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Introduction

Plasma atomic emission spectrometry is a
useful tool for analytical chemistry. Com-
monly used sources include inductively-cou-
pled plasma (ICP), direct current plasma
(DCP), microwave-induced plasma (MIP},
and capacitively-coupled microwave plasma
{CMP). These sources have largely dis-
placed arc and spark excitation sources.
Spex Industries introduced the first commer-
cially available DCP in mid-1960s. Variations
of DCP devices were elaboratedin the 1960s
and in 1970 a new DCP source design was
described with an inverted *V" flame-like
configuration (Valente and Schrenk, 1970).
Temperatures in the plasma were about
6000 K with a d.c. source operating at300 V
and 10 A and the plasma required less than
2.5 L-min-t of argon.

In 1974, a plasma source was introduced
by SpectraMetrics called the “Spectrajet II".
This, in turn, was replaced by the SpectraJjet
1t. This is a three-elecirode d.c. plasma. The
three electrodes consist of a front and a rear
graphite anode and a top tungsten cathode,
forming an inverted “Y" plasmawhen operat-
ing. The cathode forms the “ieg” of the “Y".
The electrodes are located inside water-
cooled blocks and can be moved relative to
each other via argon-activated pistons. This
design resuits in improved stability and bet-
ter detaction limits than previously reported
for the DCP. Of particular value is the stability
of the plasma in the presence of varying sol-
vent types such as those containing large
amounts of salts, organics, high acid or atka-
line concentrations. The sample excitation
region and photomelric obsarvation area of
the SpectraJet lil is centered uniqusly in the
crook of the Y where spectral contribution
from the plasma continuum is minimal. The

plasma requires loss than 1000 W of power
and is sustained by a low voltage of approx-
imately 40 V and a current of 25 A after
ignition. Approximately 8 L-min-! of commer-
cial grade (99.5%) inert argon is used as the
plasma support gas. The argon performs
three functions in the Spectralet lII: (i) it is
used as the support gas through each elec-
trode to form the plasma and to sustain the
thermal pinch effect of the plasma; (il) it is
used as the nebulizer and aerosol carrier
gas; and (jii) it actuates the piston used 1o
move the elactrodes into position for
ignition.

Compared with the two-electrode plasma,
the three-alactrode plasma has proved to be
superior in tetms of improved stability and
lower background (Reednick, 1979, Decker,
1980). Recent modifications by ARL, the pre-
sent manufacturer of these machines, have
improved the concentricity of the graphite
anodes within the alumina sleeves, but little
other modification has been made to the
plasma source.

Other designs include three-phase DCP
{Masters and Piepmeier, 1985) and rotating
arc DCP (Hara and Parsons, 1965). They
result in an extended interaction between
the sample aerosol and arc discharge. A
conical DCP has recently been described in
a design based on the three-electrode DCP
(Meyer, 1987). The linear dynamic range and
detection limits for six elements studied,
according to the reports (Meyer, 1987), were
improved compared with the commerciat
DCP source. More recently, a six-electrode
d.c. plasma davice has been described
(Shialds et al., 1988) in which the nebulized
sampla is passed through the plasma and
the emission is viewed above the current
carrying arc.

Dstection System

With temperatures as high as 10,000 K, the
DCP sources provide an extremely rich
spectrum. One is not fimited to ground state
transition lines, but can choose from first or
even second ionization state lines for detec-
tion. This provides an opportunity to deter-
mine a wide variety of elements. On the other
hand, it also increases occurrences of spec-
tral interferences. To solve this problem, a
resolving device capable of reliably isolating
the line of interest is required.

The combination of a DCP and an echelle
grating spectrometer for AES has proved a
good match (Zander, 1986). The echelle grat-
ing spectrometer consists of an echelle grat-
ing and a prism which sorts the spectrum by
order of dilfraction. The compact spectrum
that results from the echelle makes possible
the simultaneous determination ot as many
as twenty-four elements, This is accom-
plished by a bank of photomultipliers behind
acasette which contains slits at the appropri-
ate positions; fibre optics will eventually be
usad to direct tha emission lines to the pho-
tomultipliers. Thus, in principle, almost all of

41

the wavelengthe of most of the elements
could be available in twenty wavelength sets.
In addition, the spectrum can be intercepted
by a mirror and directed into a Polaroid cam-
era. Thus qualitative analysis can be per-
formed on samples.

Searching for the peak in the DCP has
always been a technique that has required a
fine touch. In addition, the rather older Spec-
traSpan microprocessor requires long inte-
gration and background scanning times,
which means that analyses have taken much
longer than necessary to perform. More
recent versions of the SpectraSpan V have
an improved aquisition system. This year,
ARL has justintroduced a new machine, the
SpectraSpan VI, which promises to be more
versatile than previous models and incorpo-
rates innovations from ARL and is controlled
by an IBM PS/2.

Sample Introduction System

Because of inherent problams that often
rastrict detection limits and produce inter-
ference effects, sample introduction has
been called “the Achilles' heel of atomic
spectroscopy”™ (Browner and Boomn, 1984).
Sparkes and Ebdon (1986) have reviewed
sample introduction as a key problem for
DCP techniques. Therefore, a variety of
sample introduction technigues have been
developed and evaluated for the introduction
of liquid, solid, and gaseous samples to a
DCP jet.

Liquid sample introduction has tradi-
tionally been the mathod of choice. Approx-
imatsly %2 mL-min-* of sample solution is
takan with transport efficiency of approx-
imately 15% {Decker, 1980) and droplet size
of the aerosol described as between 3-10 um
(Zander, 1982a) and 1-20 um (Mohamed et
al., 1981). This overall sample loading is rela-
tively higher than both ICP and flame AAS
{Browner and Boorn, 1984).

To improve transport efficiency of anaiyte
to the plasma, electrothermal vapourization
(ETV) techniques wera studied (6.g., Ng and
Caruso, 1985). Transport of the sample by
electrothermal vapourization is much sim-
plar than those involving liquid sampling. A
microlitre amaunt (2 5 uL) of the sample is
introduced into a graphite or metallic (W, Ta,
Pty vapourization cell. During the high-tem-
perature vapourization step, the sample
vapour is formed and transported by carrier
gas from ETV to DCP. A transient signal is
thus obtained, since the sample is vapour-
ized in one pulse under optimal conditions,
Because of desolvation by ETV, more effi-
cient introduction of analyte directly into the
excitation region of the DCP is achieved,
rasulting in higher sensitivitios, especially for
volatile materials (elements or compounds).
Relatively low transport efficiencies of loss
volatile and carbide-forming species were
improved by the addition of volatilizing
gases, such as freons, halocarbon, and vola-
atile halides, to the argon carrier gas. On the
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other hand, to prevent some wolatile slernents
or compounds from vapourizing during the
sample drying stage, sodium sulphide, nickel
salts, and iodine were added to stabilize mer-
cury, arsenic and selenium, and volatile akyl
lead compounds, respectively. This introduc-
tion method complements the conventional
pneumatic nebulizer for micro-amount, high-
salt-content samples, and viscous solutions,
and can be applied to solutions with sus-
pended particles and solid samples.

Direct analysis of solid samples sliminates
the need for sample digestion. This has
recently gained attention because it reduces
sample preparation time and minimizes con-
tamination and loss of analyte. A DCP, hav-
ing high excitation temperature, showed
advantages for atomization and excitation of
slurry samples. Particle size-dependent
effects were observed in the case of slurry
introduction {Mohamed st al,, 1981; Sparkes
and Ebdon, 1988). Therefore, small particle
size for the slurry introduction method is
nacessary in order to obtain adequate preci-
sion (Mohamed @t al, 1981; Sparkes and
Ebdon, 1988). The introduction of high salt
solutions creates fewer problems in the DCP
than in the ICP. thus brines can be aspirated
into the plasma without degradation of
performance.

Hydride generation (HG) has proved to be
an elfective sample introduction method for
atomic spactrometry {Nakahara, 1983). This
technique was combined with d.c. arc emis-
sion spectrometry (Erday et al,, 1955), AAS
(Holak, 1969), ICP-AES (Thompson et al.,
1978), and DCP-AES (Miyazaki ot &/., 1979).
For DCP-AES, hydrides produced in the hy-
dride generator by the reaction of the
hydride-forming elements and a reducing
agent (scdium tetrahydroborate (lll}), are
introduced in a stream of argon through a
modified sample tube into the DCP (Boam-
pong ef al., 1987). In the hydride generation
process, analytes are preconcentrated and
separated from the sample matrix. There-
fore, spectral interferences are eliminated or
reduced and the sensitivity is improved by a
factor of approximately 20 over the direct
aqueous nebulization (Sparkes and Ebdon,
1986). Hydride generation in conjunction
with DCP-AES has been used in the deler-
mination of arsenic (8.g., Boampong st al.,
1987) antimony {8.g., Peramaki and Lajunen,
1988), selenium {e.g., Hayrynen st al., 1985),
germanium 6.g., Brindle ot al, 1989}, tel-
lurium (Hayrynen et al., 1985}, and tin (Brin-
dle and Le, 1988). Similar applications in-
clude cold vapour (Lajunen at al, 1985) and
chicride formation (Miyazaki st al,, 1979) for
mercury and arsenic, respactively.

Another interesting sample introduction
technique is chromatography. The DCP-AES
instrument functions as a multi-element
detector when coupled directly to a chromato-
graph. Van Loon (1979) has reviewed the com-
bination of chromatography and atomic

spectrometry; Carnahan et al. (1981) have
summarized the application of plasma emis-
sion spectrometry in chromatography. This
application can be done in two ways: (i)
independent collection of chromatographic
fractions followed by analysis, where the
chromatography represents a preconcentra-
tion/separation step in the preparation of the
sampla; and (ii} direct introduction of the
column effluent into the analylical instru-
ment. The DCP is tolerant of a wide range of
gas flow rates and of gas and solvent types.
Gas chromatography (GC) (e.g., Panaro et
al., 1987), high perfomance liquid chroma-
tography (HPLC) (e.g., Uden et al., 1978), gel
filtration chromatography (a.g.. Gardiner at
al,, 1983}, andion exchange chromatography
(e.g., Epstein et al., 1987) have been coupled
with DCP-AES.

An HPLC system can be easily coupled to
a DCP system becausa the flow rates can be
adjusted to those required by the nebulizer
and samples can be separated in a relatively
short time. Uden et al. (1978) have found that
the standard nebulization system was suffi-
ciant for eluents used in ion-exchange and
reversed-phase chromatography, bul a new
nebulizer had to be designed to avoid the
formation of carbon deposits when organic
solvents are used in adsorption chromatog-
raphy. Also, a combination of HPLC-hydride-
generation-DCP has been described for de-
termination of total tin and organo-tin spe-
cies {Brindle and Le, 1988),

A new technique, laser ablation DCP-AES,
has bean used (e.g., Mitchell e al., 1985) for
the direct determination of metals in solid
samples. These preliminary studies have

demonstrated excellent selectivity and sen-
sitivity, low detection limits, and little inter-
ference in sample analysis.

DCP and Other Plasma Sources
The ICP has been extensively studied and
has proved extremely useful for inorganic
major, minor, and trace analysis (e.g., Bou-
mans, 1987). According to Greenfield et af,
(1986), ICP-AES has been applied to the
analysis of “almost every material under the
sun”, In order to assess the DCP, a number of
authors (Zander, 1986, McHard ot al., 1984)
compared DCP with ICP. For AES, the DCP
source is superior to the ICP source in terms
of instrumental and operational costs, and
versatility for organic, high-sait content and
slurry sample introduction, whereas ICP is
less prone to matrix efects and has slightly
better or similar precision than DCP {Zander,
1986). ICP is more advanced than DCP from
both a theoretical and practical point of view,
partly due to its wider availability. Recent
adoption of the d.c. plasma atomic emission
maethod for the analysis of wastae waters, by
the United States Environmental Protection
Agency, will lead to wider acceptance in aca-
demic institutions.

The basic characteristics, capabilities and
limitations of the commercial DCP are sum-
marized in Table 1

Applications of DCP-AES

Because of the characteristics, listed in
Table 1, DCP-AES has been applied to detar-
ming a variety of elements in environmental,
geological, metalurgical, clinical, biclogical,
industrial, and other samples {Table 2).

Table 1

Detactlon limlis

Linear dynamlc range

Precision

Stabililty
Versatllity

Excitatlon region

Excitation processes

Advantages and Limitations of the DCP

usually comparable with those of ICP. This character-
istic allows DCP-AES to determine directly trace
elements in samples.

at least three orders of magnitude. With sample
dilution procedurs, the simultansous determination
of major, minor, and trace elements is possible.

relative standard deviations of about 1.5% for most
elements in aqueous solutions at cencentrations well
above the detection limits.

acceptable both long-term and short-term,

can tolerate a number of organic solvents and can
also accapt solutions which contain more than 10%
dissolved solids.

this region is small and thus makes its use with
conventional spectrographic and spectrometric
equipment difficult. However, with an echella grating
spectromester, this is no longer a problem.

these are greatly affected by elements with low
ionization potentials, for example, alkali and alkaline
earth metals (Johnson et al., 1980; Nygaard and
Gilbert, 1981; Fox, 1984; Miller at al., 1584) and pose
greater problems in the DCP than in the ICP.
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Elements
Determined

Si, Al, Fa, Mg, Ca,
Na, K, Ti, P. Mn,
Ba, Cr, Cu, Ni, Sr,
V.Zn

Be, Al, Si, Fe, Zn,
Nb, Sn, Ta, W

Major, trace, REEs

Si, Fe, Al, Ca, Mg,
Mn, Ti, K, Na, P

Transition
elements

Be, Co, Cr, Ga,
Mn, Mo, Nb, Ni,
Ph,Sc¢,SnTi, V,
ZrLa Y. Yb

Cu

Al, Ca, Fe, Mg, Si,
Ti

Major, minor,
REEs

La

Cr. Cu, Mg, Mn,
Ni, Pk

Ba, Sr

Al Si, Ti, V, Cr,
Mn, Fe, Co, Ni,
Cu, Zn, Ga, Y, Zr,
La, Ce, Dy, Yb

Ba, Ca, Cd, Cr,
Cu, Fe, Mg, Na,
Ni, Pb, 3r, V, Zn

Cd, Cr, Cu, Pb, Ni,
Zn

Reference

Bankston et af., 1979

Derie, 1984

Feigenson and Carr, 1985

Norman et al,, 1983

Shen et al., 1983

Schramel, 1988

Yudelevich et al., 1985

Mitchell et al,, 1985
Golightly and Harris, 1975
Johnson and Sisneros, 1882
Kantipuly and Westland, 1988
Lajunen et al,, 1987

McCurdy et al, 1985

Bowker and Manheim, 1982

Cantillo et ai., 1984

Grogan, 1983

Nygaard, 1979

Table 2 Applications of DCP-AES to Various Geological Matrices

Sample Comments

Analyzed

Silicate Lithium metaborate fusion of samples and cesium

rocks buffering to reduce interference

Minerals Introduction of suspensions of finely powdered samples
{10 pm diameter) to the DCP

Rocks Rapid determination of 29 petrologically important
elements, 2% RSD for 22 elements, 5% for 6 elements,
6% for Rb

Phosphatic A 2% oxalic acid adjusted to pH 4.5 with tristhanolamine

materials was used quantitatively to back-extract U from trioctyl-
phosphine oxide in cyclohexane. This sample pretreatment
method overcame matrix interferences

Soil Li or Na buffering was recommended. The results for the
10 elements were satisfactory for routine analysis when
compared with those obtained by chemical methods

Soils and Discussion of matrix interferences, use of EIE buffers

sludges recommended

Rocks Lab-made “two-jet plasmatron” was used. Matrix intar-
ferences were the same order as the random esror of
analysis

Ores Laser ablation technique was used for solid sample direct
introduction

Geological A 2-electrode DCP was used, Samples analyzed included

materials lunar rocks and soils

Ora con- Simple calibration

centrates

Geological  Review of available methods

samples

Rocks Matrix interferences were minimized by carefully selecting
the most suitable line for each samples and/or by cation
exchange. The results were compared with those obtained
by azomethine H method

Coal Slurry introduction with extremely small {less than 20 pm)
coal particle size. Quantitative agreement between
experimental and certified values

Sediments  Li, Na, K, or Cs alone did not completely eliminate matrix
interferences, Lithium, from preliminary fusion, and
lanthanum together removed interferences

Estuarine Lithium metaborate fusion of samples. Lithium also served

sediments as EIE butter

Sediments,  Stray light and spectral interferences from Ca and Mg

waters, were observed. Compensation for the interferences using

marine simple linear correction or matrix matching was reported

organisms

Seawater, Na, Ca, and Mg in seawater increased both background

ocean and signal. EIE buffering minimizes the matrix effects

sadiments
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Elements Sample
Determined Analyzed
Be, A, V, Cr, Mn, Saline
Fe, Co, Ni, Cu, Zn, waters
Mo, Cd, T1, Pb
Fe, Ni, Sc Saline
matrices
K. Na, Ba, Sr, In, Natural
Al, Ca, Cr,Pb, Mn, waters
Ni, Mg, Cu, Si, B,
Cd, Ba, P
As, B, C, P Se, Si Natural
waters
Cr Waters
Cd, Cu, Fe, Hg, Coastal
Ni, Pb, Zn seawater
U Ground-
and mine
waters
Ay Algai cells
Hg Algal cells
Ge Farrous
dusts

Table 2, continued

Comments

Enhancement effects were studied by using an empirical
approach combined with statistical analysis

Sodium-induced emission enhancement was studied. A
partial thermodynamic equilibrium instead of a local
thermodynamic equilibrium was suggested

interferences from siray light due to the presence of Ca

and/or Mg can be compensated by using a simple linear
correction. Two- and three-alectrode DCP systems were
compared and the latter offered advantages of improved
stability and lower background

No significant interference from natural water and waste
water sample matrix

Speciation of Cr{Ilt) and (V1) via HPLC

Non-aqueous sample introduction to the DCP. Effects of
organic solvents were studied

Standard addition and matrix matching methods were
recommended for reducing the enhancement effects due
to NaandCa

ETV introduction of 0.2-0.6 mg of samples to DCP

ETV introduction of 0.6-0.9 mg of solid sample to DCP.
The addition of sulphur-containing alga of cysteine
modified the sample and allowed a reproducible mercury
signal to be obtained

Determination by hydride generation using ammonium
peroxidisulphate to overcome interferences

Reference

Eastwood et al., 1980

Eastwood st al, 1982

Johnson at af., 1979

Urasa, 1984

Krull et al., 1983
Gilbert and Penney, 1983

Greone et al., 1985

Greene et al., 1986
Mitchell at al., 1986

Brindle and Ceccarelli-Ponzoni,
1987

Easily ionized elements (EIEs) in samplas
enhance emission signals (e.g., Decker,
1980; Miller et af, 1984), and, although emis-
sion line to background ratios are often
improved, this enhancement effect has been
generally regarded as a nuisance due to its
unpredictability {e.g., Skogerboe and Urasa,
1978; Cantillo st a/., 1984),

A number of authors have ascribed the
signal enhancement effect by EIEs to sup-
pression of populations of ionized analyte by
E|E-donated electrons (Johnson et al.,, 1979).
Subsequent research, however, showed that
intensities of both atomic and ionic emission
lines were enhanced and that the addition of
EIE appaaredto have little influence on elec-
tron densities measured in the analytical
zone (Eastwood et al, 1982; Zander and
Miller, 1985). A number of machanistic mod-
els suggest possible explanations of this
complex phenomencn (Johnson et al., 1980;
Hendrick at al., 1986).

To minimize the interference caused by
EIE, matrix matching of samples, blanks, and
standards (Cantillo et al, 1984), standard
additions or internal standards (Johnson &t
al., 1980), EIE buffers (e.g., Eastwood &t 4.,
1982), and remaving EIEs by ion exchange
(Lajunen et al, 1987) have been proposed.
E{E buffering is the most widely applied tech-

nique, where samples and standards are
typically spiked with excess amounts of
ElEs, such as salts of lithium (Skogerboe
and Urasa, 1978}, sodium (Urasa, 1984),
potassium (Golightly and Harris, 1975},
cesium (Bankston et &/, 1879), and lithium-
lanthanum mixture (Fox, 1985) to minimize
signal differences due to EIEs. However,
these methods have not always been suc-
cessful since enhancemsnt effects due to
EIEs are very complicated (Miller et af,
1984). In the determination of hydride-form-
ing elements, EIEs have been used to
enhance signals by simultaneously aspirat-
ing a solution of EIE into the plasma along
with the hydride. With appropriate alkali ele-
ments, 40-115% signal enhancement was
achieved in the determination of arsenic,
antimony, germanium, lead and tin by
hydride generation DCP-AES (Brindle and
Le, 1989). Brindle and Le (1989) have intro-
duced a modification of the introduction sys-
tem that reduces interferences from EIEs in
the determination of transition elements by
DCP-AES. Two pump/nebulization systems
were used which introduced analyte and
EIEs separately into the plasma, thus elim-
inating the need 1o introduce the EIEs into
the sample during preparation.

Conclusion

Detarmination of elements in geological
matrices by DCP-AES provides areasonable
alternative to the ICP-AES systems. The
system is robust and relatively cheap to
operate and, for some applications, provides
superior performance, Modifications made
to the machine over the last few years should
improve long-term stability and will speed up
analysis time.
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