infrared laser diode was employed to produce laser light
at 806.2 nm which was then frequency doubled to produce
radiation at 403.1 nm for manganese determination. The
detection system included a photomultiplier tube, logarith-
mic amplifier, and a lock-in amplifier. Data processing was
performed with a personal computer. Reversed phase HPLC
was employed to separate the manganese-containing com-
pounds. The chromatographic conditions were optimized,
and detection limits, linear dynamic ranges, and analysis
times were obtained for DLAAS with and without HPLC.

Fig. 4 shows a typical chromatogram of 50 ng/mL of in-
organic manganese, 50 ng/mL of CMT, and 50 ng/mL of
MMT using 65:35 methanol/pH 4 buffer[31]. Inorganic
manganese was not retained and eluted at 0.5 min, CMT
eluted at 1.8 min, and MMT eluted at 2.5 min. In the ab-
sence of the column, direct DLAAS analysis provided total
manganese determination in less than 1 min.

The organomanganese compounds are characterized by
rapid decomposition in sunlight (half-life of 0.93 min)[32],
and hence we investigated the stability of these compounds
in polyethylene bottles under normal laboratory lighting
conditions.Fig. 5 shows the decomposition of 50 ng (as
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trations are 50 ppb each) measured by HPLC and DLAAS in a flame.
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Fig. 5. Decay of the MMT in a polyethylene bottle due to light (�) and
increase of the inorganic Mn signal (�).

Mn)/mL MMT over more than 2 days[31]. Minimal degra-
dation was observed over the first 3 h of the experiment.
These results indicate that little degradation would occur
during normal sample introduction procedures, but that the
solutions should be stored in light-tight containers at other
times. Significant degradation occurred at longer expo-
sure times in approximately a linear relationship, although
complete degradation was not observed after more than
2 days.

Table 4 is a comparison of analytical figures of merit
for DLAAS and for other competitive techniques[31]. In
terms of detection limit, the DLAAS value of 1 ng/mL was
a factor of three better than the best reported hollow cath-
ode lamp atomic absorption spectrometry (HCLAAS) de-
tection limit. This relatively small difference in sensitivity
is caused by two factors. First, the DLAAS measurement
was made at 403.1 nm, which is 10 times less sensitive than
the HCLAAS wavelength at 279.5 nm. Second, our mea-
surement was made at a relatively low laser power, and a
significant improvement would be expected by increasing
the laser power. Our detection limit was a factor of 3 and
200 worse than standard values for ICP-OES and ICP-MS,
respectively. However, even with the limitations of this ex-
perimental set-up, we were able to detect manganese com-
pounds at concentration levels necessary for environmental
and toxicological studies.

Table 4
Comparison of analytical figures of merit of DLAAS to other techniques for determination of inorganic manganese, CMT, and MMT[31]

Figure of merit DLAASa [31] HCLAASb [5] ICP-OESc [7] ICP-MSd [8]

Mn detection limit (ng/mL) 1 3 0.3 0.0005
CMT/MMT detection limit (ng(as Mn)/mL) 1 NRe NRe NRe

Linear dynamic range (orders of magnitude) 4.7 3 5 8

a DLAAS: diode laser atomic absorption spectrometry.
b HCLAAS: hollow cathode lamp atomic absorption spectrometry.
c ICP-OES: inductively coupled plasma-optical emission spectrometry.
d ICP-MS: inductively coupled plasma-mass spectrometry.
e NR: not reported.

Table 5
Comparison of analytical figures of merit of HPLC-DLAAS to
HPLC-LEAFS for determination of inorganic manganese, CMT, and MMT
[31]

Figure of merit HPLC-DLAASa [31] HPLC-LEAFSb [9]

Mn detection limit
(ng/mL (pg))

2 (400) NRc

CMT/MMT detection
limit (ng (as
Mn)/mL (pg as Mn))

2 (400) 0.5 (10)

Linear dynamic range 3 3

Analysis time (min) 3—routine 20
6—higher resolution

a HPLC-DLAAS: high performance liquid chromatography-diode laser
atomic absorption spectrometry.

b HPLC-LEAFS: high performance liquid chromatography-laser ex-
cited atomic fluorescence spectrometry.

c Not reported.

Table 5is a comparison of our HPLC-DLAAS speciation
data[31] to a previous HPLC-laser excited AFS (LEAFS)
MMT speciation study[9]. Our concentration detection lim-
its are within a factor of 4 of the literature values, but the
absolute detection limit was 40 times higher. This disparity
was caused by our use of a larger injection loop (0.2 mL
compared to 0.02 mL). The linear dynamic range for both
systems was three orders of magnitude. One advantage of our
chromatographic conditions was the speed of the analysis
(3 min), with good resolution using 65:35 methanol/aqueous
pH 4 buffer as the mobile phase. Higher resolution was ob-
tained using a mobile phase of 60:40 methanol/aqueous pH
4 buffer, although the analysis time was increased to 6 min.

MMT was added to samples of gasoline, human urine,
and tap water, and determined by HPLC-DLAAS[31], and
the results are summarized inTable 6. These samples were
selected because of their environmental and toxicological
significance. The spiked samples were diluted to give MMT
concentration levels between 40 and 100 ng/mL for analy-
sis. Aqueous calibration graphs were constructed to quantify
the samples. The sample matrices did not effect the reten-
tion time and peak shapes of the analyte, probably because
our low detection limits allowed large dilution factors to be
employed. In all cases, good agreement was obtained be-
tween the expected concentration and the concentration de-
termined by HPLC-DLAAS. In summary, HPLC-DLAAS
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Table 6
Analysis of samples spiked with MMT[31]

Sample Added concentration
(�g (as Mn)/mL)

Reported solubility in water
(�g (as Mn)/mL)[30]

Determined value by
HPLC-DLAAS (�g (as Mn)/mL)

Gasoline 8.3 – 8.0± 0.8
Human urine 4.0 – 4.2± 0.3
Tap water – 10, 29, 70 36± 2

was shown to be a sensitive, selective, rapid, and accurate
technique for MMT determination.

4.2. Element-selective detection of non-metals in GC

The element-selective DLAAS detector in GC requires a
plasma which replaces the more general atomizer inFig. 1. It
can be a plasma at ambient pressure for the determination of
metallic elements. However, it has to be operated at reduced
pressure for non-metals.

The gas chromatograph we have in our laboratory is a Shi-
madzu GC-14A with a fused silica column FS-SE-54-CB-1
(column-length: 50 m; inner diameter of column: 0.32 mm)
with helium as carrier gas. The outlet gas flow of the column
is directed through a quartz capillary (diameter 2 mm) where
a microwave-induced plasma (MIP) is sustained. The MIP
operates in a Beennaker-type resonator[33] at a pressure of
about 20 mbar. The radiation of the laser diode is directed
through the plasma on a silicon photodiode. For example, the
laser diode is tuned to the chlorine 3p4s4P5/2 → 3p4p4D7/2
absorption line at 837.60 nm (seeTable 3) which probes the
density of metastable Cl atoms in the plasma. The wave-
length of the laser diode is typically modulated with a fre-
quency offlaser = 11.5 kHz. Additionally, the plasma can be
modulated with a frequency offplasma= 5 kHz. The signal
is detected at the mixed frequencyf = 2flaser− fplasma=
18 kHz. This double modulation arrangement improves the
S/N-ratio significantly as mentioned above[12,13].

Typical carbon-, chlorine- and hydrogen-specific chro-
matograms of eight different species are shown inFig. 6.
Evaluating the chromatograms one finds that the ratios of
the absorption signals represented the stoichometry of the
elements in the species. This a pre-condition for the ap-
plication of internal standards. In reference[34], we used
C5H11Cl to determine the concentrations of the other species
C7H16, C6H5Cl, C8H14, C8H16, and C4H8Cl2. There was
only a slight deviation for the carbon-specific stoichiometry
for chlorobezene (C6H5Cl). The reason for this deviation
could not be found.

Chlorine-, carbon- and hydrogen-specific calibration
graphs were made in order to determine the analytical de-
tection limits of the DLAAS arrangement with respect to
gas chromatographic eluents. Therefore, the analyte con-
centration of a matrix, consisting of C5H11Cl, C3H6Cl2,
and C6H5Cl was successively reduced and subsequently
quantified. In contrast to the stoichiometric measurements,
the separated compounds were sequentially analyzed. For

example, the chlorine- and hydrogen-specific detection
limits of C5H11Cl were of the order of 60 and 300 pg, re-
spectively, while the carbon-specific calibration resulted in
an average detection limit of about 5 ng. This high value is
a consequence of the weak population density of the reso-
nant C 3s1P0

1 initial state as well as the moderate oscillator
strength of the used 3s1P0

1 → 3p1S0 transition.

4.2.1. Measurement of volatile chlorinated hydrocarbons
in oil

The analytical problem in this example was the determi-
nation of low concentrations of volatile chlorinated hydro-
carbons in the oil samples of an industrial plastic material
recycling process. These analytes could not be measured by
a commercial AES detector because of its insufficient sen-
sitivity [35]. These species were of interest in an industrial
process since they poisoned the catalysts and attacked the
reactor wall at very low concentrations. The samples were
measured with our experimental GC arrangement employing

Fig. 6. Chromatograms of a sample with 1.2 mg/mL of heptane (1),
1-chloropentane (2), 1-octene (3), 1-octyne (4), chlorobenzene (5), and
1,4-dichlorobutane (6) each measured by GC and DLAAS of H, Cl and
C in a low-pressure He plasma.
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Fig. 7. GC chromatograms of an oil sample from a plastic recycling
process measured by element-selective detection applying a commercial
AES detector ((a) C 247.9 nm line, (b) Cl 479.5 nm line) and the DLAAS
detector.

a low-pressure MIP which was also used in the stoichiom-
etry experiment reported in the preceding chapter.Fig. 7
shows a comparison of chromatograms obtained with the
DLAAS (Fig. 7c) and a commercial AES detector (Fig. 7a
and b) analyzing an oil sample with elevated concentration of
volatile chlorinated hydrocarbons. While the DLAAS chro-
matogram was measured using the 837.60 nm Cl absorption
line, Cl and C were determined by the AES detector us-
ing the 479.45 and 247.86 nm emission lines, respectively.
The experimental conditions were as follows: injection of a
0.5�L sample, a split ratio of 1:20, and dilution of the eluate
in the low-pressure MIP by a ratio of 1:3. A more detailed
description of the experimental conditions can be found in
the original paper[35]. The concentrations of the chlori-
nated hydrocarbons at the beginning of the chromatograms
of Fig. 7 were found to be of the order of 5–20�g/mL. A
DLAAS detection limit of about 100 ng/mL was obtained
for the chlorinated species which is comparable with the de-
tection limits obtained for undiluted haloform standard sam-
ples[13].

4.2.2. Measurement of chlorophenols in plant extracts
Chlorine-selective chromatograms of a standard sample

and of a plant extract inn-hexane are shown inFig. 8. While
the standard sample contained different types of chlorophe-

Fig. 8. Cl-selective chromatograms of a chlorophenol standard (top) and an
extract from a plant exposed to TCP (bottom). The DLAAS detector was
tuned to the Cl 837.6 nm line, the continuous atomizer was a low-pressure
plasma.

nols, only trichlorophenol (TCP: C6H4Cl3O) was detected
in the plant sample. The plant had been previously exposed
to TCP in a greenhouse. TCP was extracted from the wax
layer of leaves or needles by dichloromentane with 0.1 M
potassium carbonate added. Sample volumes of 1�L were
injected into the gas chromatograph. A detection limit of
30 ng/mL for TCP was obtained[35].

The advantage of element selective detection by DLAAS
can be seen ifFig. 8 is compared withFig. 9, which

Fig. 9. Non-selective chromatogram of the TPC exposed plant sample of
Fig. 8 measured with a commercial ECD-detector.
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displays a chromatogram of the plant measured with the
non-element specific electron capture detector (ECD). The
ECD, which exhibits different sensitivities for different
molecular species, is commonly used for chlorophenol
measurements. The ECD chromatogram of the plant extract
shows many components which do not contain Cl atoms
and hence the TCP signal could hardly be seen. Further-
more, it has a sloping background because of overlapping
components. Therefore, it is very hard to discriminate a
small TCP signal from other components and, if one has
located the chlorophenol, to give the exact magnitude of the
signal. In comparison, the DLAAS-detector chromatogram
shows only Cl containing components, and in our case,
only the TCP signal. Furthermore, there is the possibility
of calibration by the addition of internal standards con-
taining Cl or other elements because the element-selective
signals reflect the stoichiometric ratios of the elements in
the species[13,34]. Element selective detection in GC has
been demonstrated not only for Cl but also for F and Br
[13], and I and S[36].

It is not surprising that the results of an inter-laboratory
comparison studies of the TCP-containing plant samples was
not very successful since ECD’s were applied in all other
measurements. The TCP concentration found by different
laboratories with ECD varied about three orders of magni-
tude because of the strong interferences of the TCP signal
with other matrix components. AED’s were not employed
because the detection limits were not sufficiently low.

5. Conclusion

In conclusion, DLAAS is a sensitive, low cost, robust, and
compact technique for element-selective detection in spe-
ciation analysis. It offers low detection limits and a large
dynamic range, in special cases about four orders of magni-
tude. The restricted wavelength ranges of laser diodes have
limited the number of elements to which this technique has
been applied. Frequency doubling of diode laser radiation
improves the situation, however, at the expense of detec-
tion limits. We anticipate DLAAS has a bright future for
element-selective detection in chromatography once diode
lasers cover a larger spectral range and have higher output
powers to permit more efficient frequency doubling.
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