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bstract

Laser-induced breakdown spectroscopy (LIBS), combined with a flow-injection system, is demonstrated to analyze liquid droplets of aluminum
alt, as generated with an electrospray ionization device. The spray needle also serves as the anode, through which the analyte solution is spread
oward the other metal base as the cathode. Along the passage of the FI manifold, the Al-sample loading speed is controlled at 0.15 mL min−1,
estricted to the small diameter of the spray needle, and the loading volume amounts to 0.1 mL. The metal ion is retained in a cation-exchange resin
icrocolumn immobilized with Chromotrope 2B chelating agent, followed by elution with a 0.5 M HCl solution into LIBS. Upon laser irradiation
t the preconcentrated liquid droplets, the time-resolved laser-induced breakdown (LIB) emission and plasma-induced current signals are acquired
oncurrently on a single-shot basis. The area under the LIB/current distribution increases in linear proportion as the concentration of the sample
olution increases. The detection limit thus obtained can reach 1.5 mg L−1, about an order of magnitude lower than those achieved previously using
ingle-laser ablation without involvement of preconcentration. The linear dynamic range is more than two orders of magnitude.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Laser-induced breakdown spectroscopy (LIBS) is suitable
or hostile environments [1], multi-elemental detection [2],
inimal sample preparation, and non-invasive analysis. How-

ver, severe emission signal fluctuation reduces its sensitivity
3,4]. To suppress this signal fluctuation, the methods based on
nternal or external reference normalization have been widely
eveloped [5–7]. As an external reference normalization,
e have recently developed a correlation method based on
lasma-induced current normalization analyzing the sample
roplets [8–10]. The limit of detection (LOD) obtained for the
lkali-elements analysis may reach <1 mg L−1 even with the
ddition of matrix salts up to 2000 mg L−1 [9].
Although applications of LIBS in liquid state are sparse,
ts development to analyze the liquid samples is crucial. For
nstance, LIBS installed with fiber-optics can offer an efficient
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: Liquid analysis

emote analysis with minimal sample pretreatment to inspect
race metals in waste or contaminated ground water under
azardous environments [11]. There are some inherent disad-
antages for the liquid LIBS analysis. The dissolved gas, solids
nd particulate materials from the samples easily cause misfo-
using of the laser beam. When the system is exposed to the
mbient condition, the air and produced matrices may feasibly
re-breakdown, thereby interfering severely with the LIBS sig-
al of the analyte. Furthermore, the plasma-plume confinement
y liquid and shortened lifetime of the excited state analyte
ake it impossible to separate LIB emission spatially [12–14] or

emporally [10,15–17] from the continuum background, which
s originated from the plasma central core. These shortcomings
esult in poor detection limit for the liquid samples. Application
f a two-lasers technique [18–21], with one laser controlled for
tomization process and the other for excitation, can effectively
llow LIBS to avoid the temporal and spatial overlap with the
ontinuum background, and subsequently to achieve a LOD

omparable to those by modern atomic spectroscopy.

As an alternative and yet inexpensive method, the treatment
ith preconcentration may efficiently enhance the detection

ensitivity of LIBS for the liquid samples. For instance, Vander

mailto:kclin@ccms.ntu.edu.tw
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Fig. 1. Schematic diagram of FI-LIBS setup. The

al et al. [22] dried the liquid sample on carbon substrates,
hich was analyzed under adjustable pressure of the ambient
as. The LOD for 15 elements was achieved ranging from
0 ng mL−1 to 10 �g mL−1. Schmidt and Goode [23] immobi-
ized the metal ions into an ion exchange polymer membrane,
hich was then ablated with a focused laser source. The
ultiple-element LIB analysis led to a LOD from 4 ng mL−1

o 2 �g mL−1. They also used this technique for speciation of
r(III) and Cr(VI) [24]. Despite success of these methods, to
ur knowledge, an on-line process of preconcentration followed
y detection with LIBS has not yet been reported. This work is
imed to present such a method.

Herein, we develop a technique to couple LIBS with a flow-
njection (FI) system. Along the FI passage, the Al metal ions
re preconcentrated in a microcolumn packed with Chromotrope
B-immobilized ion-exchange resin and then eluted through the
lectrospray ionization needle for detection with LIBS. In this
anner, the LIB/current analysis for the Al salt may appreciably

ower LOD and extend the linear dynamic range. A detailed data
nalysis, different from our previous LIB/current normalization,
ill be discussed.

. Experimental

.1. Setup of FI-LIBS

A schematic diagram for the LIBS system is illustrated in
ig. 1. In brief, a third harmonic Nd:YAG laser (DCR-2A,
pectra-Physics), operated at 10 Hz with duration 5–8 ns, emit-
ing at 355 nm was used as the light source. The incident pulse
as focused through a 10-cm focal length quartz lens onto the
icrodroplets generated by an electrospray ionization needle.
he pulse energy prior to the quartz lens was controlled at

m
c
a
i

S denotes sample solution and E denotes eluent.

0 mJ, which was monitored constantly with an energy meter.
he pulse-to-pulse fluctuation remained at ±5%.

A homemade electrospray ionization device was employed to
enerate a stream of microdroplets [8–10]. The analyte solution
as syringe-pumped into a 200-�m i.d. stainless steel spray nee-
le. The needle was biased at 3 kV as the anode, through which
he analyte solution was sprayed toward the other metal base as
he cathode. The analyte solution broke into droplets as carrier
olvent evaporated. The laser pulse interacted with the sprayed
roplets at ∼2 mm downstream from the needle tip. The irra-
iated spot was close to the tip of Taylor cone where a higher
ensity of microdroplets may be gained. The produced luminous
lume was imaged with a set of 15 and 20-cm focal length lenses
nto a 0.22 m Czerney-Turner monochromator (Model 1680B,
obin Yvon-SPEX), with a reciprocal dispersion of 18 Å mm−1

nd a grating fixed at 396 nm, behind which a photomultiplier
ube (PMT, 1P28A, Hamamatsu) was mounted. The acquisition
f LIB emission at 396.2 nm corresponds to the 3p2 P3/2 → 4s2

1/2 transition of neutral Al atom, which yields the largest Ein-
tein emission coefficient of 0.98 × 108 s−1 [25]. Although the
nitial state is the fine-structure excited level, it is above the
ne-structure ground level 3p2 P1/2 by only 112 cm−1. The time-
esolved LIB signal was then fed into either a transient digitizer
Model 9450A, LeCroy) for single-shot profile recording or a
oxcar integrator (Model SR250, Stanford Research System)
or signal processing. The time-resolved spectra were integrated
ithin a 4 �s gate, in 500 ns delay relative to the onset of the

ontinuum background emission. Adjustment of the gate width
nd delay time may help suppress the LIB signal fluctuation to

ake the LIB emission the least interfered with by the intense

ontinuum background. Note that the potential of 3 kV biased
t the anode may not lead to any DC Stark splitting or broaden-
ng for the LIB emission signal. The produced charges are kept
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Fig. 2. The intensity distributions of LIB (©) and current (�) over 1000 data
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For the case without preconcentration, despite fluctuation of
the LIB intensities, they may be linearly correlated with the cur-
rent intensities on a shot-to-shot basis. As shown in Fig. 3, the
plot yields a straight line with a slope, which is sensitive to the
J.-S. Huang et al. / Analytica

emoved away by the droplets such that the resultant electric field
s not large enough. Nevertheless, the large biased potential may
ause the movement of charged particles between the electrodes,
hereby inducing a large current for collection. The potential
djustment depends on the distance between electrodes.

As in our previous work [8–10], the current profile in rapid
scillation was collected from the cathode via a high-pass filter
nto a second channel of either a transient digitizer or a boxcar
ntegrator. Its first maximum peak, monitored concurrently with
he LIB emission on a single-shot basis, was integrated within
20 ns gate. To acquire a better LIB emission/current (LIB/C)

orrelation linearity, it must rely on an appropriate adjustment
f the current gate width and position.

A 1000 mg L−1 aluminum chloride (Anhydrous, Reagent
rade, Merck) solution was first prepared with water/methanol
v/v = 1:1) (HPLC grade, Baker) as solvent and then diluted to
he desired concentrations. A water/methanol (v/v = 1:1) mixed
olvent was used throughout this work for gaining a better
lectrospray efficiency. As packing materials in the microcol-
mn, AG1-X8 ion-exchange resin (100–200 mesh, Bio-Rad,
ermany) and Chromotrope 2B (Acros Organics) were used

rom the purchase. The HCl eluent was made up for 0.5 M in
ater/methanol (v/v = 1:1) solution.

.2. Column preparation and FI manifold

A AG1-X8 resin weighted at 1.0 g was added to a 25 mL
queous solution with 10−2 mol Chromotrope 2B. The suspen-
ion in red was stirred about 50 min until the supernatant turned
olorless with the blue resin settled. The immobilized resin was
hen transferred to a homemade Teflon microcolumn with 35 mm
ong × 5 mm i.d. Each end cap was stuffed with a filter < 3 �m
ore size to prevent from the resin losses.

The FI manifold contained a syringe pump (Model KDS100,
D Scientific, USA), a microcolumn packed with Chromotrope
B-bonded resin, and injection valves (1 four-way and 1
ix-way). The two-channel syringe pump moved the sample
nd the eluent solutions simultaneously at the same speed of
.15 mL min−1. The pumping speed was restricted to the small
iameter of electrospray ionization needle. At first, a 0.5 M
Cl solution was eluted through the microcolumn to clean up

he packed resin and the related passage. The sample solution
ypassing the microcolumn was concomitantly loaded in the
ther channel of the FI manifold. Then, the four-way value was
witched to guide this sample solution into LIBS for detection.
he LOD thus obtained may be compared with that after precon-
entration. Next, the six-way valve was turned to load the sample
olution into the microcolumn for 40 s duration, corresponding
o a volume of 0.1 mL. The Al3+ ion chelating with the Chro-

otrope 2B-immobilized resin was retained in the microcolumn,
ollowed by elution into LIBS with a 0.5 M HCl solution.

. Results and discussion
As a 100 mg L−1 Al salt solution is injected in the FI pas-
age either bypassing or going through the microcolumn, a
tream of single-shot time-dependent LIB emission spectra are

F
o
t
m

oints, each denoting a profile area within a individual gate. (a) 100 mg L−1 Al
alt solution without preconcentration treatment. (b) 100 mg L−1 Al salt solution
ith preconcentration treatment.

cquired upon the laser irradiation at the sample microdroplets.
he temporal profile begins with an intense peak, attributed to

he continuum background, followed by a rise of Al LIB emis-
ion in hundreds of nanoseconds delay [8–10]. The LIB and
he corresponding current profiles are integrated, respectively,
ithin an individual gate. The resultant intensities up to 1000
ata points are collected in Fig. 2.

.1. LIB/current correlation without preconcentration
ig. 3. Shot-to-shot correlation plot of LIB emission vs. plasma-induced current
ver 1000 laser shots. (�) 100 mg L−1 Al salt solution without preconcentra-
ion treatment. (©) 100 mg L−1 Al salt solution as concentrated through the

icrocolumn.
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Fig. 5. The ratio distributions of LIB/current for the initial concentrations at 25
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ig. 4. Calibration curve for the Al concentration obtained with the correlation
ethods of LIB/current without preconcentration. Each error bar indicates the

tandard deviation of the slope in the plot of LIB vs. current for 200 data points.

oncentration variation. The linear relationship implies that the
mission signals result substantially from the breakdown events,
ather than the laser-induced excitation/emission with which the
lasma-induced current may otherwise exhibit random correla-
ion.

As shown in Fig. 4, the slopes obtained in the LIB/current
lots as a function of the sample concentration give rise
o a calibration curve, which is quantitatively described by

regression equation, yielding Y ± 0.204 = (1.019 ± 0.005) +
4.49 ± 1.20) × 10−4X with a regression coefficient, R, of 0.994.
ach error bar indicates the standard deviation of the slope in the
lot of LIB versus current for 200 data points. Note that the cali-
ration curve does not pass through the origin point. It is caused
y the fact that the correlation slope for the blank solution is
ot zero, suggesting that the LIB emission and the continuum
ackground may not be temporally demarcated completely. The
mall, non-zero background, equally contributing to all the con-
entration measurements, does not affect the determination of
ensitivity of the calibration curve. Given the sensitivity of the
alibration curve, m = 4.49 × 10−4, and the standard deviation
f the blank solution, σ = 0.0086, obtained from the slope of
orrelation plot, LOD defined as 2σ/m, reaches 38 mg L−1 for
he Al sample. As compared to the LOD determined for alkali
lements, the Al detection limit appears to be worse by about
ne to two orders of magnitude [8].

.2. LIB/current correlation with preconcentration

The shot-to-shot distributions for the case with preconcen-
ration (Fig. 2b) look similar to those without preconcentration
Fig. 2a), but the LIB intensities rise to peak at about 300 laser
hots and then decrease gradually. The feature of peak broaden-
ng and tailing is caused by the concentration dispersion along

he FI passage, as a result of complicated diffusion and pressure
ffect as in a chromatogram. In contrast, the current intensities
emain within the same regular range, independent of the con-
entration variation. The plasma-induced current is substantially

i
F
s
o

nd 100 mg L−1. The bold line indicates the average over the adjacent 30 data
oints. The dashed line indicates the baseline determined from the early about
0 data points, which are attributed to the blank solution.

ttributed to the collected electrons mainly from the ionized
ater/methanol droplets and their fragments [8]. The current

esponse thus obtained is proportional to both the ablated droplet
izes and the electron motion, but irrespective of the sample con-
entration contained. Increasing the sample concentration may
ncrease the LIB emission intensity, but does not change the
urrent response significantly.

While plotting LIB intensities against current intensities over
hese 1000 data points, Fig. 3 shows a broad spread of distri-
ution, instead of a straight line. Since the correlation slope
epends on the concentration, such a distribution may be con-
idered as superposition of a number of slopes caused by the
oncentration variation. If such correlation slopes are used to
ain the calibration curve, as describe above, two shortcomings
ay appear. First, the slope of the correlation plot must bear
large standard deviation. Second, the slope does not change
arkedly with the concentration such that the obtained calibra-

ion curve may have a small sensitivity.
Instead, we analyze the results given in Fig. 2b by plot-

ing a LIB/current distribution over the 1000 data points. As
hown in Fig. 5, it resembles the LIB distribution of Fig. 2b.
ven though the current normalization is considered, the ratio
uctuates severely. For minimizing the fluctuation, the ratio dis-

ribution is smoothed in such a way to replace original data
oint with an average over the adjacent 30 data points (Fig. 5).
n the early about 50 data points, the LIB emission results from
he flow of the pure HCl solution in which the Al sample has
ot been blended yet. Thus this portion attributed to the blank
olution may well be adopted as a baseline. Then, the LIB emis-
ion rises to the peak as the sample is concentrated. Fig. 5 also
hows that the LIB/current distribution increases with increas-
ng the initial concentration. The integrated area of the entire
rofile, after subtracting the area under the baseline, leads to

ntimate correlation with the initial concentration. As shown in
ig. 6, a calibration curve is fitted accordingly with a regres-
ion coefficient, R = 0.999, by using the regression equation
f Y ± 1.83 = (0.67 ± 2.05) + (4.28 ± 0.06)X, in which X and Y
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Fig. 6. Calibration curve for the Al sample solution as concentrated through
t
d
i

d
o
a
i
o
i
r
A
n
t
p
l
l

3

v
a
e
b
a
a
d
o
l
r
l
f
s
i
f
m
i
w
m

t
s
a
F
t
b

4

f
s
o
f
t
a
a
t
N
s
o
L
a
p
a
t
t
m

A

R

A

i

R

materials by laser-induced breakdown spectroscopy, Anal. Chem. 69 (1997)
he microcolumn. The integrated areas of LIB/current distributions over 1000
ata points are plotted as a function of the initial concentration. Each error bar
ndicates an average of three replicates.

enote the Al3+ concentration and the area of LIB/C distribution
ver 1000 data points, respectively. Each error bar indicates an
verage of three replicates, different definition from that given
n Fig. 4. LOD is evaluated by 2σ/m, in which σ, the error bar
f the blank solution, is measured of 3.25, and m, the sensitiv-
ty of the calibration curve, is determined above. Thus, LOD
eaches 1.5 mg L−1 for the Al sample at the laser energy 30 mJ.
lthough further improvement by increasing the laser energy is
ot tried, this result is about an order of magnitude better than
hose achieved previously using single-laser ablation without
reconcentration [8,13,26–28]. The dynamic range reaches at
east two orders of magnitude, from 1.5 mg L−1 to 100 mg L−1,
arger than the other case shown in Fig. 4.

.3. Advantages of LIB/current correlation

Development of the LIB/current correlation technique pro-
ides several advantages. First, the method has taken into
ccount the ablated amount of microdroplets and the plasma
xcitation temperature. Therefore, the correlation linearity may
e achieved over a much wider range of laser energy and lead to
better sensitivity and lower LOD for a liquid sample analysis,
s compared to the LIB/background normalization [10]. Second,
espite irregular shapes of the droplets and frequent occurrence
f laser misfocusing, the current normalization may reach a low
evel of LOD, comparable to those obtained with other external
eference normalization, and yet gaining an even smaller abso-
ute quantity of the sample contents [8]. Third, the method is free
rom interference by the matrix salt effect. The electrons, respon-
ible for the current intensity, are collected substantially from the
onized water/methanol droplets and their fragments, while little
rom the contained sample or matrix salts. Thus increase of the

atrix salts may not suppress the LIB intensity [9]. Therefore,

n case some coexisting ions have similar combination ability
ith Chromotrope 2B chelating agent in this work, the resultant
atrix influence may not cause any significant interference with
ca Acta 581 (2007) 303–308 307

he LIB/current correlated signals. The calibration curve and the
ubsequent LOD determination may not be significantly devi-
ted. Finally, the electrospray ionization needle is suitable for a
I-manifold coupling to make use of the on-line preconcentra-

ion and separation merits, thereby the detection sensitivity may
e further enhanced.

. Conclusion

We have recently developed a LIB/current correlation method
or analysis of the liquid droplets. In this work, we take a further
tep to incorporate a FI system with LIBS. The sprayed droplets
f the Al salt, preconcentrated along the passage of the FI mani-
old, are ablated with the focused laser beam at 355 nm. Then, the
ime-resolved LIB profile and the plasma-induced current signal
re acquired concurrently. Unlike the peak narrowness shown in
chromatogram, the distribution of the LIB/current ratios on

he single-shot basis is characteristic of broadening and tailing.
evertheless, the profile areas exhibit a linear dependence on the

ample concentration. The dynamic range reaches at least two
rders of magnitude, from 1.5 mg L−1 to 100 mg L−1, and the
OD is lowered by 20-fold. In addition to the preconcentration
dvantage, the present method makes use of the separation merit
rovided by the FI manifold, removing most matrix salts before
cquisition of the LIB emission signal. Despite active focus of
his work on the standard solutions, we may well believe that this
echnique will be free from the matrix interference if reference

aterials are examined [9].
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