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Instruments that automate sample
preparation, or eliminate it 
entirely, take trace element analysis
everywhere from crime scenes 
to archaeological digs.

I
n the field of trace element analysis, the latest word on
sample preparation is “don’t”. “Sample prep” is the most time-
consuming and cost-determining step in the analytical process

for techniques such as inductively coupled plasma (ICP)-AES, ICP-
MS, or X-ray fluorescence (XRF). Acid digestion, pulverization,
volatilization, and other commonly used trace element sample
preparation techniques almost invariably waste or destroy at least
some portion of the sample—a serious problem if the sample is
small or has great historical or artistic value. Selective loss of
volatile analytes or selective extraction of analytes from the
matrix can skew the results of an analysis. For applications in
which sample preparation is still a necessity, automated systems
have produced significant improvements in the speed, preci-
sion, and miniaturization of trace element analyses, especially
in high-throughput environments where the same protocol is
executed many times. Increasingly, however, the push is toward
instruments that can perform trace element analysis on samples
in the “as-collected” state.

Laser Detectives 
Small, one-of-a-kind samples are prime candidates for “prep-
less” analytical methods. Criminal forensics analysts rely on trace
element analysis to identify tiny fragments of evidence and track

them back to their sources. Elemental analysis has been widely
accepted as evidence in U.S. courtrooms for more than 30 years,
says U.S. FBI press office representative Paul Bresson. Today’s crim-
inal leaves behind fewer traces, according to Roger John Watling
of the Curtin University of Technology (Perth, Australia) (1).
They know that the police will be going over the scene with a
fine-toothed comb, bringing the most minute fibers, paint chips,
and plastic fragments back to the lab for analysis. Fortunately,
many types of analyses require very little sample. As these tech-
niques evolve, less sample is lost during the preparation proce-
dures, and some methods require no sample prep at all.

Standard laboratory techniques such as ICP-MS and ICP-AES
benefit from recently developed sampling methods that transfer
very small amounts of material directly from the original object
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to the plasma input stream. One such technique, laser ablation
(LA), is gaining greater prominence as laser technology contin-
ues to improve. LA units use lasers to aerosolize or vaporize thin
layers from the surface of a bulk sample, making it possible to
create surface element maps and depth profiles, as well as perform
bulk sample analysis on a wide variety of materials (see box, “A
Thousand Points of Light?”). The laser beam can be directed to
specific points on the sample surface, and it makes pits that are
a few tens of micrometers across (Figure 1).

One significant drawback to laser ablation techniques is the
lack of matrix-specific calibration standards (1). A consortium
of European and American organizations called the NITE-CRIME
Network (Natural Isotopes and Trace Elements in Criminalistics
and Environmental Forensics, www.nitecrime.eu.com) is working

to establish validated protocols and reference databases to stan-
dardize LA-ICP-MS techniques for broader applicability. 

The FBI, one member of the NITE-CRIME network, has been
intermittently evaluating LA-ICP-MS as a potential investigato-
ry technique for about seven years, according to Bresson. The
FBI is developing methods for analyzing such materials as
glass, textile fibers, steel fragments, inks, laser printer and photo-
copier toners, metals in hair, metallic coatings, layered paint
samples, and plastic trash bags. JoAnn Buscaglia and Robert
Koons of the FBI’s Counterterrorism and Forensic Science Research
Unit (Quantico, VA) are currently using a commercial setup
equipped with a quintupled Nd:YAG (neodymium-doped yttri-
um aluminum garnet) UV laser (213 nm) and a quadrupole ICP-
MS instrument. Although the FBI has not yet used this tech-SC
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FIGURE 1: This laser ablation pit in an
emerald from Afghanistan was produced 

by a 193-nm UV excimer laser. The pit 
has been coated with an electrically 
conductive gold film, and the false 

colors indicate the depth of the pit. 



nique for routine case work, LA-ICP-MS evidence has been present-
ed in several European and Australian court cases. Further research
aims to quantify the degree of materials source discrimination
that can be achieved with LA-ICP-MS compared with other current
analytical methods.

Beer Bottles in the Microwave 
Microwave-assisted digestion, leaching, drying, and evaporation
methods offer several advantages over hot-plate or other ther-
mal methods in preparing samples for trace element analysis.
Laboratory microwave ovens are equipped with precise tempera-
ture controls, programmable heating protocols, and sample temper-
ature probes. Automated systems provide continuous control
and documentation of reaction parameters. Exhaust vapor
scrubbers ensure that toxic or objectionable volatiles are not
released into the laboratory or outside air.

In the criminal forensics lab, microwave-assisted acid diges-
tion can be used to prepare samples from glass fragments for
ICP-MS analysis (4). Typically, glass fragments are ground into
powder before digesting them in acid, but very small samples

may be lost or contaminated during the grinding procedure. Frag-
ments on the order of a few milligrams can be digested in acid
without grinding first if microwave heating is used. Yasuhiro
Suzuki and colleagues at the National Research Institute of Police
Science (Chiba, Japan) were able to dissolve small glass frag-
ments for ICP-MS analysis using a mixture of HF and HClO4
heated in a laboratory microwave oven, a procedure that took
2 h. They were able to distinguish among samples of brown
beer bottle glass by examining the concentrations of 13 metal-
lic elements. These samples were indistinguishable using visual
examination or refractive index analysis.

Recently, Dirk Link (National Energy Technology Laboratory,
Pittsburgh) and his colleagues at other laboratories developed a
microwave-assisted drying method for use with dried-spot
micro-X-ray fluorescence (XRF) analysis (5). This technique makes
use of a small amount of liquid sample deposited onto a thin-
film substrate and dried to produce a solid residue that is thin
enough to minimize matrix interferences from the sample. 

Although dried-spot micro-XRF can be used for microliter
samples and approaches the sensitivity of ICP-MS (reaching into
the low ppb range), evaporating the solvent adds to the prepa-
ration time required (30 min to more than 2 h), and conventional
drying methods offer poor control of the sample environment.
Conventional thermal heating methods tend to produce local-
ized hot spots as the liquid evaporates, and volatile analytes can
be lost if the heat is not monitored carefully. This makes it more
difficult to obtain reproducible results. On the other hand, samples
absorb progressively less microwave energy as they shrink and
may actually cool in the later stages of the process, reducing the
chances of a temperature runaway. 

Fusion Meets Rock 
Borate fusion is a descendant of the borax bead test, an old field
geology method that required a wire loop, a Bunsen burner, and
a little patience. A geologist would dip the wire loop into borax
powder and heat the loop in the flame until the powder melted
to form a glassy bead. Then the bead was dipped into a small
amount of powdered rock or mineral and reheated in the flame
to form a metal borate with a diagnostic color. Obviously, this
method is less than ideal in a high-throughput laboratory envi-
ronment. However, borate fusion has been automated for use in
the laboratory. This method is used to prepare transparent, homo-
geneous samples from not only rocks, but ceramics, cements,
and other metal-containing materials as well. Lithium tetrabo-
rate or lithium tetraborate–lithium metaborate mixtures are typi-
cally used for the flux, which can be cast into glassy disks for
XRF analysis or dissolved in acid for AA or ICP analyses. Borate
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A Thousand Points of Light?

Laser ablation (LA), in which high-energy laser pulses vapor-
ize or aerosolize thin layers from the surface of a bulk
sample, is coming into its own as a microsampling technique
for use with ICP-MS and ICP-AES. LA techniques are typical-
ly used in solids analysis, although they are also making inroads
into powder, slurry, and oil-based sample analysis. Older IR
laser instruments use a 1064-nm Nd:YAG laser, with frequen-
cy multipliers to convert the wavelength to 532 or 266 nm.
Shorter-wavelength lasers offer higher photon energies for
bond-breaking and ionization, as well as shallower surface
penetration for most materials. However, until recently, UV
lasers (including excimer and other types of gas lasers) suffered
from more complex and costly beam delivery systems, and
they required skilled operators, more maintenance than IR
lasers, and a supply of regeneration gases. Fortunately, advances
in laser optics within the past decade have improved the beam
profiles, stability, and control of UV lasers, and they are now
used routinely in commercial instruments (2, 3).

A stream of helium or argon carrier gas sweeps the ablat-
ed sample to the ICP excitation source. An optical microscope
(sometimes equipped with petrographic attachments such as
polarizers) assists in positioning the beam onto a specific area
of the sample surface and can record optical images of the
sample area examined. Automated line scanning and raster-
ing, depth profiling, and single-point analysis provide a high
degree of uniformity when comparing several similar samples.
However, forensic samples, with their small sizes, irregular
shapes, and individualized characteristics, benefit most from
manual positioning, laser optimization, and data analysis.

LA eliminates the need to dissolve the sample, and quan-
titative analysis is possible using matrix-specific standards.
The small size of the ablation pits (a few tens of micrometers
across) makes this a nearly nondestructive sampling method.
The LA module and power supply are compact and can be
installed on a benchtop or mobile cart.

FIGURE 2: 
A gilded bronze
vessel from China’s
Han Dynasty is 
examined using 
PIXE to determine
whether mercury 
was used to affix 
the gold to the 
vessel. 



fusion generally takes 10–15 min, less time than would be required
for microwave dissolution. Dilute nitric or hydrochloric acids are
commonly used, rather than the hydrofluoric acid needed to
dissolve bulk silicates. Automated fusion fluxing devices can
prepare several samples at once, and the samples can be agitat-
ed as they are heated to further ensure uniformity. The process
of pouring the flux into XRF disk molds and annealing the disks
is also automated, as is the acid dissolution process for liquid-
phase analysis. The system is controlled by a programmable micro-
processor.

No Prep at All 
Particle-induced X-ray emission (PIXE) is a truly nondestructive
technique now routinely used to identify and quantify elements
from sodium to uranium in biological, environmental, geologi-
cal, and archaeological samples, as well as commercial products
such as magnetic recording media. Art objects and ancient arti-
facts that cannot have samples removed are prime candidates
for PIXE analysis (Figure 2). PIXE instruments are able to deter-
mine concentrations down to a few ppm, depending on the chem-
ical element, instrument parameters, and nature of the sample—
making PIXE 100 times more sensitive than electron microprobe
methods (6, 7). Quantitative analysis may be performed with or
without standards, and precision is on the order of ±3%. No sample
preparation is required, but heterogeneous materials may be
ground into powder and compressed into pellets for bulk compo-
sition analysis.

PIXE instruments rely on 2–4 MeV beams of protons (or heav-
ier ions such as Li, C, and O for increased sensitivity) to
bombard the sample, dislodging inner-shell electrons from their
orbits. When the electrons return to the ground state, they emit
X-rays with a characteristic energy. An ion accelerator is
required to produce the high-energy ion beam, so although the
instrument may be housed in a conventional laboratory space, it
is too large to be considered a benchtop instrument. 

Rastering (scanning) the beam across the sample produces a
two-dimensional element map, and if the sample is also rotated,
three-dimensional tomographs can be produced. The beam
penetrates the sample surface by as much as 0.1 µm, depending
on the atomic numbers of the elements in the sample. (Like other
X-ray techniques, the heavier the elements in the sample, the
more the beam is absorbed by the upper layers of the surface,
and thus, the shallower the beam penetration.)

Unlike electron microprobe analysis, samples can be run in
ambient air. A helium-filled beam path between the sample and
detector minimizes signal attenuation due to air scattering of the
emitted X-rays, an effect that is especially pronounced in light-
element samples. For trace element analysis, X-rays from the major
elemental constituents can be screened out using filters. 

Advantages of “Unprepared”
In the push toward smaller samples, lower detection limits,
and less damage to valuable artifacts, any technique that
minimizes the number of steps between the field and the instru-
ment will offer advantages. Eliminating dissolution, leaching,
or extraction steps not only removes the need for corrosive
solvents and time-consuming procedures, but also increases
the likelihood that the elemental profile recorded by the instru-
ment is the same as the profile present in the sample itself.
Nondestructive techniques prevent sample losses from grind-

ing or scraping and make it possible to map out localized elemen-
tal concentrations, providing a detailed picture of inhomo-
geneities and gradations. Sample prep hasn’t gone away, but
now it’s not the only tool in the box.

References 
(1) Second European Academy of Forensic Science Meeting, Krakow,

Poland, Sept 12–16, 2000 (various abstracts); www.ies.krakow.pl/confer
ences/enfsi/data/_nite.htm.

(2) Russo, R. E.; et al. J. Anal. Atom. Spectrom. 2000, 15, 1115–1120.
(3) Howe, T.; Shkolnik, J.; Thomas, R. A solid sampling tool finally reach-

es maturity. Spectroscopy 2001, 16 (2) 54–68; www.spectroscopyon
line.com.

(4) Suzuki, Y.; et al. Analyt. Sci. 2000, 16, 1195–1198.
(5) Link, D. D.; et al. Anal. Chem. 2002, 74, 1165–1170.
(6) Technology Profiles, Lawrence Livermore National Laboratory;

www.llnl.gov/IPandC/op96/10/10r-par.html.
(7) PIXE overview, Harvard Materials Research Science and Engineering Center;

www.mrsec.harvard.edu/cams/PIXE.html.

Nancy K. McGuire is an associate editor of Today’s Chemist at
Work. Send your comments or questions about this article to
tcaw@acs.org or to the Editorial Office address on page 6. ◆

DECEMBER 2002 TODAY’S CHEMIST AT WORK 23www.tcawonline.org

Informative Websites

Laser Ablation for ICP-MS 
CETAC Technologies (Omaha, NE, www.cetac.com/prods/laser/

lsx500/lsx500.html)
Lambda Physik Inc. (Ft. Lauderdale, FL, www.lambdaphysik.com/

scientific/index.asp, select link for OPTex Series) 
New Wave Research (Fremont, CA, www.new-wave.com/products/

index.html#labl) 
ThermoElemental (Franklin, MA, www.thermo.com/eThermo/

CDA/Applications/Application_Home_Page/0,1208,105,00.html)

Microwave-Assisted Digestion and Evaporation 
Anton Paar (Graz, Austria, www.anton-paar.com/en/_ca/products/

m3000h.htm)
CEM Corp. (Matthews, NC, www.cemsynthesis.com)
Milestone, Inc. (Monroe, CT, www.milestonesrl.com/Analytical/

main_digestion.htm and www.milestonesrl.com/Analytical/
main_evaporation.htm)

OI Analytical (College Station, TX, www.oico.com/sp.htm)

Automated Fusion Fluxing
Automated Fusion Technology Pty. Ltd. (Bayswater, Victoria,

Australia, www.aft-fusion.com/contact.htm)
Labman Automation, Ltd. (North Yorkshire, UK, www.labman.

co.uk/XRF_Bead_Automation.htm)
Spex CertiPrep (Metuchen, NJ, www.spexcsp.com/spmain/sprep/

handbook/tech4/fustec4a.htm)

PIXE
Element Analysis Corp. (Lexington, KY, www.elementanaly

sis.com/pixeservice.htm)
High Voltage Engineering B.V. (Amersfoort, The Netherlands, www.

highvolteng.com/products.asp)
IBM Almaden Research Center (San Jose, CA, www.almaden.

ibm.com/st/projects/materialsanalysis/ion/pixe) 


