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Recent Developments in the 
Analysis of Toxic Elements 

New methodology has made possible the determination 

of trace concentrations of many toxic elements. 

Donald J. Lisk 

The recent discovery of ubiquitous 
environmental contamination by mer- 
cury has now caused much concern 
about the possible presence of many 
other toxic elements in biological and 
geochemical systems (1). Even the 
rare-earth elements have been reported 
at astonishingly elevated concentrations 
in aquatic plants (2). Fortunately, the 
concurrent development of new and 
improved analytical methodology has 
made it possible to study and monitor 
these elements at extreme trace concen- 
trations. It is my purpose in this article 
to survey some of the recent analytical 
advances and their practical applica- 
tions to biological problems. 

Sample Ashing, Element Isolation, 

and Concentration 

Although perhaps the least glamor- 
ous, the initial steps in trace element 
analysis, namely, reagent purification, 
sample preparation and ashing, and 
element isolation and concentration, are 
usually the most crucial. Excellent pub- 
lications dealing with these steps are 
those of Mizuike (3), Tdlg (4), and 
Gorsuch (5). Gorsuch deals compre- 
hensively with sample ashing, present- 
ing data, element by element, on re- 
covery and loss for different ashing 
procedures, temperatures, and operat- 
ing parameters. Mizuike and T6lg dis- 
cuss ashing procedures, including dry 
and wet, oxygen flask combustion, and 
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oxygen bomb, oxygen stream, and low- 
temperature activated oxygen tech- 
niques. They explain errors attributable 
to laboratory and reagent contamina- 
tion and to adsorption and vaporization 
losses, and discuss remedial measures. 
Separations based on vaporization, 
liquid-liquid extraction, precipitation, 
electrodeposition, ion exchange, and 
other methods are reviewed. 

Recent devices (6) for the rapid 
ashing of inorganic or organic samples 
consist of a Teflon-lined steel vessel 
into which the sample and oxidizing 
acid are introduced. Heat applied to 
the sealed container results in the 
rapid decomposition and solution of 
the sample. Acid decomposition of 
samples under pressure in plastic bot- 
tles has been reported (7). A simple 
apparatus has recently been described 
(8) for the extremely rapid oxidation 
of plant material in generated nitric 
acid vapor prior to metal analysis. 
Rapid sample solution in soluene, a 
quaternary ammonium hydroxide, has 
been described (9). Oxygen flask com- 
bustion is still an effective and rapid 
method of sample decomposition for 
use prior to the determination of vol- 
atile elements such as mercury (10) or 
selenium (11). It can be particularly 
advantageous for the combustion of 
biological materials which may contain 
an element in more than one valence 
state such as trivalent and penlavalent 
arsenic, the former being more volatile 
and easily lost. Its restriction to the 

combustion of dried samples no larger 
than 1 to 2 grams may no longer be a 
limitation, owing to the improvement 
in the attainable element detection lim- 
its of several new methods. A paper by 
Katz (12) provides a useful summary 
of references dealing with solvent ex- 
tIraction for the isolation of metals. 

Analytical Instrumentation 

For convenience, I shall discuss the 
various analytical techniques in alpha- 
betical order. Anodic stripping voltam- 
metry, especially with differential puls- 
ing (13), is a versatile and extremely 
sensitive technique for the detection of 
metals at concentrations reportedly 
down to 0.01 part per billion. If 
ever a method was peculiarly suited for 
a specific sample matrix, it would be 
the application of this technique to 
studying the chemistry of ultratrace 
concentrations of metals in aquatic sys- 
tems. Consecutive multimetal analysis 
in the same solution is possible, and 
the technique is applicable to a broad 
range of elements. It is particularly 
advantageous in aquatic investigations 
since it can be easily used to determine 
the proportion of the free element pres- 
ent and also the proportion complexed 
as well as the rate of complexation of an 
added ion (14). The determination of 
metals in natural waters can be strongly 
dependent on pH. To obviate the intro- 
duction of reagent impurities a system 
was recently developed (15) in which 
pH can be controlled over a range of 
three or four units by replacing the 
typical inert purging gas with a mixture 
of carbon dioxide and nitrogen in 
specific proportions depending on 'the 
pH desired. Anodic stripping methods 
have been applied to the determination 
of several toxic metals in airborne par- 
ticulates (16) and in tissue, blood, 
urine, and hair (17). 

Conventional flame atomic absorp- 
tion spectrophotometry has been amply 
reviewed (18). Reports dealing with 
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the sampling boat technique (19), 
interferences (20), and biological 
applications (21) have appeared. 
Among the most recent developments 
in the field of trace element analysis 
are the "flameless" atomic absorption 
methods. This technique, requiring only 
milligram amounts of sample, is ex- 
tremely sensitive and applicable to the 
determination of perhaps 60 elements. 
Like anodic stripping voltammetry, this 
technique appears to be uniquely suited 
to biological problems where sample 
size is very limited, for example, the ex- 
tent of absorption of cadmium by a 
single mouse kidney. Its application to 
the analysis of a tiny subsample de- 
mands thorough preliminary sample 
mixing, however. A number of atomizer 
designs have emerged (22). The use of 
the method for element analysis in bio- 
logical samples has truly mushroomed 
in the past 2 years (23). The well- 
known technique (24) of the prelimi- 
nary reduction of mercuric ion to mer- 
cury vapor followed by circulation 
through an atomic absorption light 
path is another form of flameless 
atomic absorption analysis. Direct vola- 
tilization into an atomic absorption 
flame of elements such as arsenic, 
antimony, and selenium by prior chemi- 
cal reduction to their respective gaseous 
hydrides now makes possible a rapid, 
sensitive analysis of these elements 
(25, 26). This is especially true when 
electrodeless discharge lamps are used 
as intense sources in place of hollow 
cathode lamps (27). A comparison 
of the advantages of atomic absorption 
and atomic fluorescence (28) for metal 
analysis has been carried out by Kahn 

(29). 
The effective application of emission 

spectroscopy methods to the multi- 
metal analysis of biological materials 
has been reported (2, 30). A recent 
development which significantly en- 
hances the signal-to-noise ratio and the 
limit of detection of emission methods 
is the argon plasma source now com- 
mercially available as the "Spectra Jet" 
(31). Quantities ranging from 0.05 to 
35 nanograms are reportedly detectable 
for 35 elements. Its successful applica- 
tion to the analyses of a range of ele- 
ments requires a highly resolving mono- 
chrometer. As reported above for 
atomic absorption, traces of arsenic 
and antimony have been determined by 
volatilizing their gaseous hydrides into 
a source consisting of an electrical dis- 
charge in argon and measuring their 
spectral emission lines (32 ). A very 
promising and specific method involves 
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the use of the microwave-powered 
emission detector (33) for the analysis 
of nanogram quantities of volatile 
metal chelates separated by gas chro- 
matography (34). Sample size must 
be kept small, especially with refrac- 
tory elements, to obviate the condensa- 
tion of metals in the discharge tube. 
The entire gas chromatography and de- 
tection system is now commercially 
available from Applied Research Lab- 
oratories, Ltd. Laser excitation has also 
been used to quantitatively measure 
trace metals by emission spectrogra- 
phy (35). 

Gas chromatography has been ex- 
tensively investigated for trace metal 
analysis. A method involving the prep- 
aration of volatile fluoroacetylacetonates 
of metals which are then chromato- 
graphed and detected by electron cap- 
ture techniques offers unparalleled 
sensitivity in many instances. Fluori- 
nated acetylacetonates of aluminum, 
beryllium, chromium, iron, and rho- 
dium have been determined by this 
scheme with sensitivities down to 
10-13 gram (36). Hexafluoromonothio- 
acetylacetone is a new liquid that can 
be used for the preparation of volatile 
chelates of divalent metals including 
copper, zinc, nickel, cadmium, and 
lead (37). The factors that influence 
the volatility of metal fluoroacetylace- 
tonates have been discussed (38). A 
hydrogen-rich flame ionization detector 
has been used to detect organometallic 
compounds of iron, lead, and tin in the 
range from 10 to 30 picograms (39). 
Organometallic compounds containing 
nickel, mercury, lead, copper, tin, and 
other elements have been determined 
in gas chromatographic effluents by the 
use of a flame photometric detector (40). 
In a sensitive method for the analysis 
of selenium in seawater the 5-nitro- 
piaselenol derivative is detected by 
electron-capture gas chromatography 
(41). Careful attention must be given 
to proper column operating parameters 
and conditioning for the successful 
chromatography of metal chelates. 
Even thin-layer chromatography has 
been employed for the separation of 
20 elements as chelates (42). 

For characterization and sensitive 
element analysis of sample surfaces in 
situ, the laser (43, 44), electron (45), 
and ion (46, 47) microprobe tech- 
niques are most valuable. These inlstru- 
ments which, respectively, produce 
light emission of sample elements by 
laser excitation, x-ray emission of sam- 
ple elemrents by electron bombardment, 
or charged ions by ion bombardment 

have progressively improved. The at- 
tainable detection limits of the three 
techniques are, respectively, 10-15, 
10-17, and 10-19 gram (44). Detect- 
able element concentration necessarily 
must increase as the specimen area be- 
ing bombarded becomes smaller. Geo- 
chemical (47) and biological (45) ap- 
plications of the techniques have been 
described. 

The essentials of the method of neu- 

tron activation analysis, not a new tech- 
nique, have been well described (48). 
Its recent use for the sensitive simul- 
taneous analysis of some 60 elements 
in a sample is finding many applications. 
In this method the dry unashed sample 
is directly irradiated in a nuclear reac- 
tor for both short (minutes) followed 
by longer (hours) periods. Gamma-ray 
spectra are then obtained after decay 
times ranging from minutes to several 
days after the irradiation. Gamma-ray 
photopeaks in the pulse height spectra 
are then identified and quantitatively 
determined by means of a multichannel 
analyzer and a computer. The principal 
advantages of the method are its sensi- 
tivity, the spectrum of elements detect- 
able, and the elimination of external 
contamination owing to nondestructive 
analysis. The incorporation of a new 
low-energy photon detector (49) should 
increase the accuracy of the technique as 
a result of its sensitivity to low-energy 
photons and its fine resolving ability. 
New methods of separating sample ele- 
ments prior to neutron activation 
analysis have been reported (50), and 
a review of preliminary methods used 
to increase element concentration has 
appeared (51). Neutron activation has 
been applied to a number of biological 
and environmental problems (52). How- 
ever, the fact that this technique cannot 

be used to determine certain important 
elements such as lead is a limitation. 

Pulse polarographic methods, espe- 
cially the differential pulse technique, 
are significantly more sensitive than 

conventional polarography (53, 54). In 

the latter technique a slow direct-current 
ramp voltage is applied to the dropping 
mercury electrode. During the life of 

each mercury drop a small voltage pulse 
is applied for about 50 milliseconds. The 

current is measured just before and 

again near the end of the pulse. During 
the two measurements the charging cur- 
rent background decreases to a negli- 
gible value. If the difference between 
the two current measurements is re- 
corded, much greater signal-to-noise 
response is achieved since mainly the 
Faradaic current is being sensed. Ele- 
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ment concentrations of 10-8M can 
therefore often be measured. Instru- 
mental artifacts caused by variable scan 
rates, drop times, and pulse amplitudes 
have been described as well as the 
means of optimizing peak current and 
shortening analysis time (55). The dif- 
ferential pulse method has been ap- 
plied to the analysis of environmental 
samples (53). 

Spark-source mass spectrometry is 
another powerful tool for ultratrace 
multielement analysis (56). In principle 
it involves the production of ions in an 
ashed sample located between elec- 
trodes with high voltage excitation. The 
ions with a high kinetic energy spread 
are first energy-focused in an electro- 
static analyzer. The ions then enter a 
magnetic field and finally impinge upon 
a photographic plate at different points 
depending on their mass-to-charge ra- 
tio. Depending on the accuracy desired, 
analysis may be carried out by refer- 
ring the intensity of the desired element 
line to (i) that of an internal matrix 
element line, (ii) that of the same line 
in a series of known standards, or (iii) 
that of an added isotope of the ele- 
ment. More recently, electrical detec- 
tion methods have been used in which 
all ion species are scanned across a 
collector slit comprising the principal 
focus, or individual element isotopes 
may be examined by electrostatic peak- 
switching with static integration (57). 
Most attractive is the very recent com- 
puter interfacing of electrically re- 
corded, spectra which automatically 
corrects and interprets the spectra of 
all elements, thus greatly simplifying 
and speeding the analysis (58). The 
advantages of spark-source mass spec- 
trometry are high sensitivity, compre- 
hensive element coverage, and rapid 
analysis. The technique has found ex- 
tensive use in biological, environmental, 
and forensic applications (59). 

Finally, x-ray spectrometric methods 
useful for single or multielement analy- 
sis have greatly advanced. In the more 
conventional wavelength-dispersive 
mode the sample is directly irradiated 
by an x-ray source, and the stimulated 
secondary emission is resolved by the 
use of a crystal goniometer prior to de- 
tection. Although this method provides 
unparalleled resolution, considerable 
signal intensity is lost through absorp- 
tion in the crystal and, as a result, the 
sensitivity is reduced. In a new lmodi- 
fication, the energy-dispersive x-ray 
method (60), the sample Is irradiated 
and the secondary x-rays directly enter 
a multichannel analyzer for resolution 
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Table 1. References to methods of trace element analysis in biological samples. Samples: a, air; 
at, animal tissue; bl, blood; bm, biological material; f, fish; fd, food; m, milk; p, plant 
material; pm, plasma; r, rock; s, serum; sI, soil; u, urine; and w, water. Methods: AA, atomic 
absorption; ASV, anodic stripping voltammetry; Color., colorimetry; Emiss., emission spectrom- 
etry; Fluor., fluorescence analysis; GLC, gas-liquid chromatography; NAA, neutron activa- 
tion analysis; and Polar., polarography. 

Element Sample Method Ref- Element Sample Method Ref- erence erence 

Arsenic at Color. (67) Lead blu AA (125) 
Arsenic AA (25) Lead bl AA (126) 
Arsenic Polar. (68) Lead bI AA (127) 
Antimony w ASV (69) Lead m AA (128) 
Antimony AA (70) Lead bl AA (129) 

Lead AA (130) 
Barium AA (71) Lead a AA (131) 
Barium Emiss. (71) Lead bl AA (109) 
Beryllium r AA (72) Lead bl,u ASV (132) 
Beryllium u GLC (73) Lithium s'u AA (133) 
Beryllium bm AA (74) Manganese bl AA (134) 
Beryllium AA (75) Mercury 
Beryllium a GLC (76) ercury p Color. (10) 
Beryllium r GLC (77) Mercury f AA (135) 
Beryllium GLC (78) Mercury bm AA (136) 

Beryllium bm GLC (79) ~~~~Mercury u Color. (137) Beryllium bm AAC (79) Mercury AA (138) 
Bismuth w ASV (69) Mercury AA (139) 
Cadmium fd Polar. (80) Mercury bm AA (140) 
Cadmium bm AA (81) Mercury bm AA (141) 
Cadmium fd AA (82) Mercury bm NAA (142) 
Cadmium bm AA (83) Mercury bm NAA (143) 
Chromium u AA (84) Mercury NAA (144) 
Chromium bm AA (85) Mercury bm NAA (145) 
Chromium u AA (86) Mercury bmn NAA (146) 
Chromium bm AA (87) Mercury sI NAA (147) 
Chromium bm Eis 8) Mercury SI AA (147) 
Chromiu~m s GLC (89) Mercury w AA U48) 
Chromium bm GLC (89) Mercury a AA (149) 
Chromiumn bm GLC (90 Mercury 

a 
AAor (149) Chromium PM GLC (91) Mercury AA (150) 

Cobalt SI NAA (92) 
Mercury f Color. (151) 

Cobalt sI AA (93) Methylmercury bm GLC (152) Cobalt bm AA (93) Methylmercury bm GLC (153) Cobalt P AA (94) Methylmercury fd GLC (154) 
Copper AA (95) Methylmercury fdf GLO (155) 
Copper m AA (96) Methylmercury f GLC (156) 
Copper at AA (97) Methylmercury bm AA (157) 
Copper b AA (98) Methylmercury ubl Color. (158) 
Copper bm AA (99) Methylmercury GLC (159) 
Copper fd AA (100) Methylmercury f GLO (160) 
Copper u AA (101) Methylmercury bI AA (161) 
Copper S1 Color. (102) Methylmercury f GLC (162) 
Gold r AA (103) Methylmercury bm GLC (163) 
Gold s AA (104) Molybdenum p Color. (164) 
Gold bl AA (104) Molybdenum w AA (165) 
Gold 0 AA (104) Nickel AA (95) 
Gold AA (105) Nickel fd GLC (166) 
Gold AA (106) Selenium W AA (167) 
Lead bl AA (107) Selenium AA (168) 
Lead a AA (108) Selenium bm Fluor. (169) 
Lead bl AA (109) Selenium p Color. (11) 
Lead f AA (110) Selenium bm Fluor. (170) 
Lead bl AA (111) Selenium s NAA (171) 
Lead bl AA (112) Selenium w- GLC (41) 
Lead bl AA (113) Silver w AA (172) 
Lead U AA (114) Silver r AA (173) Lead bmn Color. (115) r A 13 
Lead bI Color. (116) Strontium bl AA (134) 
Lead f Polar. (117) Tin fd AA (174) 
Lead f Polar. (118) Tin bm NAA (175) 
Lead f AA (117) Tin r,sl Color. (176) 
Lead f AA (118) Thallium u AA (177) 

Lead al AA (120) Vanadiumn brm Color. (179) 

Lead bin AA ( 122) Zinc wf NAA (180) 
Lead hi AA (123) Zinc AA (181) 
Lead bl,u AA (124) Zirconium bm AA (182) 
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and detection. The system has been 
computerized, which permits the simul- 
taneous analysis of about 50 elements. 
Various computer programs are nec- 
essary to correct for interelement en- 
hancement and absorption, and the 
final data are printed out showing each 
elemental symbol and the correspond- 
ing concentration. Detection limits 
range down to 1 part per million 
or less. X-ray methods have been 
applied to the elemental analysis of air 
particulates (61), lake sediments (62), 
aquatic plants (2), urine (63), and 
other materials (64). Another interest- 
ing development is heavy ion-induced 
x-ray fluorescence (65). Excitation with 
a heavy ion beam reduces bremsstrah- 
lung background, and the sensitivity 
improves up to several hundredfold, or 
10-15 gram per square centimeter. This 
method has been applied to the analy- 
sis of elements in air pollutants (65) 
and blood (66). 

Analytical Methods for Specific 

Elements 

The application of much of the in- 
strumentation described above to bio- 
logical and environmental problems has 
been rapid. Table I lists references to 
methods of analysis of traces of spe- 
cific elements in designated samples. 
Where appropriate, older colorimetric 
or fluorescent techniques are also cited 
since they are still reliable and often 
sufficiently sensitive and the instru- 
mentation is frequently found in most 
laboratories. 

Conclusions 

One may conclude that it is imprac- 
tical to confine oneself to any one ana- 
lytical method since ever more sensitive 
instrumentation continues to be pro- 
duced. However, in certain methods 
such as anodic stripping voltammetry 
and flameless atomic absorption it may 
be background contamination from re- 
agent impurities and surroundings rather 
than instrument sensitivity which con- 
trols the limits of element detection. 
The problem of contamination from 
dust or glassware is greatly magnified 
when the sample size becomes ever 
smaller. Air entering laboratories near 
highways may contain trace quantities 
of lead, cadmium, barium, antimony, 
and other elements from engine ex- 
haust. Even plastic materials contact- 
ing the sample may be suspect as a 
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source of contamination since specific 
metals may be used as catalysts in the 
synthesis of the plastic and traces may 
be retained in it. Certain elements may 
even be deliberately added to plastics 
during manufacture for identification 
purposes. Nondestructive methods such 
as neutron activation and x-ray tech- 
niques thus offer great advantages not 
only in time but in the elimination of 
impurities introduced during sample 
ashing. Future improvements in attain- 
able limits of detection may arise large- 
ly from progress in the ultrapurification 
of reagents and "clean-room" tech- 
niques. Finally, the competence of the 
analyst is also vitally important in the 
skillful operation of modern complex 
analytical instrumentation and in the 
experienced evaluation of data. 
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