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DETERMINATION OF TRACE AMOUNTS OF VANADIUM(IV) AND (V)
IN WATER BY ENERGY-DISPERSIVE X-RAY FLUORESCENCE
SPECTROMETRY COMBINED WITH PRECONCENTRATION AND
SEPARATION

KAZUO HIRAYAMAZ®? and D. E. LEYDEN*
Department of Chemistry, Colorado State University, Fort Collins, CO 80523 (U.S.A.)
(Received 28ih February 1986)

SUMMARY

A method is described for the separation, preconcentration and quantitation of V(IV)
and V(V) in water. Vanadium(V) is precipitated with diethyldithiocarbamate (DDTC) at
pH 1.8 and V(IV) is precipitated with DDTC at pH 4. The precipitates are collected by
vacuum filtration on a membrane filter for quantitation by energy-dispersive x-ray fluores-
cence spectrometry. Multi-element and single-element calibration curves are prepared and
used to evaluate the matrix and mass effects of diverse ions such as Fe(IIl), Co(Il), Ni(II),
Cu(Il), Zn(II) and Pb(II). The total amount of metal ions should not exceed about 100 ng.
The V(IV) and V(V) are separated completely and recovered quantitatively.

Increasing attention has been given to energy-dispersive x-ray fluorescence
(e.d.x.r.f.) spectrometry for the determination of trace elements in water
when combined with preconcentration techniques [1—5]. Precipitation with
chelating reagents provides a specimen well suited for e.d.x.r.f. and a con-
venient procedure for collecting trace metal ions from water. Many reagents
such as 8-quinolinol [6], ammonium pyrrolidinedithiocarbamate [7], immo-
bilized dithiocarbamate [8], dibenzyldithiocarbamate [9] and sodium
diethyldithiocarbamate (DDTC) [10] have been used. Most of these methods
recover only specific oxidation states of metal ions. When there is only one
oxidation state of significant concentration, these methods may be accept-
able., However, several elements exist in more than one oxidation state in
nature. Vanadium is a typical element with many stable oxidation states.

Vanadium exists as V(IV) and V(V) in well-aerated natural and industrial
waters. Cole et al. [11] reported that the oxidation state of vanadium
changes in aqueous solution, and a standard solution of vanadium will con-
tain mixtures of V(IV) and V(V) which change with time. It is essential to be
able to differentiate between the two oxidation states in water because of
their different toxicity and nutritional properties [12—14]. But many

2Present address: Department of Industrial Chemistry, College of Engineering, Nihon
University, Koriyama, Fukushima 963, Japan.
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analytical methods reported in the literature determine total vanadium with-
out regard to its oxidation state [15, 16].

This paper describes a procedure for the separation of V(IV) from V(V) in
acidic medium using DDTC, and quantitation of these species by e.d.x.r.f.
V(V) is precipitated quantitatively by DDTC at pH 1.6—2 and V(IV) is sub-
sequently precipitated at pH 4. Matrix and mass effects as well as the effect
of diverse ions are discussed. The method is simple, rapid and has adequate
sensitivity for practical applications.

EXPERIMENTAL

Reagents

Analytical-grade reagents and deionized/distilled water were used. Com-
mercial atomic absorption standard solutions (Fisher Scientific) containing
1000 mg 17! of V(V), Fe(I11), Co(II), Ni(II), CU(II), Zn(IT), Mn(II), or Pb(II)
were used. Standard V(IV) solution (1000 mg 17) was prepared by dissolving
vanadyl sulfate in 0.01 M hydrochloric acid (Ultrex, J. T. Baker). Working
solutions were prepared by diluting the standard solutions with water and
adjusting the nitric acid concentration to 0.01 M with Ultrex nitric acid.
Potassium hydrogenphthalate (KHP) (2% w/v) was used to adjust the pH to
4.0 = 0.5. The DDTC solution (1% w/v) was prepared by dissolving sodium
diethyldithiocarbamate in water; the solution is stable for at least one month
at room temperature.

Apparatus

All x-ray measurements were made using a TX5000 energy-dispersive x-ray
spectrometer (Tracor Xray, Mountain View, CA). A rhodium target tube
operated at 20 and 30 kV was used for vanadium and multi-element deter-
minations, respectively. A 0.127-mm thick aluminum or a 0.05-mm thick
rhodium filter was used to reduce spectral background for the tube voltages
of 20 and 30 kV, respectively. The tube current was adjusted to give slightly
less than 50% deadtime. The intensities of the K-lines of metals except Pb
(L-lines) were extracted using the vendor program, XML. The x-ray net
counts are the integrated peak counts minus background counts for the com-
bined K, and K; lines, except L, and Lg lines for lead. All samples were
‘irradiated for 100 s.

Procedures

Preconcentration and separation of V(IV)and V(V). To precipitate V(V),
a 100-ml aliquot of sample was placed in a 250-ml beaker and the pH was
adjusted to 1.8 £ 0.1 with 0.1 M hydrochloric acid. Then, 4 ml of the 1.0%
DDTC solution were added and the solution was stirred for 1 min using a
magnetic stirrer. The solution was filtered under vacuum through a 25-mm
diameter, 0.45-um pore size membrane filter (Millipore, Type HA, Cat. No,
HAPPO02500). The filter was air-dried, and then mounted between 1/4-mil
Mylar films on a Chemplex (Eastchester, NY) sample cup.
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To precipitate V(IV), the pH of the filtrate from the previous step was
adjusted to 4.0 £ 0.5 were 0.1 M potassium hydroxide and KHP, and 4 ml of
the DDTC solution was added. Then, the solution was stirred for 10 min and
filtered as described above.

Preparation of calibration curves. The pH of the standard solution was
adjusted to 4.0 * 0.5 which is optimum to precipitate both V(IV) and V(V)
and other elements for multi-element calibration curves. Single-element cali-
bration curves were obtained using standard solutions for each element. The
concentration of vanadium in the standard solutions ranged from 0 to 100 ug/
100 ml.

RESULTS AND DISCUSSION

Effect of pH

The effect of pH on the precipitation of V(V) and V(IV) with DDTC, and
other metal ions such as Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and Pb(II) was
investigated. Figure 1 shows the effect of pH on the intensities of K-lines of
vanadium for samples prepared from V(IV) and V(V). The intensities of the
K, and K, lines of V(V) remained constant within the pH range 1.6—5.0, as
did those of Cu(II), Ni(II) and Co(II). The intensities of the lines of Fe(III),
Zn(II) and Pb(II) were constant over the pH range 3.5—5.0. The intensity of
the line for V(IV) remained constant in the pH range 3.0—5.0, whereas V(IV)
did not precipitate below pH 2.0. The filtrate from the pH 1.8 precipitation
step was treated with 1.0 ml of potassium permanganate (0.2% w/v) to
oxidize any vanadium that might have been reduced to V(IV). The solution
was then treated with DDTC at pH 1.8 as before. As the concentration of
V(V) in the second precipitation step was negligible, the recovery of 40 ug of
V(V) in the initial precipitation was calculated to be 98.0 + 2.5% (n = 5).
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Fig. 1. X-ray intensity vs. pH for V(IV)and V(V).

Fig. 2. X-ray intensity vs. stirring time before filtration for V(IV) and V(V).
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Effect of stirring time

Most metal-DDTC precipitates are stable in acidic solution, and, to be sure
of complete reaction, a stirring time of 15 min is recommended. However,
some metal dithiocarbamates such as manganese(II)-DDTC [1], and zinc(II)
dibenzyldithiocarbamate [9] redissolve during stirring. Iwasaki and Tanaka
[16] reported that the V(V)—DDTC precipitate formed at pH 5 was stable
for at least 1 h in the standing solution, but the effect of stirring time was
not shown. For the precipitation of vanadium(V) pyrrolidinedithiocarbamate,
Cole et al. [11] swirled the mixture for 15 s, which is a very short time com-
pared to other studies. In a preliminary study, it was shown here that the
V(V)—DDTC complex would redissolve if stirred for more than 15 min at
pH 1.8, which is optimum to separate V(V) and V(IV).

The effect of stirring time on the precipitation of V(V) at pH 1.8 and
V(IV) at pH 4.0 was examined. Figure 2 shows the intensities of K, and K;
lines from 40 ug of V(V) and 34 ug of V(IV) at different stirring times. Each
sample was allowed to stand for 5 min after stirring was stopped. At pH 1.8,
the V(V)—DDTC precipitate formed, and then dissolved gradually with
stirring. However, the loss is not significant for times between 15 s and 5 min.
The V(IV)—DDTC complex was stable for stirring times up to 15 min. There-
fore, 1 min and 10 min stirring times were selected for the precipitation of
V(V)—DDTC and V(IV)—DDTC, respectively.

Calibration data

Single-element and multi-element calibration curves for vanadium were
prepared. The pH of the standard solutions was maintained at 4 so that both
V(IV) and V(V) that may exist in the standard solution can be quantitatively
precipitated. Table 1 shows the linear regression calibration data for vana-
dium. The x-ray emission intensity was linearly related to the amount of
vanadium up to 100 ug. The sensitivity in the range 0—40 ug for multi-element

TABLE 1

Linear regression of calibration data for vanadium

Tube voltage Slope Intercept Number of  Std. error Calibration
kV) (cps/ug) (cps) points of estimate  range (ug)
20 11.6+ 0.12 ~1.0+45 14 8.1 0—100¢
20 10.8 = 0.22 —0.6+50 13 12.4 0—80¢

20 11.4 + 0.1P —8.8+29 12 6.3 0—40°

30 1.04 £+ 0.022 —0.72:0.76 9 142 0—100

30 0.96 + 0.01® —0.06+0.41 13 1.07 0—80

30 1.01 £+ 0.01® —0.71+ 0.41 20 0.75 0—40

aGingle-element standards. PMulti-element standards. ®In each case, the lower limit of
detection is 1.1—1.5 ug, based on a positive signal exceeding 3 times the standard devia-
tion of the intercept of the linear regression calibration graph.
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standards is in good agreement with that for single-element standards. But in
the range 0—80 ug, the sensitivity decreased.

The ions Fe(III), Co(II), Ni(Il), Cu(II), Zn(II) and Pb(II) were present in
the multi-element standards in amounts ranging from 0 to 200 ug. These
samples were irradiated using a 30-kV x-ray tube potential. As shown in
Table 1, the sensitivity of the vanadium x-ray line decreases at 30 kV because
of reduced excitation efficiency. Additionally, high vanadium concentration
and/or the presence of other ions reduces the sensitivity for vanadium. This
is undoubtedly a result of x-ray absorption by the increased mass of the
precipitate. The correlation between the x-ray intensities for the concomitant
elements and their concentration was excellent, indicating quantitative
recovery by the reagent [5].

Preconcentration and separation of V(V) and V(IV)

There are two ways to quantify V(IV) in the filtrate from the first precipi-
tation step. One is to oxidize V(IV) to V(V) with permanganate followed by
precipitation at pH 1.8. Another is to change the pH of the filtrate to 4.0 =
0.5 so that the V(IV)—DDTC chelate precipitates. Although both methods
could be used to quantify V(IV), the latter was chosen because of its sim-
plicity. When solutions containing different ratios of V(IV) and V(V) were
processed by the present method, good correlation between the added and
found concentration was obtained. Table 2 shows the slope and intercept of
the linear regression line which indicates that V(V) and V(IV) can be separ-
ated and recovered quantitatively.

The effect of diverse ions on the separation and precipitation of V(IV)
and (V) was investigated at pH 1.8. Table 3 shows that 20-ug amounts of
Cr(111), Fe(IIT), Co(II), Ni(I1), Cu(1I), Zn(II), Mn(II) and Pb(II) did not inter-
fere with the precipitation of V(V) with DDTC. Recoveries of 20 ug of V(V)
in the presence of 20 ug of each metal were 93—99% complete; an average
error of +0.8 ug for V(IV) was observed which corresponded to 4% of the

TABLE 2

Linear regression of V(V)and V(IV) concentration found and added

Ion Slope Intercept Number of Std. error Range
points of estimate (ug8)
V(V)2 0.98 + 0.01 0.78 + 0.42 13 1.10 0—100
v(iv)? 0.91 + 0.02 0.88 + 0.30 13 0.80 0—34
V(V)P 0.85 + 0.02 1.09 + 0.53 15 1.28 0—40
V({IV)P 0.73 + 0.07 2.68 + 0.62 15 1.87 0—20
V(IV) + V(V)° 1.01 = 0.02 —0.32 £ 0.39 15 1.00 -

aSingle-element standards of only one vanadium oxidation state. PEither oxidation state
of vanadium present as well as 0—40 pg of concomitant ions. °Both oxidation states of
vanadium in the presence of concomitant ions.
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TABLE 3

Effect of diverse ions

Metal ion Added (ug) Found (ug)
V(V) VvV) V(V) V(IV)
Cr(III) 20 0.0 19.4 0.5
0 18.6 0.8 18.2
Fe(III) 20 0.0 19.6 14
0 18.6 1.0 174
Co(II) 20 0.0 19.8 0.9
0 18.6 1.5 16.0
Ni(II) 20 0.0 19.8 0.9
0 18.6 0.5 17.5
Cu(II) 20 0.0 18.6 0.9
0 18.6 1.6 16.4
Zn(11) 20 N.0 19.6 0.6
0 18.6 0.7 18.0
Mn(1I) 20 0.0 19.2 0.9
0 18.6 0.5 19.0
Phb(II) 20 0.0 18.7 0.6
0 18.6 0.7 17.7

220 ug/100 ml was added in each case.

amount of V(V) present. Vanadium(IV) remained in the filtrate even when
20 ug of each metal was present and 86—102% of residual V(IV) was recovered
in the second precipitation step. To evaluate the procedure for determining
V(IV) and V(V) species in mixtures containing other elements, synthetic
mixtures were prepared. The good correlation between the concentration of
V(IV) and V(V) added and found even in the presence of concomitant ions
(Table 2) shows that the two species can be separated and quantified. How-
ever, when large amounts of diverse ions were present, V(V) was not recovered
quantitatively and V(IV) was detected even when it was not added. To check
the oxidation state of vanadium in the filtrate, two of the standard mixtures
were oxidized by potassium permanganate before V(V) was precipitated
with DDTC. The positive error for V(IV) decreased which suggests that V(V)
changes oxidation state in the presence of high concentration of some foreign
ions. The high intercept for V(IV) as well as the excellent correlation for
total vanadium confirm these conclusions.

The authors express their appreciation to TRACOR XRAY, INC. for
supplying the x-ray spectrometer and a gift to support this research. K. H.
acknowledges Nihon University for funding a sabbatical leave.
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SIMULTANEOUS DETERMINATION OF LANTHANIDES BY
RADIOISOTOPE X-RAY FLUORESCENCE SPECTROMETRY BASED ON
CHARACTERISTIC K-RADIATION

J. J. LABRECQUE* 2 P. A. ROSALES and G. MEJiAS

Instituto Venezolano de Investigaciones, Cientificas (1.V.I1.C.), Apartado 1827,
Caracas 1020-A (Venezuela)

(Received 27th January 1986)

SUMMARY

The use of radioisotope-induced x-ray fluorescence is examined for the determination
of lanthanides via their characteristic K x-ray lines. Various synthetic mixtures of barium
and 14 rare-earth elements were prepared and their homogeneity was checked. The inten-
sity from each mixture was measured for 10 min with excitation by the 88-keV y-ray from
a 3.5-mCi cadmium-109 source or by direct g-particles from a 100-uCi promethium-147
source. Typical spectra and their corrected peak intensities are presented. The spectral
backgrounds produced by “’Pm and °°Cd are considered.

In some studies, it is important to quantify the content of individual rare-
earth elements rather than the total content. One such situation [1] is the
development of a model to predict the mobilization of thorium from an esti-
mated 20 000 metric ton lateritic deposit in Morro de Ferro, Brazil. Another
important situation is the investigation of the tropical weathering process on
the formation of lateritic material such as the deposit at Cerro Impacto,
Venezuela [2] which is highly enriched in rare-earth elements as well as in
niobium and thorium.

The determination of rare-earth elements (lanthanides) is one of the more
difficult tasks in inorganic quantitative chemistry because of their similar
chemical properties. Therefore, many of the existing classical methods [3]
have been superseded by physical techniques, including spectroscopic
methods. For concentration levels greater than 0.1%, conventional wave-
length-dispersive x-ray fluorescence is probably still considered the most
versatile technique. For simultaneous multi-element determination of lan-
thanides at lower concentrations, flame emission, atomic absorption, direct-
current arc and more recently plasma spectrometry have been used. However,
the earlier of these methods are not completely satisfactory [4]. Activation
by neutrons would probably be the technique of choice with the new lower-

aPresent address: International Atomic Energy Agency, Wagramerstrasse-5, P.O. Box 100,
A-1400 Vienna, Austria.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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energy photon detectors if the technique did not depend on a high neutron
flux, resulting in a costly and sometimes time-consuming procedure.

When rare-earth elements are determined by conventional wavelength-
dispersive x-ray fluorescence, the low-energy L x-rays are generally used
because the conventional x-ray tube excitation system does not sufficiently
excite the high-energy K x-rays. The same L x-rays are used with secondary-
target excitation or direct excitation by an x-ray tube coupled to an energy-
dispersive x-ray fluorescence system. The major limitation of using the L
x-rays from the lanthanides is that they are strongly overlapped by the low-
energy K x-rays from elements with low atomic numbers. This problem is
partly overcome in the wavelength-dispersive system because of its high spec-
tral resolution while it is compensated in the energy-dispersive system with
computer programs [5—7]. However, in some cases, such as lateritic samples
[8] in which the titanium and iron contents are orders of magnitude higher
than the rare-earth elements, these procedures are less acceptable.

To excite high-energy (>32 keV) x-rays, various radioisotopes such as
cobalt-57, gadolinium-153, thulium-170, and americium-241 [9] have been
used. However, only the 5’Co radionuclide can excite and quantify all the
rare-earth elements with its 122-keV y-ray. The limitation of °’Co, in addition
to having a short half-life and being costly, is that the source itself has spec-
tral peaks that interfere with the Fe K-radiation as well as the 14-keV y-ray.
In this work, the possibilities of using two other radionuclides for the excita-
tion of the various high-energy K x-rays from the lanthanides were examined;
cadmium-109 was tested by means of its 88-keV y-ray, which is closer to the
absorption edges of the K x-rays of the lanthanides, and promethium-147 by
its direct g-particles (continuous to 244 keV).

EXPERIMENTAL

Preparations of lanthanide mixtures and the '*’Pm source mixture

Various synthetic mixtures of barium oxide and the rare-earth oxides were
prepared by mixing the appropriate amounts of the oxides (analytical-grade;
99.9%) which were previously ground to less than 63-um particle size (200-
mesh sieve) and oven-dried at 102 *+ 2°C. Because the amounts were small
(100—200 mg) they were carefully transferred to a plastic vial (~7 ml) with
eight plastic balls for homogenization in a SPEX 8000 mill/mixer for three
10-min periods with 30 min of cooling between each period. The homogen-
eity was checked by transferring separate portions (ca. 20 mg) to ten differ-
ent sample holders. These sub-portions were then quantified by the x-ray
fluorescence methods described herein and the relative intensities of the K,
peaks for the elements present were compared. Because the standard devia-
tions for the different relative intensities were small (<3%) in most cases, it
was assumed that the mixtures were homogeneous. For these mixtures, the
same sample holder was used for excitation by the cadmium-109 source (ca.
3.5 mCi).
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For preparation of the '*’Pm source mixture, a small portion of the mix-
ture (about 20 mg) was transferred to a 1-cm diameter aperture (covered
with Scotch tape) in a 2 X 6-cm piece of IBM card. The 50 ul of a 2 mCi ml™*
solution of *’Pm was added to the center from an Eppendorf pipette. After
the source mixture had dried overnight, a second piece of Scotch tape was
used to secure the sample in place.

Energy-dispersive x-ray fluorescence instrumentation

The characteristic K x-rays from the synthetic mixtures excited by the
88-keV y-ray from the °°Cd annular source, or the g-particles from the !*’Pm
(100 uCi) source mixtures, were collected by a planar high purity germa-
nium detector (Canberra) with a measured energy resolution of 230 eV
(FWHM) at 5.9 keV from iron-55 and 740 eV at 122 keV from cobalt-57.
The window was 0.15-mm thick beryllium.

The data acquisition and processing were done with an Apple Ile micro-
processor with 64K of memory and a 1024-channel ADC card from the
Nucleus (Oak Ridge, TN). The hardware of this system has been described
elsewhere [10, 11] and the software was supplied by Dapple Systems
(Sunnyvale, CA).

The K x-ray peaks were integrated by summing all counts in the peak
within 0.6 FWHM from the peak maximum. Corrected peak intensities were
calculated by subtracting the appropriate background.

RESULTS AND DISCUSSION

The corrected peak intensities for the characteristic K x-rays for barium
and the lanthanides from three of the synthetic mixtures are presented in
Table 1 for 10-min measurement times. It can be seen that, for direct excita-
tion by B-particles from *"Pm, the corrected peak intensities for the equal-
weight mixture of barium and 14 rare-earth elements (6.67% of each oxide)
decrease with increasing atomic number (increasing x-ray energy); this is
typical of electron excitation. The background associated with the use of
promethium-147 as a direct f-particle excitation source can be seen in
Figs. 1—3; it is a continuum shape similar to the backgrounds from electron
excitation and bremsstrahlung spectra. Further, the *’Pm source itself also
contributes to the samarium K x-ray peaks, especially for mixtures in which
no samarium was present. From previous studies, it appears that the contri-
bution of the samarium K-radiation depends on the decay of !*’Pm to '*’Sm
and so depends on the age of the promethium solution. It can be concluded
that this type of excitation is more efficient for the lower atomic-number
lanthanides although the associated background is higher.

The corrected intensities for the different elements excited with °°Cd (ca.
3.5 mCi) are similar (see Table 1 and Figs. 1—3). The peak intensities are
slightly higher at lower energies. It was expected that K-radiation with higher
energies would be excited more because their respective K x-ray absorption
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TABLE 1

Corrected peak counts for K x-rays in three synthetic mixtures of barium and rare-earth
oxides with 10-min counting times

Element Corrected peak counts
TR-T? TR-182P TR-58°
147Pm 109Cd 147Pm 109Cd 147Pm lOQCd
Ba 16724 6883 —
La 12160 6930 30723 18175
Ce 16014 8688 — 64090 27752
Pr 16601 9525 34830 21162
Nd 13747 8328 —
Sm 18150 5390 —
Eu 7356 5635 -
Gd 5779 4978 13811 17670 25785 21010
Tb 6944 4230 —
Dy 9597 4788 13714 17118
Ho 5194 4892 —
Er 4265 5288 13535 20025
Tm 5951 4743 -
Yb 4900 4850 10323 19347
Lu 3822 4503 — 11794 17520

2100 mg of the oxide of each element. P150 mg of the oxide for each element for which
intensity is given. °200 mg of the oxide of each element for which intensity is given.

edges would be closer to the 88-keV vy-ray responsible for the excitation.
However, it should be noted that the mixtures were of equal weight and not
equal number of atoms; this may account for this small effect.

The major advantage of using the '°°Cd source for the determination of
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Fig. 1. Spectra of barium and the 14 lanthanides (TR-T) with 10-min measurement time:
(—) cadmium-109 source; (- -) promethium-147 source.
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Fig. 2. Spectra of the TR-182 sample with 10-min measurement time. Symbols as for
Fig. 1.
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Fig. 3. Spectra of TR-58 with 10-min measurement time. Symbols as for Fig. 1.

the lanthanides is that the region for their respective K x-ray energies is free
from spectral interferences. The background signals are small and flat, as can
be seen in Figs. 2 and 3. Limits of detection of the lanthanide elements based
on excitation of their K-radiation with 88-keV y-rays from '°°Cd will be eval-
uated when a new source (25 mCi) is obtained.

This work was presented in part at the XIV Colloquium Spectroscopium
Internationale, Garmisch-Partenkirchen, Federal Republic of Germany,
September 1985.
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SUMMARY

An energy-dispersive x-ray fluorescence method for the direct, simultaneous determi-
nation of major and minor elements in coatings is described. The method relies on the
back-scatter/fundamental parameter concept and provides a general solution to matrix
problems. The method has been implemented and verified on spectrometers based both
on tube excitation and radioisotope excitation. Results demonstrating some performance
characteristics are presented. Sample inhomogeneity problems that impede quantification
of low-Z elements in some types of paint are discussed.

Technical demands as well as demands arising from environmental regula-
tions have increased the need to quantify most components in coating
products. Such products are complex mixtures of pigments, binders, fillers,
solvents, etc., and the problem can be difficult. Structural information, which
is by far the most important in paint research, is usually obtained by means
of infrared spectroscopy, nuclear magnetic resonance spectroscopy, and
x-ray diffraction. For quantitative analysis, the commonly used methods are
atomic absorption spectrometry, titrimetry, and colorimetry [1] whereas
x-ray fluorescence spectrometry (x.r.f.) is rarely used for anything but de-
tection of elements. This is believed to be mainly due to the problems of the
matrix effects inherent in x-ray fluorescence spectrometry. In most practical
x.r.f. applications for coatings, both attenuation and enhancement effects
are significant and have to be accounted for in a quantitative approach.
Matrix correction calculations are further complicated by the fact that light
elements not amenable to x.r.f. constitute a major and variable fraction (20—
80%) of the bulk sample, and thus contribute significantly to the attenuation
of the characteristic radiation.

Various experimental procedures have been proposed to compensate for,
or alleviate, matrix effects in samples of paint [2—4]. However, none of
these has provided a universal solution to the problem and, so far, the poten-
tial of the x.r.f. technique has not been fully exploited [5]; in particular,
this is true for the energy-dispersive version of the technique.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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The aim of this work was twofold: to develop a generally applicable
method for the direct determination of major and minor elements in different
types of paint by energy-dispersive x.r.f. in combination with a back-scatter/
fundamental parameter matrix correction algorithm, and to implement the
proposed method on a fairly cheap spectrometer by using a radioisotope as
primary excitation source.

The work reported here was based on six different types of paint with
known formulations. The paint samples were delivered by the Danish painting
industry. Preliminary results of this work have been presented [6, 7], but
this paper discusses the definitive conclusions.

Quantitative method

The back-scatter/fundamental parameter (BFP) method of quantification
proposed by Nielson [8] has proven to work successfully for samples contain-
ing variable amounts of light elements (Z < 12). The BFP method is advan-
tageous for multi-element quantitation in unweighed samples of finite or
infinite thickness and can handle solid as well as liquid samples. The light-
element fraction of such samples is derived from the observed coherent and
incoherent scattered characteristic radiation of the excitation source, e.g.,
Ag K, radiation from a !°°Cd radioisotope (see Fig. 1) or Mo K, radiation
from a molybdenum secondary target.

The present approach closely follows that of Nielson and Sanders [9] and
some of the key subroutines in their program were implemented in the pre-
sent back-scatter algorithm. The differences, of only secondary importance,
lie in the choice of calibration standards and the software option of using
several secondary targets or radioisotopes for excitation of the sample.

The fluorescence equations are of the form

I;= KiAi(1 + H)W; (1)

where I, is fluoresence intensity, K; is a calibration factor, A, is an attenuation
factor, H; is an enhancement factor, and W; is the weight fraction.

£
ww N

scatter peaks
- = =

Counts

8 10 12 % % 8 20

X-ray energy (keV)
Fig. 1. X-ray fluorescence spectrum of a wood-preservative liquid obtained with the radio-
isotope-excited spectrometer.



17

The coherent and incoherent scatter equations have the form
Is = KsAs(L Wjo55 + ¥ Wioys) (2)

where ¢ is the scatter cross-section, W; refers to light elements and W, refers
to heavy elements.

The degrees of attenuation and enhancement and the amount of scatter
depend on the composition of the sample, so that calculations have to pro-
gress in an iterative manner. The weight fractions of the directly observed
elements quantified from the calibration factors and the fluorescence inten-
sities, are first used to estimate the scatter these heavy elements have caused
(2 Wio;s). The light element part of the sample matrix is represented by two
light elements (e.g., carbon and oxygen) with weight fractions W, and W,,.
The scatter equations can be rearranged to yield two simultaneous equations
with unknowns W, and Wy, one for the coherent scatter

Wa0ac + Wyone =IcK' A —% Wioic (3)

and a similar one for the incoherent scatter.

In each step of the iteration algorithm, the necessary matrix corrections as
well as the individual scatter contributions are calculated, by using the weight
fractions of all the elements, mass attenuation coefficients, scatter cross-
sections and a number of other fundamental parameters all of which are
tabulated in the literature. After convergence has been obtained, the weight
fractions are normalized to unity.

EXPERIMENTAL

Instrumentation

X-ray tube excitation. The tube-excited system was a fully automated
Kevex 0700 energy-dispersive spectrometer connected to a Nuclear Data
ND680 multichannel analyzer/microcomputer system. The primary source
of radiation was a low-powered rhodium anode x-ray tube. The spectrometer
offers two modes of excitation, i.e., direct excitation and excitation by
means of secondary targets. The direct excitation mode was used in combi-
nation with two or three secondary targets (Ti, Mo, and Ag) to provide opti-
mum sensitivities for a broad range of elements.

Radioisotope excitation. The radioisotope system consisted of an Ortec
Si(Li) detector, a laboratory-constructed annular source-holder/excitation
chamber with interchangeable collimators, and a computer-controlled sample
changer resembling that of the Kevex spectrometer. The annular source was
a 370-MBq '°°Cd isotope providing Ag x-rays. The spectrometer was coupled
to a Canberra S35 multi-channel analyzer. Data acquisition and spectrometer
control were handled by a PDP11/234+ microcomputer (operating system
RT11).

Neutron activation. For comparative purposes, most of the samples were
subjected to instrumental neutron activation analysis (i.n.a.a.). Samples were
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irradiated in the Danish 10-MW heavy-water-moderated reactor DR-3. The
reactor provides two irradiation facilities with a neutron flux of 2.5 and
4.5 X 10'" n m™? s7!, respectively. The low-flux facility was used for short
irradiations (1—5 min) and the high-flux facility for long irradiations (1—2 h).

Spectrum evaluation and quantitative calculations

For the Kevex system and the y-spectrometers used for i.n.a.a., spectral
information was extracted by using a standard non-linear least-squares
Gaussian fitting routine supplied by Nuclear Data. For the radioisotope sys-
tem, the spectrum evaluation program SAMPO-80 [10] was used. The inten-
sities of the non-Gaussian back-scatter peaks were measured with the best
precision by using fixed-energy windows.

Quantitative calculations were done using the program, MATRIX [11].
The program is coded in ALGOL and runs on a Burroughs B7800 mainframe
computer. Quantitative neutron activation calculations were based on the
single-comparator principle.

Sample preparation

In most cases, the sample preparation was straightforward. Samples of
paint were thoroughly stirred and unweighed aliquots were poured into dis-
posable Spectro-cups having a thin mylar window. For the Kevex system,
the time required for counting was between 200 and 2000 s depending on
concentration levels and the number of excitation sources required for com-
plete elemental coverage, whereas 2000 s was used in the case of the radio-
isotope-excited system.

Calibration

Calibration of the spectrometers was accomplished with pure metal stan-
dards or standards of known total composition (i.e., pellets of analytical-
grade chemical compounds). All the standards were of infinite thickness. For
each excitation source, calibration curves like those shown in Fig. 2 were
established. Similar but less accurate calibration curves could have been ob-
tained with thin foils (e.g., 50—100 ug cm™ elemental deposits on Nuclepore
filters). Calibration factors for the two back-scatter peaks were evaluated by
measuring pellets of NaCl, KCl, CaSQ,, and KH,PO,.

RESULTS AND DISCUSSION

Before actual results are presented, it is worth noting that a fundamental
approach to the matrix correction calculations facilitates calibration of the
spectrometer. In fact, fairly accurate relative calibration constants may even
be calculated from basic x-ray physics {12]. Regardless of which way cali-
bration is accomplished, it is not restricted to a particular application. For
routine use of the spectrometer, only one reference sample is required. The
count rate for this sample is used to monitor changes in the excitation flux
from the x-ray tube or the decaying source.
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Fig. 2. Calibration curves for K, lines for different modes of excitation: (1) direct excita-
tion; (2) Ti secondary target; (3) Mo secondary target; (4) '°°Cd source.

The direct excitation, which in the calculations is regarded as a mono-
chromatic source, is used to enhance the otherwise poor sensitivity for alu-
minium and silicon. The sensitivities for these two elements could be improved
further by flushing the irradiation chamber with helium, an option which is
not available with the present systems. The elemental coverage for the iso-
tope-based system is limited in comparison to the Kevex system, but intro-
duction of an **Fe source in addition to the °°Cd source would improve the
sensitivity for elements Ti—Al significantly. Depending on the concentration
level, the cut-off in Z for the isotope-based system is around 20.

Tables 1—6 show the results together with the formulation values for the
six paints. The results are calculated as the mean value of five replicates of a

TABLE 1

Results for an anti-fouling paint

Element Mean content (g kg™)? Formulation
E.d.x.r.f.p E.d.x.r.f.€ ILn.a.ad

Cl 1599 162+ 10 75+ 3 74.7

Fe 1.32 + 0.08 1.24 + 0.07 — -

Cu 323 + 16 346 + 17 354 + 20 344

Zn 32.4:1.6 35.8 1.7 — 40.2

Sn 43 + 2 47 + 2 31+2 36

38Mean of 5 replicates with overall standard deviation. ®Tube-excited e.d.x.r.f. *Source-
excited e.d.x.r.f. 41.n.a.a./short irradiation.
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TABLE 2

Results for a zinc silicate paint?

Element Mean content (g kg™)? Formulation
E.d.x.rfp E.d.x.rf.° Aasd

Si 249+ 13 — 261 65.8

P 296+ 1.5 — — 21.7

K 1.1+ 0.1 - 0.8 0.8

Ca 3.4+0.3 4.2 + 0.3 3.5 3.2

Mn 1.8+ 0.1 1.6+0.1 — —

Fe 73+4 73+4 90 79.2

Zn 533 + 27 499 + 25 554 495

@-cGee footnotes to Table 1. AMean of duplicate results by a.a.s.

TABLE 3

Results for a wood preservative liquid

Element Mean content (g kg*)?2 Formulation
E.d.x.r.f.P E.d.x.rf.c ILn.a.ad

Si 5.1x0.7 - — 9.3

Cl 2.6 + 0.3 — 2.5+0.2 2.4

Mn 0.41 + 0.04 0.39 + 0.04 0.42 + 0.01 0.4

Fe 10.0: 0.8 11.7+ 1.0 10.4 + 0.2 16.3

Zn 0.008 = 0.001 0.010 + 0.002 — —

Sn 5.4+04 4.51+0.3 5.8 +0.2 5.8

Pb 0.92 + 0.08 0.88 = 0.07 0.84 = 0.01° 1.0

a—CGee footnotes to Table 1. 9Short and long irradiation. ¢ ASTM D3335-78 (6 replicates).

TABLE 4

Results for an alkyd paint

Element Mean content (g kg™?)? Formulation
E.d.x.r.fb E.d.x.r.f.€ In.a.a.d
Al 51+3 — 48 + 2 41.6
Si 66 + 3 — — 63.0
K 2.0+ 0.1 — 24 + 0.1 1.2
Ca 0.45 + 0.03 - — 0.5
Ti 43 £ 2 40 + 2 46 + 2 44.1
Fe 11.8 £ 0.6 11.7 £+ 0.6 12.3+ 0.1 11.4
Cu 0.37 =+ 0.02 0.38 + 0.02 0.35 £ 0.03 0.34
Zn 0.48 + 0.03 0.54 + 0.03 0.49 + 0.01 —
Zr 0.23 + 0.02 - — 0.21
Pb 3.0+0.2 3.4+ 0.2 3.00 + 0.07°¢ 3.5

a—dgee footnotes to Table 3. ©tASTM D3335-78 (3 replicates).
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TABLE 5

Results for an emulsion paint

Element Mean content (g kg™)? Formulation
E.d.xrfP E.d.x.r.f.° Ln.aad
Al 11.0+ 1.0 —_ 10.3+0.4 8.9
Si 269+ 14 — — 28.8
K 1.1 0.1 — 0.8+0.1 0.4
Ca 783+4 96 £ 5 74.9+0.6 76.3
Ti 59:0.3 5.9+ 0.3 55+0.2 4.4
Fe 39+ 2 42 + 2 37.7+0.7 37.0
Cu 2.3+0.1 2.4+0.1 2.1+0.1 2.5

a—dgee footnotes to Table 3.

TABLE 6

Results for an alkyd zine chromate primer

Element Mean content (g kg™*)? Formulation
E.d.x.r.f.P E.d.x.rf.c In.a.ad

K 25.1 +1.3 35.6+1.5 23.9+09 -

Ti 54+ 3 57+ 3 45 + 2 35

Cr 76+ 4 77+ 4 67 + 3 54

Fe 3.7+0.2 3.7+0.2 — -

Zn 168 + 8 182 + 9 164 = 7 154

Pb 6.0 +0.3 6.5+ 0.4 — 2.9

a—dgee footnotes to Table 1.

particular paint. The quoted overall uncertainty, 6.,¢, includes variance con-
tributions from the calibration, sample preparation, and counting statistics.
The main contribution to the uncertainties of the x-ray fluorescence results
comes from the back-scatter calibration, which amounts to 5% relative. The
reproducibility of the sample preparation procedure is about 1—2% in most
cases. The chosen time of measurement assured good counting statistics for
most elements.

In general, the results obtained by means of the two x-ray fluorescence
spectrometers agree well and so do the x-ray fluorescence results and those
obtained by i.n.a.a. In some cases, which will be discussed below, the observed
differences are statistically significant (5% significance level). With a single-
isotope system, the sensitivities for potassium and calcium are not adequate
for concentration levels below 100 g kg™. The lack of agreement between
the two x-ray fluorescence results is attributed to this fact and is not further
discussed. Comparisons with the formulations also show significant differ-
ences in some cases. However, the formulation values should only be con-
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sidered indicative, as they were calculated on the basis of the raw materials
which were often poorly characterized.

One of the more obvious discrepancies found is related to the determina-
tion of chlorine in the anti-fouling paint (Table 1). The x.r.f. results are more
than a factor of two higher than the results obtained by i.n.a.a., but the latter
results agree with the formulation. X-ray mapping provided by a scanning
electron microscope, however, disclosed an uneven distribution of copper
and chlorine in the sample. Figure 3 reveals copper-depleted areas and corre-
sponding chlorine-enriched areas yielding much less attenuated Cl K, radia-
tion. It is therefore believed that the discrepancy is due to this problem of
sample inhomogeneity. The results for the other elements emitting higher-
energy radiation are not affected. Homogenization of a dried aliquot of the
paint has not been tried.

The BFP method was originally developed for biological and geological
samples with a mean Z in the range 6—12. For a zinc silicate paint, the
results of which are presented in Table 2, the mean Z is approximately 22.
Such a sample represents an extreme case in the calculations. Despite that,
the agreement between the majority of e.d.x.r.f. results and those obtained
by a.a.s. and/or those of the formulation is good. The exception is silicon. A
wet-chemical method involving sample destruction support the apparently
very high content of silicon contrary to what is indicated by the formulation.
At present the problem remains unsolved.

Concerning the wood preservative (Table 3), the evaporation rate is signifi-
cant compared to the required time of counting. Therefore, in this case, ali-
quots of the paint were allowed to dry before measurement and the results
were afterwards corrected to wet weight. With one exception, i.e., iron, the
i.n.a.a. results agree with the formulation. However, the findings for iron are
substantiated by the two e.d.x.r.f. results. The determination of tin is of par-
ticular interest for this wood preservative. Whereas agreement between the
results by the two different techniques and the formulation is good for

. 5 Lo - R A NG ‘;":K" : f" e < .
Fig. 3. Distribution of copper (left) and chlorine (right) as revealed by the x-ray mapping

facility of a scanning electron microscope.
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chlorine, the x-ray fluorescence results for tin based on the Sn L, line were
found to be significantly lower than the formulation value. With the more
penetrating Sn K,/Kj radiation, satisfactory agreement is observed, especially
regarding the result obtained with the tube-excited system. In this case, a
gadolinium secondary target was used for excitation. The reason for the
rather low value obtained with the source-excited system is not known.

The results shown in Tables 4 and 5 for an alkyd paint and an emulsion
paint demonstrate that it is possible to obtain satisfactory data by e.d.x.r.f.
for low-Z elements like aluminium and silicon. However, confidence in x-ray
fluorescence results for elements emitting characteristic x-rays, K,/L,, in the
energy region of 1—4 keV should be based on experience. Sample homogen-
eity and particle-size effects are of particular importance in this energy
region.

In two cases (see Tables 3 and 4), the results for lead were verified by a
standard method (ASTM D3335-78). However, with this method it was im-
possible to obtain reproducible results for lead in the alkyd zinc chromate
primer within the allocated time. Although the e.d.x.r.f. results for this
primer are twice that of the formulation, there is no reason to believe they
should be wrong.

The results presented in Tables 1—6 emphasize the versatility of the
energy-dispersive x-ray fluorescence technique. Direct and simultaneous
determination of a number of important constituents in a variety of paint
types can be achieved with the same set of calibration factors. The back-
scatter/fundamental parameter method of quantification easily spans four
decades in concentration, e.g., zinc in Tables 2 and 3.

A spectrometer suitable for this application, with a radioisotope-based sys-
tem could be assembled for U.S. $35 000 or less. Work is under way to
implement the necessary software for spectrum deconvolution and matrix-
correction calculations on a personal computer (e.g., IBM PC/XT or DEC
PC/350). The same computer could be used for automatic control of the
spectrometer and as a multichannel analyzer, thus allowing data accumulation
and quantitative calculations to take place simultaneously.
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SUMMARY

Theoretical equations for fluorescent count rates from bulks, single-layer films, and
multiple-layer film specimens, based on fundamental parameter models, are developed.
Absorption and secondary enhancement within each layer, between layers, and between
layers and substrate are considered. A computer program is used to predict count rates as
well as for simultaneous back-calculation of concentraticns and thicknesses. Standards
can be bulks, single films, or multiple films in any combination; pure-element standards
as well as those containing additional elements are suitable. Evaluation of experimental
data from two- and three-layer films (by using bulk pure-element standards) by the prop-
osed method shows agreement within <0.3%(absolute) for concentrations and
<5%(relative) for thicknesses compared to results from single-layer reference specimens
prepared under identical conditions.

Determination of the chemical compositions and thicknesses of single-
layer films and of multiple-layer films is of growing importance in industrial
and scientific laboratories. Examples of applications are multiple coatings of
sheet metals for corrosion protection, gold layers (usually on sublayers) on
electrical contact pins, and the complicated multilayer set-up on silicon
wafers in the electronics industries. X-ray fluorescence spectrometry offers
several advantages for this kind of application. It is generally nondestructive
and a wide range of elements can be quantified. It is possible to determine
concentrations and film thicknesses simultaneously, even in the case of
multiple-layer films (with some restrictions). Quantification time is relatively
short compared to other methods, and specimen preparation is simple.

In this paper, theoretical equations are developed for the prediction of
count rates from elements in multiple film layers based on fundamental para-
meter models. Calculation of concentrations as well as of the individual
thicknesses are possible by iterative methods if the qualitative composition
of each layer is known. The fundamental parameter equations for multiple
films are based on Sherman’s theory [1] and include interactions (absorption
and secondary enhancement) between all elements within each layer as well
as between all other layers and with the substrate.

3Permanent address: Institut fiir Angewandte und Technische Physik, Technical
University, Karlsplatz 13, A-1040 Vienna, Austria.
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THEORY

Basic assumptions

‘Primary radiation’ is the radiation from the selected radiation source used
to excite fluorescent radiation in a specimen. It may be radiation from an
x-ray tube, radioactive source, or any other electromagnetic radiation of suf-
ficient energy. ‘Primary fluorescent radiation’ is fluorescent radiation directly
excited by the primary radiation. ‘Secondary fluorescent radiation’ is excited
by primary fluorescent photons of other atoms in the same specimen.

The primary radiation is assumed to have a cross-section of 1 cm?. The
spectral distribution of the photons in the primary radiation is defined by a
function x(E) in such a way, that x(E) dE is the number of photons with
energies between E and E + dE passing the cross-section of the primary
beam (1 c¢m?) per second. The lateral dimensions of the specimen are large
compared to the pathlengths of the photons within the specimen. This
avoids problems arising from photons entering the specimen or emerging from
it through side faces.

A short review of the equations for bulk samples and single-layer films is
also given. This makes it possible to show the development of the film equa-
tions in the multiple film case by simple analogy to bulk and single-film

TABLE 1

Symbols and definitions

Symbol Definition

ui(E) Mass absorption coefficient for radiation energy E in element i. Linear absorp-
tion coefficients are indicated by an asterisk

u(E) Mass absorption coefficient for energy £ in a sample

Eim1(E) Mass absorption for energy E in film m

u(i) Mass absorption coefficient for analyte line i

T Photoabsorption coefficient

T, Ty Film thicknesses (m indicates layer)

¢ Weight fraction of element i

Ciml.i Weight fraction of element i in film m

v, Angle at which primary radiation illuminates the specimen

Y, Take-off angle of fluorescent radiation

¢ See Fig. 1(d)

Di Probability of the required electron transition compared to all transitions to
the considered shell

Py Probability of photoabsorption in element of interest

p; Probability of emission of a photon contributing to the line of interest after
excitation of an analyte atom

wj Fluorescent yield

Si Absorption edge jump

L Number of films (substrate counts as a film with infinite thickness)

2 Solid angle at which radiation is detected

x (i) Detector efficiency for analyte line i

p,pm) Density of specimen or (with index) of film

n Factor combining the geometrical acceptance probability of the detector and

the detector efficiency
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layers, and to present the complete theory in a coherent notation. Symbols
used in equations are summarized in Table 1.

Primary excitation in bulk materials

The specimen is irradiated by the primary beam under an angle y,. The
contribution from an infinitesimally thin layer of depth t below the surface
to the fluorescent radiation (Fig. 1) is considered. The number of photons
arriving per second at the layer is

dng an = X(E)AE exp [—(f/sin ) u*(E)] (1)
The number of photons absorbed in the layer is
d2nE,abs =dnE,arr (dt/Sll’l l1/1)“‘*(E') (2)

The probability that this is photo-absorption in the element of interest, i,
(and not absorption by scattering or photo-absorption in any other element)
is

P =c¢; [1(E)(E)] = ¢ [15(E)/u*(E)]p (3)
A photon contributing to the line of interest will be excited, if the atom has
been ionized in the proper shell (probability: (S; — 1)/S;), if the proper tran-
sition fills the vacancy (probability: p;), and if the photon actually leaves the
atom without Auger effect (probability = fluorescent yield: w;).

L W 4 ™ 2
"lilz t,[*yg§
it dte
c d

Fig. 1. Geometry for different models: (a) bulk, primary fluorescence excitation; (b)
bulk, secondary fluorescence excitation; (¢) multiple-layer film, primary fluorescence
excitation; (d) multiple-layer film, secondary fluorescence excitation.
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It is convenient to summarize all factors affecting the conversion of the
absorbed photon into a fluorescent photon of interest by a conversion con-
stant P;,

P; = p; w; [(S; — 1)/S4] (4)

There is no preference of direction in which fluorescent radiation is emitted.
It is assumed that the solid angle, Q, under which the detector appears to
the fluorescent radiation is the same from all points within the specimen,
and that therefore the fraction of radiation emitted in this direction is con-
stant:

d2ni,em = d%ny aosPi€i(Q2/47) 7(E) p (5)
The total number of photons per second entering the detector window is

therefore (accounting also for absorption of the fluorescent radiation on the
pathlength between layer dt and the detector):

3

E,
wi= e @/n) Py (psin g [ [ x(E)rce)
E-

i O

" .
exp{ —¢| 0L 20 Harap (6)
siny, slny,

The number of actually detected photons (registered counts for the line) dif-
fers from that above because of the limited detector efficiency, x(E). This
factor, x, is combined with that for the geometrical acceptance angle of the
detector: n(i) = x(i) (2/4n). Inclusion of this factor and integration over all
layers, dt, yields the total number of fluorescent photon counts per second
for a given elemental line:

B @B
m = ePt)(1fsn vy [ DT o dE ()

Ei siny, siny,

Secondary ‘enhancement

It is now assumed that there is a second element, j, in the specimen which
emits fluorescent radiation of an energy higher than the absorption edge of
the element, i, to be quantified. The energy of the primary radiation must be
sufficiently high to excite this j-radiation. Radiation j is excited in layer dt’
and emitted in all directions. A fraction, d2'/4n = 1/2 cos¢ d¢ is emitted in
the direction under consideration and reaches the layer dt, where the i-radia-
tion is excited, after a pathlength R = |t — t'|/sin¢. The number of j-photons
emitted in all directions from layer dt’ is

!

Sinwl

'

d%n; em = X(E) exp [— r(E)dE (8)
1

dt
*(EV P.¢ip ———
¥ )] icip Sn v
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and the number of j-photons absorbed in dt is

dn t—t] dt
T b L — e
A g = ANl e 7 exp[ Sn o 5in @

u*(j)] 4*G) 9)

d? _ i-photons are thereby excited and emitted in all directions:

i,em

73(J)
A1 em = A N5 005 0 ¢;Pip (10)

The number of secondary i-photons registered in the detector is obtained by
accounting for absorption on the way to the detector and the fractional
factor of radiation accepted and registered by the detector:

u*(i)} n(i) (11)

t
d®n; = d°n; em exp[— e—
The total number of all secondary i-photons is obtained by simultaneous
integration over all layers dt and dt’ (dt' may be above or below the layer dt),
and all directions as follows:

IR ’j x(E)74(5)75(E)
N sec 2siny €iCj L4 #(E) N #(i)
Fi siny,  siny,

i il R el v il LR cvrd G

Films

Free-standing single layer: primary fluorescent counts. The equation for
primary fluorescent counts is developed similarly to that for the bulk
material; the only difference being the integration interval for the thickness
dt. Instead of an infinite upper limit, the actual thickness, T, has to be sub-
stituted:

1 ’j x(E) 7, (E)
siny, p(E) - u@)
Ysiny,;  siny,

{1 — exp [~Tp<s‘i‘é€)l + sii(fj?Q)}}dE (13)

Free-standing single layers: secondary enhancement. One difference in the
derivation of the equation for bulk material and that for a film is again the
interval for the thickness integration. In addition, the integral over the angle
cannot be solved to give an analytical function and numerical integration has
to be applied [2]. The resulting equation is

n; =¢; Pin(i)
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. E, m/2
_ _n(@) . cos ¥
wee = gy GGPP [ XEn@) @) [ 2 aedg
Ej ¢=0

1—- exp[—Tp(—’LE)- + —ﬂ)—)} 1- exp[-—-Tp(“—(E—) + ﬁ-(—g—):l
- +

siny,; sing siny, siny,

< wE) | u(j))< u@) M(j)) —<u(E) L) >< p@d u(j)>

sin sing/\siny, sing siny,; siny,/\siny, sing
1— exp[—Tp(ﬂ + &->J
sin Y siny ,

(#(i) + u(D)(#(E) 4+ k) )

siny, sing¢g/\siny, siny,

exp| 7o (20 1 2] —exp[—rp(LEL . D))

<u(i) + u(j)> (u(E) _ #(j)>

siny, sin ¢ siny, sing

(14)

Multilayer films: primary fluorescence. The fluorescent counts from an
element, i, are the sum of all counts from all layers containing element i.
Primary radiation has to penetrate all layers above the one under considera-
tion and will be partially absorbed. Similarly, the fluorescent radiation from
this layer has to penetrate all those above on its way to the detector and
again absorption has to be accounted for. Modification of Eqn. 13 to include
this absorption effect yields the contribution of layer m:

ED
n(i) J x(E) 7 (E)

sin Y, 5 /.l[m](E) +I-1[m] (1)
' osin g, sin

m-—1 .
_ Mgy (E) Ker (1)
exp{ :4:41 l:T[k] plk]( siny + siny,

1— exp| —Tpmy o pmg( PimlE) 4 Remi AN 45 (15a)
)l

sin Y siny,

Rim1i = Cmiy.ifi

and for the fluorescent radiation from all layers:

L
= Y Mmi (15b)
m =1
Indices in brackets indicate the layers. The numbering of layers in such that
the ‘top layer’, which is that closest to air (and to the detector), has the
index 1.
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Multilayer films: secondary enhancement within the same layer. The same
type of correction as above has now to be applied to Eqn. 14:

EO
n(i) .
Rimi.isec = Z_Sim[/l Cim7y.i Cimi1.,j PiP; j X(E)7;(§)7;(E)
Ej
: B) gy O T
me M1k Mppy (1 €Oos ¢
- +
exp{ kél [T[k] P Lk} ( Sin lll 1 Sin wz);l } J‘ Sin ¢
¢=0
. _ Mim1 (B) | Mom) (j))
! exp[ T[m]p[m]<sin Vi * sin ¢

(“[ml(E) 4 Hom) (j))(#[m] (1) upm (j))

sin V4 sin ¢ /\siny, sin ¢

Urm (E) Him (1)
1—exp [—-T[m]P[ml ( s[in]xlzl * si[n:pz ):’

(“[m](E) + #[ml(i))(#[ml(i) _#[ml(j)>

sin ¢, siny, /\sin y, sin ¢
x| b E) | Bom (i)ﬂ
N 1 exp[ Tim1 P <sin V1 * sin y,
(#[m] (i) 4 Bimi (j))<#[m] (E) 4 Mim) (i))
sin Y, sin ¢ /\sin y, siny,
— . Him] (1) Mim] (])):I l:_ (I‘_i[_m]_(_E_z
(exp[ Tim1pm1 < sin y, * sin ¢ * exp | ~Tim1 £ pm1 sin

n /J.[m] (i)>:l>/<l~l.[m] (i) + #Fm] (j))(“'[m] () _ /J.[m] (j)>}d¢dE
siny , sin { , sin ¢ sin sin ¢

Multilayer films: secondary enhancement between different layers. The
derivation of the equation for contributions from layers above is similar to
that for secondary enhancement in the bulk material.

Radiation j is excited in layer dt(, by primary tube radiation. The num-
ber of photons arriving and the number of emitted j-photons, respectively,
are

£—1
N g am = X(E) dE eXp{—sinw, W Try Py Kir (E)}X
1
Xp [_tm P gl Mgl m] (17)

d2n[gl.i.em = dn[g] JE,arr C[g.j Pjp[g] 75(E) sin y, (18)
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A fraction Q'/4nr = 1/2 cos ¢ d¢ is emitted in the direction under considera-
tion and reaches the layer di,,;, where the i-radiation is excited, after a
pathlength R:

1 m—1
R = .Squb{ kég T[k] + t[m] - t[g]} (19)
Then d°ny,,1 j 2 Photons arrive at layer dtp,,;:
3 ) 1 m —1 .
AdNimy jare = A1 [gjem 1/2 cOsp dp expy)— — l: 2 Ty o Mpe G)
sing| , =,

+ tmy Pim) Bim1 () — e P Big) (J')}} (20)
Then d*np,y jem is the number of i photons emitted from layer dt[my in
all directions:

) dt
dn?m],i,an = dsn[m],i,arr Cimi ,iPi Ti(]) Pm] 'a[l'%] (21)

The number of photons arriving at the detector is
EO

Cter,i €im1,i PiPioym)y P 1a) j x(E) 13(E) 75()
Ej

d4ni = 77(1)
2siny,

cos¢ exp {_

g—1
. [ YL T e bpey E) + b org Big (E)]
sin ¢

sinyy | =1

1 [m=1 . . .
= [ Y Ty prmbpea U) —tg Pra Mgl ) + tpmy Ppm1 Moma (J)}
sin ¢ | <,

1 m—1 X .
e l: Y Ty pre ey (D) + Eimy ym) (1)P[m]:| } de¢ dE dtpy dEpm,
siny, | p=1
(22)

The number of photons registered per second by the detector is obtained by
integration over the layer thicknesses (which is possible in an analytical way)
and over the angle ¢ and the energies of the primary radiation (which must
be done numerically):

E, ni/2
_ ) p [
d2ni = m Crg) 'jc[m],iPiPi j X(E) Ti(E) Ti(J) j sin¢
E,‘ ¢=0

1 g—1 1 m--1 .
exp{— sin v, kf__:l Trry P ey (E) — sin ¢ kég Tiry Py Mg )

1 m—1
— = T 1
siny, kgl [k) Pkl k) ( )}
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1 i 1 .
{1 - exp[— sin ¥, T[m] Prml Mim] i) — s—li—a T[m] Prm1 Mim] (J):| }

1 .
{1—exp[si—nq—>T[g1p[g]#[g1 g)— T[g]P[g]li[g](E)]}

sin ¥,
[(M'[g] (E) o M.[g] (ﬂ)(ﬂ [.m] () + f‘[.m] (U)J_I d¢ dE (23)
sin {3 sin ¢ sin ¢ sin Y,

The equations for the secondary enhancement by underlying layers are
similar to those above. For the derivation, only a few differences in the geo-
metry have to be considered (Fig. 1). The result is

. E, a2
d'n; = %— Cra1,iCrmy.i PPy J x(E)T3(B) 7:0) J‘ 0s¢
1

Ej

1 1 =
exp{ Z T[k] P k] Hk] (E)—
siny, k sin ¢ \im

1

Sin Yy 4=

Z T[k] Pkl Mik] (1)}

1 ) 1 .
{1 - exp[— sin ¥, TimyPm)Mim) 1+ ‘S‘l‘;‘;}; T[m] PimiMim] (J)J}

1
e Ty ria I«‘m(Eﬂ }

sin

[(um B) | b (j))(u[ml (1) _ Kpm) m)]' d¢ dE (24)

sin Y, sin ¢ siny, sin ¢

1
{1 — exp[ prn — T Pra kg () —

Contributions from a bulk substrate

Equation 24 can easily be modified to provide information about the
effect of secondary enhancement by the substrate. Only the thickness of
the substrate layer (index g) has to be set to infinity, which simplifies the
formula slightly.

The special case for secondary enhancement of a single layer by a sub-
strate is also easily derived:

E, /2
an, = 1) Com 1Py Py X(E)T(E)T()ﬂ 0% ¢
' 2sin g, €11 iCrm1 i i sin ¢

Ej ¢=0

1
exp{— sin ¥, T[m]P[m]#[m] (E)}
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1 ) 1 .
{ 1-— exp[— sin ¥, Timy Pmy Mpmy (1) + m Tymy Ppm) Mpm] (J)} }

[(#m B) , b <j>\(~[m1<i> _ Bm) 0))]" dg dE (25)

siny/, sin ¢ Nsin y, sin ¢

DISCUSSION OF THE THEORETICAL FORMULAE

If the exponential term in Eqn. 25 is very small (i.e., €1), the approxima-
tion €2 ~ 1 — A isvalid. In such cases, the intensity is proportional to con-
centration and the interelement effects are negligibly small. In addition, the
intensity of the analyte lines increases linearly with film thickness. Several
published methods are based on such linear relationships and resulting cali-
bration curves [3—5]. It has also been shown that the specimen need not be
flat or specially shaped, and successful applications to coated wires and fila-
ments have been reported [6].

In the case of general multiple film samples, prediction of intensities is
possible if the qualitative and quantitative composition of each individual
film as well as their thicknesses are known. Simultaneous back-calculation
of concentrations and thicknesses requires that the qualitative composition
of each film be known and that the weight fractions add up to 1 within each
layer. An additional limitation is that any chemical element can be contained
in only one layer; this is a purely mathematical condition because otherwise
the number of unknowns exceeds the number of equations.

In specimens for which chemical elements appear in more than one layer,
additional information must be supplied. This may be the case, for example,
if one of the film thicknesses is known, if stoichiometric relationships exist
between certain elements, if the quantitative composition of one layer is
known, or if more than one line (with a quite different absorption charac-
teristic in the specimen) of an element has been measured. From a practical
and numerical point of view, this additional condition must have a significant
relationship with the measured intensity of the pertinent analyte line.

In practical applications, the density of films is strongly dependent on the
manufacturing process and the thickness and may be considerably lower
than that of the bulk. The geometrical (optical) thickness, T, should there-
fore be replaced by the ‘mass thickness’ (mass per unit area), T; = m;/A p;.
Most thickness monitors in evaporation apparatus, like quartz oscillators,
measure mass thicknesses rather than geometrical thicknesses; interferometric
procedures or devices based on a mechanical stylus, however, measure geo-
metrical thicknesses.

Numerical considerations

The rather complex structure of the equations presented required sophis-
ticated computer methods for numerical evaluations [7]. The algorithms do
not require any initial values, but accept known parameters (concentrations
and/or thickness(es)) as input. These known parameters are then not included
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in the iteration procedure. Any number of standards can be used with arbi-
trary compositions; if more than one intensity value is provided as standard
for an analyte line, least-square methods are applied. In such a way, any in-
formation supplied by an unlimited number of standards contributes to the
accuracy of the result.

Iteration loops for simultaneous concentration and thickness determination
{back-calculation) start with the uppermost layer (closest to air), where
intensities are not affected by absorption in other layers, and continue down-
wards. Several refinement cycles, each looping through all layers, are allowed.
In three-layer films with a total of six elements, between 4 and 15 overall
cycles are generally required before meeting the cut-off condition (i.e., no
individual relative value changes by more than 0.0001 compared to the
previous iteration step).
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SUMMARY

A fundamental parameters approach that incorporates data on scattered radiation is
shown to be a useful tool for the determination of trace elements in light matrices. For
thick, transparent samples, a computer program is developed that uses differential inten-
sity equations adjusted for decreasing geometric efficiency. Various organic and biological
reference materials are analysed to assess the reliability of the procedure. A nested design
for analysis of variance shows that major errors can originate from the deconvolution pro-
cess and sample inhomogeneities in many cases. For loose powders, great care must be
exercised to avoid errors caused by scatter from the sample cups. The program is also use-
ful for alloys.

Recently, an increasing number of calibration methods that rely on funda-
mental physical parameters has been developed. Among other advantages,
these procedures have introduced corrections that permit reasonably accurate
determinations by x-ray fluorescence spectrometry (x.r.f.) on less than ideal
samples without matching standards being required. The extension of this
approach to samples with significant concentrations of light elements is very
desirable for agricultural and environmental purposes. The sum of these light
elements can be regarded as a “residual matrix”’ defined to denote those
components of a sample that do not give signals from K, L or M lines under
the experimental conditions used. For energy-dispersive (e.d.) x.r.f. on loose
powders, this may well include the light elements up to chlorine.

Early work [1] showed that scattered radiation provides analytically valu-
able information. However, it took much longer and required the use of a
pseudo-monochromatic excitation source to incorporate scatter coefficients
into a fundamental parameter approach [2]. Refinements that have taken
place since then include estimation of effective sample weight [3, 4], pro-
cessing of samples with widely varying thicknesses [5}, consideration of
more than one excitation mode [6] and others [7, 8]. Despite the reported
advantages of incorporating scatter in fundamental parameters calculations,

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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practical limitations are not clear from literature data and experience seems
to be limited to two research groups. One group advocates the approximation
of the residual matrix by one element only [3, 5], while the other recom-
mends the use of two elements [2] that involves some uncertainty in the
selection procedure [8].

This paper describes a fundamental parameters approach based on coher-
ently and incoherently scattered radiation. Its performance is tested on a
variety of samples, including botanical material, sewage sludge and alloys.
The method is similar to Nielson’s approach [2] in that it relies on two ele-
ments for the definition of the residual matrix, but it avoids some of the
ambiguity in the selection process. Additionally, the energy range is ex-
panded over previous work by exciting with samarium K radiation. As this
causes the approximation of constant geometry to fail for thick transparent
samples, the differential forms of the fundamental parameters equations are
used.

THEORY AND COMPUTATIONS

Scattered radiation in x.r.f. is composed of contributions from all elements
in a sample if care is exercised to ensure that the sample support and the
spectrometer chamber do not cause radiation to be observed. In quantitative
terms, the scattered intensity can be described as a weighted sum of single
element contributions, weighted both for the area weight of the element in
the sample and for the scatter cross-section of this element [2, 3] :

I(co) = k(co)Xw(i)o(co, i) 1)
I(in) = k(in) ¥ w(i) o(in, i) (2)

where I(co) and I(in) are the observed absorption-corrected intensities of
coherent and incoherent scatter, w(i) is the area weight of element i (in
g cm™?) and the o’s are the cross-sections available from literature [9]. The
parameters k(co) and k(in) are evaluated experimentally from standard
samples. As o(co) increases and ¢(in) decreases with increasing atomic num-
ber, the system described by Eqns. 1 and 2 is well conditioned and the area
weight of two elements of the residual matrix is thus defined. For more than
two elements in the residual matrix, the relationships are approximate only.
Contributions of elements quantified through their characteristic radiation
are subtracted from I(co)/k(co) and I(in)/k(in) before the area weight of the
light elements is computed.

Absorption and enhancement corrections are applied in the usual manner
[10]. Thick transparent samples, however, have to be subjected to the dif-
ferential correction procedure:

dI(i) = exp {—p X [u(E°) cosec ¢, + u(E;) cosec ¥,]} c(i)oI(E®) F(i) e(E;)
X cosec y, [dQ(x)/4n] dx (3)
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where dI(i) is the intensity of the fluorescence radiation from element i
emerging from a sample depth interval dx, the exponential term is the well
known expression for absorption correction, c(i) is the relative amount of
element i in the sample, p is the density of the sample, I(E°) is the intensity
of the exciting radiation, F(i) is a factor dependent on the physical constants
(photoelectric cross-section, absorption jump ratio, fluorescence vyield,
intensity fraction Ka/(Ka + K@)), €(E;) is the detector efficiency for the
characteristic radiation and [dS2(x)/4n] is the depth-dependent geometric
constant that is determined experimentally from a separate set of experiments.
The total intensity, (i), is obtained by summing over all depth elements, dx,
in steps of 0.5 mm. This, however, presupposes knowledge of the total sample
depth, d, and Eqns. 1 and 2 have to be rewritten as

I(co)/[k(co, x) = Y w(i) o(co, i) (4)
d

I(in)/ f k(in, x) =3 w(i) o(in, i) (5)
d

A flow chart of the program is given in Fig. 1. Basic data, such as target, in-
tensities, etc., are provided and one of the program options is selected. Cur-
rently available are options for thin and thick pressed organic samples that
differ in that thick samples are corrected for the volume effect by Eqn. 3,
and an option for thin and thick inorganic samples that operates without the
scatter-correction procedure. For loose powders, the appropriate option
corrects for the scattered radiation from the mylar. For thick inorganic
samples, the area weight is not calculated but set up to a value beyond infinite
thickness. Blank counts are subtracted according to a scheme that accounts
for the increase of the spectrometer blank with increased sample weight.
Next, a first estimate of the ‘““heavy’ elements from stored calibration factors
is computed for one of the following secondary targets: titanium, zirconium
or samarium. Depending on the option previously chosen, a light element
mass may or may not be estimated. These data are then converted to con-
centrations and the appropriate absorption and enhancement factors are cal-
culated. From Eqn. 3, a volume correction factor is then derived from the
given composition and the input thickness. These calculations are repeated
iteratively until convergence to constant concentration values is achieved or
for fifteen iterations, whichever is shorter. The output is optionally in ug
cm™? or as percentage. Light element masses are given where applicable.

EXPERIMENTAL

Apparatus

All x-ray measurements were made on an energy-dispersive system (Philips/
Edax EXAM VI) equipped with an x-ray generator (PW 1140), and a secon-
dary target turret with Ti, Zr and Sm. The targets were excited by a tungsten
side-window tube; the Si(Li)-detector had a resolution of 180 eV. For
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( INPUT
L

program option ?

OPTIONAL INPUT

SUBTRACTION OF BLANK COUNTS ]
I

Y
[ INTENSITIES —— MASS OF. "HEAVY" ELEMENTS ]

[ SUM OVER MASS OF "HEAVY™ ELEMENTS |
ight element option ?
yes
[ LIGHT ELEMENT MASS ]
[ RELATIVE MASSES ]
L ABSORPTION CORRECTION FACTOR |
L ENHANCEMENT CORRECTION FACTOR |

volume effect option ?
yes

VOLUME CORRECTION FACTOR J

ouTPUT

STOP

Fig. 1. Flow chart of computer program. The input includes atomic numbers, energy of
fluorescence lines, intensities of fluorescence lines and scattered radiation, mA, time of
measurement, program option. Optional input includes thickness, weight and fixed light
element.

deconvolution, a previously described program [11] gave net intensities for
the characteristic radiation and the background radiation. Integration over
the channels calibrated to contain scattered radiation yielded gross intensities
of Rayleigh and Compton scatter. The system was calibrated with metal
foils for the elements of Al, Ti, Fe, Co, Ni, Cu, Zn, Nb, Mo, Sn, Ta, W, Au
and Pb (Goodfellow Metals, Cambridge, England) with thicknesses ranging
from 9 to 25 ym and with suitable compounds deposited on Whatman 541
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cellulose filters (area weight ca. 8 mg cm™) for the elements P, S, Cl, K, Ca,
As, Br, Sr, Cd and Sb (Columbia Scientific Industries Corp., Austin, TX).
The absorption-corrected data given in Fig. 2 show that no difference is dis-
cernible between the metal foils and filter paper standards.

To evaluate the calibration factors for the coherently and incoherently
scattered radiation, scatter from the metal foils was corrected for absorption
and normalized to the respective scatter cross-section. Additional measure-
ments were taken on S/C-pellets. The relative standard deviations of the cali-
bration factor were 14% for the coherent scatter and 25% for the incoherent
scatter.

Samples

To assess accuracy and precision, standard reference materials were pro-
cessed. The following materials were obtained from the National Bureau of
Standards (Washington, DC): SRM 1566 Oyster Tissue, SRM 1570 Spinach,
SRM 1571 Orchard Leaves, SRM 1572 Citrus Leaves, SRM 1573 Tomato
Leaves, SRM 1575 Pine Needles, SRM 1577 Bovine Liver, SRM 1632a Bitu-
minous Coal, SRM 1635 Subbituminous Coal, SRM 1646 Estuarine Sedi-
ment, SRM 1198 Incoloy, SRM 1201 Hastelloy, SRM 1102 Brass, SRM 1119
Aluminium Brass. Aquatic Plant, Aquatic Moss and Sewage Sludge were
purchased from the Bureau of Reference (BCR, Brussels). The loose samples
were either pressed at 168 MPa or processed as powders in a Spectro-Cup
(Somar) covered with a 6-um mylar foil. A spectrum of mylar is subtracted
before running the fundamental parameters program.

o6
) l Relative Intensily
£ . of Characteristic
& ‘ i K Radiation
§ s Ca
PRy Zr K Sm K
N 8 s Sb 100+
: /AN T
s 4 =] .\
= 0td
% LAl As ! é‘
8 HAN
‘ 50+ RN
3] X e
107 8
| * e
| « R
0l \A’ e o - e - 0 } — } ::\
0 5 10 5 20 25 0 2 4 6 8 mm
ENERGY (keV] He,'gh( Above

Optimum Position
Fig. 2. Results of the calibration of the x-ray spectrometer: (o) for pure metal foils; (o)
for compounds on filter paper.

Fig. 3. Depth dependence of the fluorescent intensities for various elements and targets
(in parentheses): (2) Pb(Zr); (X) Pb(Sm); (o) Cu(Zr); (o) Sn(Sm); (a) S(Ti); (w) K(Ti);
(®) K(Zr); (=) Sr(Zr).
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Nested design

Because good sample homogeneity is a prerequisite for the direct analysis
of materials by e.d.x.r.f., a separate set of experiments was conducted to dis-
criminate between errors inherent in physical assumptions of the data reduc-
tion scheme and errors from sample imperfections. Five separate pellets
(ca. 0.3 g cm™) were pressed from NBS SRM 1570 Spinach and processed
twice from both sides yielding four spectra per pellet. The spectra were sub-
jected to the deconvolution and the fundamental parameters regime; from
the resulting concentration data, error contributions from sample preparation,
front/back differences and the fundamental parameters procedure including
those from deconvolution, were computed by analysis of variance. Poisson
errors are given without regard to effects of overlap and background.

RESULTS AND DISCUSSION

Fairly thick pressed pellets of organic and biological SRM’s were exam-
ined, with oxygen initially fixed as one of the elements defining the residual
matrix. The other element was chosen to give the best match between the
observed ratio of scattered radiation and the theoretical ratio calculated
from scatter cross-sections. The program automatically switches from oxy-
gen to another element if the incoherent/coherent ratio cannot be accom-
modated by either of the two extremes, H/O or F/O. Data for the light
elements are given along with the main results in Table 1. Problems exist
mainly for light elements and are attributed to incorrect deconvolution. This
is also supported by the results given on alloys (see below). It is also clear
that inhomogeneities would cause this method to fail; potential indicators
are Ca and Zn in Oyster Tissue or Fe and Cu in Bovine Liver. For these two
materials, a second pellet was processed and the averaged data are given. Cal-
cium in Oyster tissue is consistently low. To decide how serious this problem
is, several other reference materials were examined (Table 2). As expected,
appreciable errors from deconvolution of light element intensities and errors
from overlap of a trace element with a major element (e.g., Cr and Mn in
Bituminous Coal and Subbituminous Coal) were observed; Mn and Zn in
Aquatic Plant and Cu and Ni in Estuarine Sediment, however, seem to be
affected by inhomogeneities.

For SRM 1570 (Spinach), a factorial design was run to assess the relative
sizes of the errors because some elements showed systematic deviations. The
data are given in Table 3. The Poisson error was derived as a first approxima-
tion from the square root of the net intensities and is significant for the ele-
ments Cr, Mn, Fe, Ni, Cu, Zn and Br. For the elements Si, P, S, K, Cr and
Pb, the error from replicate measurements on the same pellet from the same
side is 10% or more. Small scale inhomogeneities are indicated by the differ-
ences in results between both sides of the pellet and are important for Si, Ca,
Ni and Cu, while they are similar to larger scale inhomogeneities for sulphur.
Systematic deviations for Ca and Pb may be caused by a mineralogical effect.
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For thick samples, the observed fluorescence yield may be less than ex-
pected from the calibration procedure because calibration was done with
relatively thin samples, the depths of which were negligible relative to the
sample-to-detector distance. This phenomenon is caused by a change of the
effective solid angle and can be dealt with in different ways [12, 13]. Here,
some of the metal foils used for calibration were measured at different dis-
tances from the detector and the intensities were normalized to the maximal
intensity at the smallest distance. Figure 3 gives this dependence that served
as a basis for model calculations to assess the importance of this effect. The
results showed, in accordance with data given by Weber {13], that the intensity
loss would be particularly large for trace elements with higher atomic weights
in light matrices, such as strontium in coal (18% less intensity for excitation
with the Zr target), barium in silica (22% less intensity for Sm excitation),
and barium in cellulose (50% less intensity for Sm excitation). All of these
data refer to infinite thickness. The data from Fig. 3 were then used to
adjust the calibration factors in the differential calculation scheme (Eqn. 3).
Cellulose powder was mixed with tin powder at a nominal concentration of
1% tin; four pellets ranging from 190 to 1400 mg cm™ were prepared and
the tin content was determined by excitation with the Sm target. The
apparent content decreased from 0.96 to 0.60% without depth correction,
while it stayed constant if the differential depth correction was applied
(0.92 £ 0.08%). Although BCR Sewage Sludge is not strictly a light matrix,
the mean for cadmium increased on the same set of measurements from 70
to 76 ug g (r.s.d. < 10%) close to the certified value of 77.7 + 2.6 ug g*.

Because one of the aims of fundamental parameters quantitation is to
keep sample preparation as simple as possible, the influence of different
preparation procedures was tested. A powdered sample, either pressed to a
pellet or as loose powder was processed in a Spectro-Cup covered with mylar.
The results are given in Table 4. The area weight was varied from 81 to
620 mg cm™? in seven steps and two program options are contrasted in the
Table: one, for which the area weight is explicitly included in the calculation
(“fixed weight’) to provide for depth correction, and one for which the
weight is determined by a calculation first described by Van Espen et al. [3].
It can be seen that, overall, the standard deviation is similar in both instances,
but the “fixed weight” option gives better accuracy. The numbers for the
thinnest and thickest samples are provided because they show larger differ-
ences for the ‘‘fixed weight’ than for the ‘‘free weight’’ option. Clearly, for
the thinnest sample, the results are not very different. Because this tabular
summary of results does not give the entire picture, Fig. 4 details the depth
dependence. For all elements, there is a discontinuity between 163 and
240 mg cm™ caused by a change in the selection of the elements used to
define the residual matrix, which in turn is brought about by a drop of the
incoherent/coherent ratio from about 1.15 to 0.99 (Fig. 4D). Although the
higher ratio is best accommodated by the element combination of hydrogen
and oxygen, the lower ratio is best accommodated by hydrogen and fluorine.
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TABLE 3

Error analysis for NBS SRM 1570 Spinach

Element Certified Mean Error from Total
Mean Error Pellet Front/ Replication Poisson error
back
Si2 - 0.18 — 0.03 0.04 0.002 0.05
pa 0.55/0.02 0.51 — — 0.06 0.014 0.07
sa — 0.50 0.01 0.01 0.05 0.010 0.07
cr — 0.80 — — 0.06 0.008 0.08
Ka 3.56/0.03 3.96 — — 0.32 0.010 0.38
Ca? 1.35/0.03 0.84 — 0.09 0.06 0.008 0.12
Crb 4.6 /0.3 2.30 — - 4.40 0.70 3.80
MnP 165 /6 165.0 — — 19 9 19
FeP 550 /50 541.0 — - 48 13 53
NiP (8) 6.1 — 0.7 0.9 1.1 1.3
Cub 12 /2 12.5 - 0.6 1.0 0.8 1.5
ZnP 50 /2 52.1 — — 3.7 1.9 4.5
BrP (54) 64.0 — — 4.0 1.0 4.0
PbP 1.2 /0.2 5.3 - — 1.3 0.14 1.3

2Data as %. PData as ug g.

Also seen from Fig. 4 is the asymptotic rise of results typical for thin trans-
parent samples; the mean atomic number of the residual matrix is under-
estimated because significant scatter from the polypropylene sample cup is
detected up to about 200 mg cm™. This is also supported by the data for
pressed pellets in Table 4 with area weights ranging from 121 to 620 mg cm™.
Because the correction for thickness is less important here, the “free weight”
option uniformly gives better values in all respects, including smaller range
and better accuracy and precision.

For alloys, the fundamental parameters program NRLXRF [14] has
found wide acceptance. With the incorporation of corrections for the en-
hancement effect, the described program should in principle be suitable for
this application also. For alloys, the scatter data are ignored; instead, a
scaling of the results to 100% can be done if justified. Results are presented
in Table 5 and compared to those obtained by NRLXRF. The latter was
calibrated by data from Incoloy for Hastelloy and from Brass for Aluminium
Brass. The calibration with similar alloys, along with the “SUM-100" mode,
works well as long as there is no calibration error such as seen for aluminum
in Brass, leading to erratic results for aluminum in Aluminum Brass. If the
concentration of aluminum is supplied (fixed), the data improve consider-
ably. Because the calibration in the present program is done independently,
it works better in cases for which the calibration with intensities from similar
alloys is unreliable and less well in other situations. This is not surprising
because the calibration with pure elements requires higher accuracy of the
physical model.
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Fig. 4. Variation of results and incoherent/coherent ratios as a function of area weight.
For A—C: (o) loose powders, fixed weight; (o) loose powders, free weight. For D: (o) vari-
ation of incoherent/coherent ratio for loose powders; (¥) variation of this ratio for
pressed pellets.

TABLE 5

Results for alloys (all results in %)

Elements Incoloy Hastelloy Brass Aluminum Brass
Cert. This Cert. This NRLXRF Cert. This Cert. This NRLXRF
work work work work
Al 0.24 0.76 — 0.26 0.08 0.0007 0.68 21 2.0 0.002 (fixed)
Si 0.38 0.38 0.54 0.74 0.74
Ti 2,59 2.43
Cr 129 11.5 20.7 18.7 21.5
Mn 0.49 0.65
Fe 36.2 33.4 23.2 21.0 242 0.011 0,032 0.03 0.02 0.01
Co 0.70 110 0.56 0.79 0.53
Ni 40.1 42,2 45.7 47.8 46.0 0.005 0.003
Cu 72.8 72.9 77.1 78.2 179.9(78.4)
Zn 27.10 25.4 20,5 19.7 21.3(20.8)
Zr 0.014 0.020
Mo 6.0 7.6 9.18 10.5 8.50
Ag 0.001 0.025
Sn 0.006 0.011

Sb 0.005 0.005 0.05 0.08 0.05
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SUMMARY

Artificial Bragg diffractors (multilayers) are useful dispersing devices for the quantifi-
cation of boron to silicon (atomic numbers 5—14). This paper describes the preparation,
characterization and recent efforts to use such devices in that application, particularly
where dispersing crystals of appropriate spacings for wavelength-dispersive spectrometers
are not available.

For over fifty years, attempts have been made to produce alternating layers
of different materals for use as dispersing media in x-ray spectrometers [1].
Success came slowly, culminating in the production of usable devices by
evaporation or sputtering a few years ago [2—4]. The history of these efforts
has been reviewed [5]. The development of these multilayered structures (or
layered synthetic microstructures) demonstrated the importance of substrate
smoothness and exceptional control of the deposition process. More recently,
the techniques for producing multilayers engineered for x-ray spectrometer
optics have been refined, making it possible to produce them commercially
with optimum layer compositions and thickness (ECD; Energy Conversion
Devices, Troy, MI). The major advantage of multilayers is illustrated in Fig. 1,
which shows the way in which the continuous variability of layer spacing
fills in the gap between conventional crystals and gratings as dispersing
devices. While it is true that multilayers prepared by the Langmuir-Blodgett
technique, such as lead octadecanoate (stearate), also have layer spacings in
the same range, they are limited to discrete values and are not particularly
efficient diffractors. In contrast, the multilayers being considered here can
be tailored to have larger diffraction efficiencies than any other wavelength-
dispersive device for intermediate wavelengths.

The principle of efficient diffraction of x-ray photons by these multilayers
depends on electron-density contrast between the alternating layers, i.e.,
layers of high electron density separated by layers of low electron density.
For the multilayers produced at Stanford University and examined at the
Naval Research Laboratory (NRL), the layer with low electron density was
always carbon, while the layers with high electron density were transition
metals of widely different atomic numbers, specifically titanium, niobium or
molybdenum, and tungsten.
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Fig. 1. Photon wavelength and energy versus incidence (and diffraction) angle ¢ for a
variety of dispersion devices used in wavelength-dispersive spectrometers, showing how
multilayers span the gap between crystals and gratings. (Reproduced with permission [7].)

Fig. 2. Al K, (8.34 A) dispersed with a 42 A W—C multilayer and a RHP erystal. (Repro-
duced with permission [5].)

PREPARATION OF MULTILAYERS

Over the years, since 1930, attempts to produce multilayers have been
based on electrodeposition and evaporation techniques. More recently, both
evaporation and sputtering have produced devices having exceptional proper-
ties. The particular multilayers which were evaluated at NRL [5] were
produced in a facility at Stanford University [6]. In this technique, mag-
netron-sputter deposition sources were used to deposit layers on thin, highly
polished silicon wafers which were held on a rotatable table, controlled to
reside under elemental sources for appropriate deposition of the alternating
layers. It is also possible (and has been demonstrated) that muitilayers can be
prepared on any substrate that approaches atomic dimensions in smoothness.
The facility at Stanford University has successfully produced multilayers on
mica (where it is possible to observe diffraction from the multilayer and the
mica) [7] and on quartz optical flats. Also, they have been deposited on
curved or curvable substrates for focussing optics [8, 9]. In addition, it is
possible to vary the layer thickness, either in depth or laterally along the
surface for specific purposes [7].
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CHARACTERIZATION

Generally speaking, the multilayers have wide rocking curves and large
diffraction efficiencies, providing increased intensities in wavelength-dispersive
x-ray emission spectrometers. However, they have relatively poor resolution.
The poor resolution becomes less important when the multilayer device is
used in a single-crystal spectrometer because of the predominance of the
collimator divergence. Figure 2 illustrates the diffraction peak for Al K,
recorded with a multilayer and a high-resolution rubidium hydrogenphthalate
(RHP) crystal, and fine collimation, demonstrating a difference of only a
factor of two in resolution (full width at half maximum).

At the Stanford facility, a diffractometer based on a copper x-ray tube
and 12-um source and detector slits is used to evaluate the multilayers after
production [7]. At NRL, extensive measurements were made over a wave-
length range of 3—15 A [5]. And, in a collaborative effort with the commer-
cial manufacturer (ECD), Nicolosi and Jenkins [10] evaluated a number of
the commercial products over a range of 7 to 67 A.

Measurements based on Cu K, at Stanford indicated that the peak diffrac-
tion efficiency varied from <10% to >50%. Measurements at NRL in the
longer wavelength region demonstrated integral reflection coefficients (R
values) ranging from 3 X 10 to 3 X 107 radians, depending on the atomic
number of the transition metal and the layer spacing. Figures 3 and 4 show
the way in which the R values vary with wavelength and material in compari-
son to lead octadecanoate [11], potassium hydrogenphthalate (KHP) [12]
and rubidium hydrogenphthalate [5]. As can be seen, the R value at 10 A is
4.2 X 10" radians for Ti—C, 1.2 X 1072 radians for Nb—C and 2.4 X 1073
radians for W—C, all having 2d spacings of about 100 A ; for W—C multilayers,
again at 10 A, the R value is 7.0 X 10~ at a 2d spacing of 42 A, 1.0 X 1073 at
61 A and 2.4 X 1072 radians at 120 A. This variation agrees reasonably well
with the theoretical treatment which says that the R value should vary
linearly with the layer spacing and linearly with the difference in atomic
number.

The work reported by Nicolosi and Jenkins [10] was primarily aimed at
evaluation in the x-ray spectrometer products manufactured by Philips. They
examined several devices each of two types, identified by the commercial
source (ECD) as PX-1, 2d = 50 A and PX-2, 2d = 120 A, using the flat-crystal
optics of the PW1400 x-ray spectrometer. The results, illustrated in Fig. 5,
show about a 10% variation among the several specimens of each type, and
indicate that PX-1 diffracted about 4.5 times as much intensity as a thallium
hydrogenphthalate crystal over the element range from oxygen to silicon
(wavelengths of 24 to 7 A) and that PX-2 was up to 6 times more efficient
than lead octadecanoate for boron to fluorine (67—18 A). These data illus-
trate the uniformity and utility of the commercial products.

The diffraction peak of these multilayers, as measured in a single-crystal
spectrometer, can be fairly broad, being as large as one degree 20. This can
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Fig. 3. Variation of integral reflection coefficient with wavelength for W—C multilayers of
different 2d spacing. (Reproduced with permission [5].)

Fig. 4. Variation of integral reflection coefficient with wavelength for multilayers of
approximately 100 A 2d spacing with different transition metal components. (Reproduced
with permission [5].)
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Fig. 5. Comparison of peak diffraction coefficients: (1) lead octadecanoate; (2) thallium
hydrogenphthalate; (3) PX-1;(4) PX-2. (Reproduced with permission [10].)

Fig. 6. Resolving power of a W—C multilayer: (X) theoretical; (4) measured.
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produce a resolution problem when nearest-neighbor elements are present in
the sample. The diffraction peak width, of course, is a convolution of the
collimator broadening, the natural line width and the rocking curve of the
multilayer. If one assumes that the diffraction peak can be represented as a
Voigt curve, an adequate numerical approximation can be used to extract
the rocking curve width [13], permitting an estimation of the resolving
power, A/AXN. Figure 6 shows the results of that exercise for a W—C
multilayer (2d = 42 A). In general terms, the resolving power of multilayers
is about 10 times poorer than that of the hydrogenphthalates in the 5 to
15 A region.

APPLICATIONS

For analytical purposes, x-ray fluorescence spectrometry has become a
workhorse for multi-element determinations. One of the drawbacks of even
more general application of this technique has been the difficulty of quanti-
fying elements below fluorine (Z = 9) in atomic number. Coupled with the
inefficiency of exciting these low atomic numbers and the low fluorescence
yield, has been the lack of efficient dispersing elements for the long-wavelength
radiation. While inefficient excitation and low fluorescence yield are facts of
life, the multilayers discussed above provide efficient dispersing devices which
facilitate quantitation of elements with low atomic numbers.

Nicolosi and Jenkins [10] tested the use of multilayers as dispersing
elements on two types of samples: “MATRIX”, a mixture of all the elements
in the range of the diffracting structure (nominally 2% in each of Na, Mg, Al
and Si with 9% F and 75% O), and “PURE” in which at least one adjacent
element was absent and there were no overlapping spectra (but the sample
also included nitrogen and carbon). This effort is perhaps the most definitive
exercise in evaluating the application of multilayers to quantitative problems.
Figure 7 [10] illustrates their results, which indicate an improvement in the
lower limit of detection of factors from two to three for elements from
boron to silicon in the “PURE” samples, and from boron to sodium in the
“MATRIX” samples. This improvement degrades for magnesium, aluminum
and silicon in the “MATRIX” samples because of interference from over-
lapping spectra as a result of the relatively poor resolution.

Other applications demonstrated for these devices include plasma diag-
nostics and x-ray astronomy [14], but these applications are outside the
scope of this discussion.

Conclusion

This brief survey of the applications of multilayers to x-ray spectrometry
is intended to introduce a wider audience to these devices which show con-
siderable promise for determination of the light elements that have been
difficult to quantify by x-ray measurements. It has been demonstrated that
they can be produced commercially with the same desirable properties avail-
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Fig. 7. Relative low limits of detection (l.1.d.) with the multilayers, PX-1 and PX-2, for
“PURE” and “MATRIX” samples scaled to THP and lead octadecanoate (LOD). Dotted
lines indicate projections. (Reproduced with permission [10].)

able from the devices produced under laboratory conditions. The increased
intensity (for both signal and background) of a factor of about five, and
improvements in lower limit of detection of between two and three, make it
possible to use them in applications which have been impractical heretofore.
It is expected that the situation will improve because of the increased effort
being expended in understanding multilayers from the theoretical aspect.
Experimental effort is also being directed toward the production of even
more efficient devices.
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SUMMARY

The approximate linear relationship between the logarithm of the sensitivity and the
logarithm of the energy of the observed characteristic x-ray emission is used to show the
relative retention of elements during fusion with lithium tetraborate to form fused pellets,
and the relative recovery of elements by preconcentration methods. Elements with atomic
numbers ranging from 20 to 33 were investigated in fused pellets and/or filtered precipi-
tated samples. Linear or nearly linear curves with slopes ranging from near two for
infinitely thin samples to near six for infinitely thick samples are predicted if certain con-
ditions of x-ray excitation are met.

Matsumoto and Fuwa [1] pointed out that with certain reasonable approxi-
mations, a linear relationship can be expected between log-sensitivity and log-
energy of x-ray emission based on theoretical considerations. These authors
showed several sets of experimental verifications. Previously, Takamatsu [2]
had given experimental examples with no discussion of the theoretical basis.
The expression for the fluorescent x-ray intensity for an infinitely thick
sample [3] is

Iy, = Tywa8r [(ra — 1 dQ)/radn] [Cama (Apri)escd/(Um (Apri)CsCod
+ um(Ay)escy)] (1)

where all symbols are as defined by Matsumoto and Fuwa [1]. All terms in
Eqn. 1 with the exception of w, and u, were assumed to be essentially inde-
pendent of the energy of the detected line (e.g., atomic number). It was
stated “Although w, varies slightly from element to element, the variation is

2Present address: Link Systems, High Wycombe, Great Britain.

0003-2670/86/$03.50 ©® 1986 Elsevier Science Publishers B.V.



60

negligible, compared with the value of u’s” [1]. However, inspection of data
presented by Giauque et al. [4] shows that the fluorescence yield varies
almost linearly with the absorption edge energy (£ ,) for photoejection of K
electrons in the range of atomic numbers 16 (sulfur) to 33 (arsenic). This is
in agreement with the expression

w=2Z%A + 2% (2)

where the constant A has a value of 10° for K lines [5]. When Z« 30,Z% < A
and non-linearity is significant. Because the difference between the absorp-
tion-edge energy and emission-line energy is small compared to the magni-
tude, a similar approximately linear relationship is expected, and observed,
between w, and K, line energy.

Matsumoto and Fuwa assumed that all terms in Eqn. 1 are constant with
the exception of the u values. Using the Bragg-Pierce law (u = KZ*\?) and the
Moseley law (A = KZ ™), the authors developed the expression

IL[Cy = Z{N], « ZY < B} (3)

in which I;,/C, is the sensitivity for element A. However, if one restores to
the original expression the assumption that w, = E, over a narrow energy
range, then Eqn. 3 becomes

IL/Cp = Ejwp < EG (4)
and
log (I,/Cs) =6 log E, + log K' (5)

Thus, the limiting slope in the case of an infinitely thick sample should be 6
and not 5 as predicted by Matsumoto and Fuwa [1].

One can also consider a limiting value of an analogous slope for infinitely
thin samples. By considering that absorption effects are negligible and con-
stant in a thin film sample, Eqn. 1 can be expressed as

IL/Cp = pa (Npri)wa (6)

Again using substitutions from the Bragg-Pierce and Moseley laws, Eqn. 6
becomes

It,|Ca & ZANjwp & ZR wp < ER (7)

Because absorption effects are neglected, the sample is assumed to be two-
dimensional and sensitivity is expressed relative to mass per unit area, M,.
An analogous expression to Eqn. 5 for thin samples is given by

log (Iu/Ms)=21log E, + log K" (8)

If the infinitely thin specimen is prepared from a constant volume or mass of
sample, such as a filtered precipitate, then M, « C,, and Eqn. 8 has the same
form as Eqn. 5 with the difference that the limiting value of the slope is now
2. Samples with thicknesses between these limiting cases should exhibit
slopes between 2 and 6.
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Matsumoto and Fuwa noted that the results obtained by them indicated a
linear relationship between log (I1,/C,) vs. log E, only when the absorption
edge of the analyte element was at an energy below that of the useful charac-
teristic line of the anode element of the x-ray tube. This involves the implicit
assumption that the voltage at which the tube is operated is sufficient to
excite the characteristic lines of the target, and sufficiently high to move the
majority of continuum intensity to an energy higher than these lines. Wave-
length-dispersive x-ray spectrometers as used by Matsumoto and Fuwa do
not routinely utilize primary filters between the x-ray tube and sample,
although these authors did use filters. Energy-dispersive x-ray spectrometers
do routinely include such filters and can be used to reduce the intensity of
continuum radiation at energies below the characteristic lines of the target
element. This provides a primary radiation source which is effectively more
“monochromatic’ at the energy of the characteristic line of the target ele-
ment. Therefore, the proposals of Matsumoto and Fuwa are perhaps even
more appropriate for energy-dispersive x-ray spectrometry.

In the case of trace element determinations, after application of precon-
centration methods [6, 7], the relative recovery of individual elements can
be estimated by using these relationships. Poor recovery of any one element
as a result of chemical effects will be indicated by sensitivity values not fitting
the log—log relationship. The retention of elements during fusion methods
may be confirmed, or the interpolation of sensitivities for multi-element
samples using only a few elements in standards or standard additions [1] can
be employed. Coetzee and Lieser [8] have recently described the use of this
concept as a calibration procedure to reduce the required number of stan-
dards. Examples of both applications are presented in this report. Criteria for
the use of filtered x-ray tube excitation are discussed.

EXPERIMENTAL

Apparatus

All spectra were taken using a Tracor Xray (Mountain View, CA) Spectrace
440 energy-dispersive x-ray spectrometer equipped with a Ag-anode, side-
window x-ray tube. A 0.025-mm thick silver filter or a Whatman W-41 filter
paper were used as primary filters. Tube voltage and current were varied and
are given for each case. Spectral intensity data were extracted with a Tracor
Northern Corporation (Middleton, WI) TN-2000 analyzer and software.
Because this software extracts the K, — K sum, there is no need to correct
by using the g;, factor in Eqgn. 1 [1].

Samples

All samples were prepared in conjunction with other work and were taken
for use in this investigation without further modification. The fusion samples
had been prepared as multi-element standards [9]. Concentrations in the
fused pellets were confirmed by dissolution of a portion of the residual glass
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from the casting process and quantitation by atomic absorption spectro-
metry. The pellets were prepared by the fusion of a flux mixture consisting
of nine parts of lithium tetraborate, one part of silica gel, a small amount of
an oxidant (1.5% lithium nitrate), and measured amounts of the elements of
interest. Elemental components were added by either the addition of weighed
solid compounds (oxides or nitrates) or by micropipetting aqueous standard
solutions (30—1000 ul per element) directly into the flux mixture. It was
necessary to dry the flux for several hours at 80°C before fusion if aqueous
solutions were used. In some cases, serial dilutions of previously fused stan-
dard glass were performed to obtain the final concentration. Fusions were
done in a 95% platinum/5% gold crucible (Matthey-Bishop, Malvern, PA) over
a compressed air/natural gas flame until the melt was clear (30—60 min). The
fused product was then poured into a round graphite mold (31-mm diameter)
maintained at 450°C on a hot plate. After allowing the discs to anneal at this
temperature for 20—30 min, the mold and discs were removed from the hot
plate and allowed to cool to room temperature. This procedure produced
31-mm diameter discs weighing 8—10 g. Before quantitation, the discs were
polished by wet grinding on a 120-mesh belt grinder, polishing with alumina
paste, and rinsing in sequence with tap water, dilute nitric acid, deionized
water, and methanol.

Trace elements in water were preconcentrated by using procedures previ-
ously reported [6, 7]. The specimen presented to the x-ray spectrometer
contains, in principle, the mass of analyte present in the original water
sample converted to a thin film precipitate on a membrane filter. The proce-
dure used for preparation of the precipitates with dibenzyldithiocarbamate
(DBDTC) is to adjust the pH of 100 ml of sample to 2.5 + 0.03 with 0.1 M
HCl or 0.1 M NaOH as required and then buffer with 2 ml of 0.1 M potassium
hydrogenphthalate solution. To this 1.0 ml of 1.2% (w/v) of the sodium salt
of DBDTC in methanol was added followed by 15 min stirring and then
15 min quiescent aging. The precipitate was then filtered under vacuum
through a 25-mm diameter, 0.45-um pore diameter Gelman Metricel (GA-6)
filter. The filter was air-dried for 5 min and mounted between two 0.25 mil
mylar sheets using a Chemplex x-ray sample cup.

RESULTS AND DISCUSSION

Equation 1 involves the assumption that excitation is done with mono-
chromatic radiation of wavelength X, ,;. This can be approximated by highly
filtered radiation from an x-ray tube [10]. In general, a filter of the same
material as the anode can be used to attenuate significantly the intensity of
energies below those of the tube characteristic lines. By careful selection of
voltage, continuum intensity below the energy of these lines can be mini-
mized. Figure 1 shows the dependence of the relationship between sensitivity‘
(total K, — K;) and E, for the elements shown in the atomic number range
24 (chromium) to 33 (arsenic) for tube voltages of 12, 25, 30, and 45 kV,
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Fig. 1. Log sensitivity vs. log E 4 for elements precipitated on a membrane filter: (A) 12kV,
0.20 mA, W-41 filter; (B) 25 kV, 0.02 mA, 0.025 mm Ag filter; (C) 30 kV, 0.02 mA,
0.025 mm Ag filter; (D) 45 kV, 0.02 mA, 0.025 mm Ag filter; (E) 45 kV, 0.05 mA,
0.127-mm Ag filter.

Fig. 2. Log sensitivity vs. log E 5 for elements in a fused pellet: 45 kV, 0.02 mA, 0.025-mm
Ag filter.

using a Whatman 41 paper filter, a 0.025-mm Ag, or a 0.127-mm Ag filter
with a silver x-ray tube. These data are for elements collected as a DBDTC
precipitate on a membrane filter. At 12 kV, neither is the continuum located
at sufficiently high energy to assume uy(Apy;) > um(Aa) even at the lower
energies, nor are the characteristic lines of the anode excited. At 25 kV, the
filtered continuum has sufficient intensity above approximately 10 keV that
first approximations of a monochromatic source from the filtered continuum
are evident for the low energy lines. At 30 kV, the characteristic K-lines of
silver are excited, and even at the higher x-ray energies, the approximations
are better as shown by slightly improved linearity. Finally, at 45 kV, the
characteristic lines of the silver anode provide most of the excitation, and
the continuum has substantial intensity at energies higher than the K-lines of
silver. Inspection of the tube output as scatter from a polyester plug shows
that there is substantial radiation below the Ag K-lines. Therefore, the degree
of linearity is further increased by a thicker silver filter, although there is a
decrease in absolute sensitivity resulting from attenuation of the x-ray beam.
It is readily seen that a highly filtered x-ray tube operated at sufficiently high
kV can approximate a monochromatic source of sufficiently high energy to
meet the required approximations for Eqns. 5 and 8 over a useful energy
range. Absolute sensitivity is sacrificed to achieve this goal.
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The results are consistently low for manganese in all cases, as illustrated
by the Mn point for curve E. This is an example of the use of the proposed
relationship to ascertain whether good recovery is achieved in the sample
preparation. In this case, it is well known that the recovery for manganese is
low for DBDTC precipitation. Thus, the observed sensitivity is below the
predicted value. For the case of 45 kV, 0.05 mA and a 0.127-mm silver filter,
the relationship log (cps/ug) = 2.52(20.15) log E, — 3.40 (£0.14) is obtained
with a correlation coefficient of 0.991 if manganese is not included in the fit.
The deviation from the predicted limiting slope may be in part an indication
that the samples are not infinitely thin.

In the examples presented here, thick samples are represented by fused
pellets of lithium tetraborate containing either standardized amounts of ele-
ments of interest, or prepared using soil or sediment samples. Table 1 shows
the parameters taken from a log-sensitivity versus log-energy plot under
several conditions. Figure 2 shows a plot for calcium/zinc data at 45 kV. The
least-squares fit of the data gives log (cps/ppm) = 5.44 (+0.23) log E, — 5.67
(20.19) with a correlation coefficient of 0.999. The elements used in these
studies were Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, and Zn. One of the uses of these
plots is immediately noted in that copper is in all cases below the least-
squares line and is found to be outside the 95% confidence interval. Poor
retention of copper in fusions has been verified by atomic absorption spec-
trometry [9]. By making a log sensitivity vs. log E 5 plot, points significantly
below the line are suspect in retention or recovery. The slope values in
Table 1 range from 5.20 to 5.74, all near but significantly below the pre-
dicted limiting value of 6.

The preparation of multi-element standards for fused samples is a tedious
and time-consuming process. The use of these plots to interpolate sensitivity
factors can save considerable effort as indicated by Coetzee and Lieser [8].
To illustrate this point, a fused standard was prepared containing Ti, Fe, and
Zn. Specimens prepared from river sediment samples, and by addition of
known amounts of elements of interest to the flux, were analyzed. A plot of

TABLE 1

Parameters obtained from log sensitivity vs. log £, for samples fused with lithium tetra-
borate®

Tube voltage 25 30 45 45
(kV)
Filter 0.025-mm Ag 0.025-mm Ag 0.025-mm Ag 0.127-mm Ag
Element Ca—Zr K—Zr Ca—Zn Ca—Zn

range
Slope 5.52 5.20 5.74 5.69
Intercept —6.07 —b.45 —b.64 —6.37
Correlation 0.994 0.998 0.999 0.994

aCopper not included.



65

TABLE 2

Results for sediment AR-2 obtained by using log sensitivity vs. log E 5 for calibration®

Element This work Working curve
(mean t s.d.) method

K (%) 2.03 + 0.05 1.92 + 0.04

Ca (%) 1.60 + 0.09 1.94:0.1

Ti(ugg™) 1520 + 41 1624 + 40

Mn (ug g7) 321+ 25 272+ 21

Fe (%) 1.52 + 0.08 1.46 + 0.07

Co (ugg™) <LLD 36 + 31

Zn (ugg™) 97 + 3 101:3

2Results are given as concentration in sediment.

log-sensitivity (cps/ug/g) versus log E, (keV) for the three standard elements
Ti, Fe, and Zn, gave log sensitivity = 5.17 log E, — 5.42 with R = 0.99999,
These data were obtained at 30 kV, 0.03 mA, 1000-s counting time (live) by
using a 0.025-mm Ag filter with a silver target tube. The results were used to
determine K, Ca, Ti, Mn, Fe, Co and Zn in a sediment sample taken from the
Arkansas River near Pueblo, Colorado, in which these elements had previously
been determined. Three replicate specimens were independently prepared
and the results are shown in Table 2. It is interesting that the precision ob-
tained by the proposed method is similar to that obtained for the more care-
ful and time-consuming method requiring a working curve for each element.
Except for manganese and calcium which show errors of about 18%, the
other errors are 6% or less (relative). Considering that a single standard with
only three elements was used, the mean difference between the two methods
of less than 10% is quite impressive. It is also important to note that given a
background reading of a specimen near the energy of an element to be deter-
mined, good estimate of the lower limit of detection can be calculated from
the background values and the predicted sensitivity.

Finally, a further empirical relationship was found for the fused-sample
data. By multiple regressions of all data under identical x-ray conditions,
except for variation in tube voltage, the relationship

log (sensitivity) = 5.688 log £, + 2.343 log kV — 9.449 (9)

was obtained. By means of this relationship, Ca, Fe and Zn were determined
at 25, 30, 35, 40 and 45 kV with an average error of 12% for Ca, 2.7% for
Fe and 16% for Zn. The relationship in Eqn. 9 is empirical, but the depen-
dence on tube voltage is not out of line with that expected from intensity/
voltage relationships. The advantage of this method is that at least semi-
quantitative estimates can be obtained under different tube voltages with
only two known elements in the matrix.
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SUMMARY

A method is described for the simultaneous determination of low concentrations of
Ca, Cr, Cu, Fe, Mn and Ni in nuclear-grade uranium dioxide by x-ray fluroescence spec-
trometry, without the use of chemical treatment. The lower limtis of detection range
from 2 ug g™ for nickel and manganese to 5 ug g for copper. Samples are prepared in
the form of double-layer pellets with boric acid as a binding agent. Standards are prepared
in a U,0, matrix, which is more chemically stable than UO, and has similar matrix
behaviour. The correlation coefficients for calibration curves are better than 0.999. Errors
range from 2.4% for chromium to 6.8% for nickel.

Many thermonuclear reactors utilize uranium dioxide as fuel, which must
have a high grade of purity in order to guarantee safe operation. Several tech-
niques have been developed for the determination of trace elements in
nuclear materials. Trace concentrations are usually determined by neutron
activation, optical emission spectrometry, atomic absorption spectrometry
and spark-source mass spectrometry. These techniques are very sensitive but
can show some limitations depending on the elements to be determined.

In this work, x-ray fluorescence spectrometry was investigated for the
determination of some impurities in nuclear fuel, namely Ca, Cr, Cu, Fe, Mn
and Ni. The concentration range studied was 0.001—0.015% [1].

EXPERIMENTAL

Preparation of standards and sample

Standards were prepared by adding known amounts of Ca, Cr, Cu, Fe, Mn
and Ni to 1.0 g of Specpure U;Oz and adding boric acid to give a total mass
of 2.0 g. These mixtures were ground in a mortar and pressed at 1.6 ton cm ™
for 1 min into a circular mold (40-mm diameter) to form a double-layer pellet.
Samples were mixed with boric acid in a 1:1 ratio and pressed into pellets as
described for standards.

A commercial standard disk of aluminium metal was prepared for detec-
tion of fluctuations of x-ray intensities.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Study of characteristic first-order reflection K, line

The high mass-absorption coefficient of uranium in the matrix causes a
considerable absorption effect on the characteristic lines of the elements of
interest. An approximately constant amount of uranium was utilized in the
standards and samples in order to compensate for this effect.

The K, lines of the elements, detected with a tungsten target tube, LiF
(200) analyzer crystal, and scintillation counter, are shown in Fig. 1. The
positions of lines and possible interferences from other elements were exa-
mined for each spectrum.

Instrumentation
The commercial, semi-automatic x-ray spectrometer used was coupled
with a stabilized 3-kW generator. A tungsten target x-ray tube was used for

CuKoc

RELATIVE INTENSITY

FaKoc

ANGLE (2 @)

Fig. 1. The K, spectra of Cr, Mn, Fe, Ni and Cu, and the L spectrum of uranium recorded
with a LiF(200) analyzer, scintillation counter and tungsten x-ray tube.
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Cr, Cu, Fe, Mn and Ni; a chromium tube and a flow proportional counter
were used for calcium. The analyzer crystal was LiF(200) for all elements
except calcium for which a EDDT(020) crystal was used. Tube voltages and
currents were 50 kV and 50 mA, respectively, for all elements except cal-
cium, for which the current was 35 mA.

A six-position specimen chamber permitted sequential measurements of
fluorescence intensities of six pellets. For each set of measurements, the
spectrometer was loaded with five standards or samples; the remaining posi-
tion was occupied permanently by the aluminium standard.

The Siemens relation [2] for several pairs of currents and voltage, i.e.,
(Ip)V¥/I; = the minimum value, and the Diaz-Guerra relation [3], i.e., [({; +
I)'? — (I;)"*] = the maximum value, were used, where I, is the background
intensity and I; is the net fluorescent intensity. For these conditions, the
sensitivities and lower limits of detection are expected to be maximal and
minimal, respectively. Conditions established in this manner are summarized
in Table 1.

RESULTS AND DISCUSSION

Calibration graphs

The standards were processed in triplicate and, for each standard, the aver-
age net intensity was plotted vs. concentration (Fig. 2). Background intensity
was subtracted from each sample spectrum and the fluctuation of the counts
was corrected, when necessary, by means of a standard pellet. Least-squares
statistics for the calibration graphs are listed in Table 2.

TABLE 1

Optimized conditions for the proposed method

Characteristic Ca K, Cr K, Cu K, Fe K, Mn K, Ni K,

line (n=1)

Wavelength (A) 3.360 2.291 1.542 1.937 2.103 1.659

Bragg Line 44.85° 69.38° 45.03° 57.53° 63.00° 48.68°

angle Background 43.35° 66.90° 44.70° 57.00° 62.65° 48.30°
45.52° 69.86° 45.50° 58.06° 63.40° 49.06°

Fixed 100 200 100 100 400 100

time (s)

Collimator 450 150 1560 150 150 150

(um)

Pulse Base- 0.80 0.55 0.65 0.60 0.60 0.65

height line (V)

analyzer Channel 0.85 0.85 1.05 0.95 0.95 0.90

window (V)
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300001

20000 1

NET FLUORESCENT INTENSITY (COUNT/100S)

10000 A

o] O.OIOG 0.0'IO 0.6|5
CONCENTRATION (%)
Fig. 2. Calibration graphs: (1) calcium; (2) nickel; (3) copper; (4) iron; (5) manganese;

(6) chromium.

The error caused by the use of a U303 matrix instead of UO, was neglected
because the absorption coefficients of U;0g and UQ,, for the wavelengths
considered, are nearly the same [4].

TABLE 2

Least-squares statistics for calibration graphs

Element Intercept Slope Standard errors Correlation

(a) (b) coefficient
Sxy Sp 5b

Ca —66 174 137 85 1 0.9999

Cr 76 41.2 75 46 0.6 0.9996

Cu —65 105 159 112 2 0.9993

Fe 27 67.7 65 40 0.5 0.9998

Mn —56 152 125 87 2 0.9998

Ni 37 149 109 67 0.8 0.9999




71

Imprecision, inaccuracy, sensitivity and lower limit of detection

The imprecision and inaccuracy of the methods were tested on samples
containing 1.0 g of standard no. 95-2 U;04 from New Brunswick Laboratory.
The results, based on a minimum of five replicates for each sample, are listed
in Table 3. The values obtained for imprecision and inaccuracy are less than
5% for all elements except copper and nickel. The larger errors for these two
elements are probably caused by interfering lines from other elements.

The sensitivities and estimated detection limits (3¢ criterion) are given in
Table 4.

The use of double-layer pressed pellets has contributed to improve detec-
tion limits, because of the low degree of dilution. When fused pellets are
used, the detection limits for calcium, copper and iron are usually about
400—500 pg g [5]. The imprecision and inaccuracy of the method are
similar to those achieved with emission spectrometry [6].

TABLE 3

Imprecision and inaccuracy for the method

Element Cr Cu Fe Mn Ni

Nominal 42 21 220 22 44
concentration
(vg g™")

Concentration 41 + 2 22+ 2 218+ 6 22 + 6 47 + 2
found (ugg™)

Imprecision 4.9 9.1 2.8 4.5 4.3
(%)

Inaccuracy 2.4 4.8 4.5 0.0 6.8
(%)

TABLE 4

Sensitivity and lower limit of detection

Element Sensitivity Lower limit of
(102 counts s71/%) detection (ug g™)
Ca 17.0 4
Cr 2.2 4
Cu 10.1 5
Fe 6.9 3
Mn 3.7 2
Ni 15.0 2
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SUMMARY

A method is described for the measurement of ¢’Zn/%*Zn and 7°Zn/¢*Zn ratios by
inductively coupled plasma/mass spectrometry with ultrasonic nebulization. The method
provides sufficient accuracy and precision for zinc bioavailability studies that use samples
of human feces or blood plasma. Extraction of zinc from ashed samples yields aqueous
solutions sufficiently devoid of matrix ions that could affect count rates and isotope ratios.
Effects of sodium matrix, zinc concentration, and instrumental parameters on the preci-
sion of isotope ratio determinations are documented. Additions of spikes enriched in "Zn
and 7°Zn to natural-abundance fecal samples verify that ratios can be determined on solu-
tions 30 uM in zinc (<300 nmol of zinc per sample) with relative accuracies of <1% and
relative standard deviations (r.s.d.) of <1% over the range from natural abundance to 370
atom% excess of 7°Zn and to 84 atom% excess of "Zn.

Absorption of zinc depends upon the physiological status of the individual
and on the presence of potentiating or inhibiting food components in the
intestine. For example, there is some concern over the inhibitory effects of
phytic acid, found in many foods, on zinc absorption [1]. Diverse methods
have been used to assess absorption of zinc [2, 3]. Radioisotopic techniques
have been most widely used. Aside from the ethical questions concerning
radioisotopic administration to human subjects for research purposes, the
existence of only one radioisotope of zinc with a convenient radioactive half-
life precludes the direct comparison of absorption of zinc from different
food sources in the same meal.

The existence of five stable isotopes of zinc facilitates the organization of
zinc bioavailability studies with human subjects in complete safety. A barrier
to this application of stable isotopic methods has been the necessity to use
neutron activation analysis or thermal ionization mass spectrometry (t.i.m.s.)
to determine the isotopic ratios. Procedures for sample preparation and
quantitation by these two methods are exacting and time-consuming, and
equipment is not widely available. Isotopic ratios by neutron activation

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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techniques are not sufficiently precise for many biological applications.
A further disadvantage of these techniques is that isotopic ratios of only
three of the five stable zinc isotopes can be determined, and only one of
these three is sufficiently rare to be considered a tracer for most applica-
tions. All five stable isotopes of zinc can be measured by mass spectrometry;
an added advantage of t.i.m.s. is the greater precision attainable, as exem-
plified for biological samples by the results of Turnlund and co-workers
[1,4].

New instrumentation has been developed for use in nutritional tracer
studies. A quadrupole mass spectrometer with a thermal ionization source
has been described [5] and is commercially available [6]. This instrument is
less expensive than t.i.m.s. instruments, provides greater sample throughput,
and exhibits good precision (0.1—1.0%) for the measurement of isotope
ratios. The techniques of sample preparation are derived from t.i.m.s. and
possess the drawbacks characteristic thereof, namely, lengthy preparation
procedures and lack of simultaneous multielement capabilities.

Conventional organic mass spectrometers can be adapted for use in in-
organic isotopic studies. Volatile metal chelates can be formed and intro-
duced into a mass spectrometer either by gas chromatography (g.c./m.s.)
[7, 8] or by direct insertion probe with ionization by electron impact
(e.i.m.s.) [9]. Although more rapid than t.i.m.s. (15 min per sample [9]),
these techniques generally have not shown the precision and accuracy reg-
uired for nutritional research, and additional sample preparation is required
to form the volatile chelates. Fast atom bombardment (f.a.b.) mass spectro-
metry has been employed to quantify calcium isotopes rapidly, precisely
(0.3% r.s.d.), and directly on small volumes of blood plasma [10]. But the
mass spectrometer must be operated at high resolution if isobaric ions are
not separated from the analyte during sample preparation. An application of
f.a.b. to quantifying iron isotopes [11] required a liquid—liquid extraction,
and precision was not as good as reported for calcium {10]. It remains to
be seen whether f.a.b. is useful for other elements and in different matrices.

Inductively coupled plasma/mass spectrometry (i.c.p./m.s.) has several
advantages over other methods. Isotopic information can be obtained for
several elements concomitantly. The instrument need not be dedicated to
the nutritional project inasmuch as more than 100 samples can be processed
easily in one day (about 13 per hour). Sample homogeneity is assured more
readily because samples are handled as dilute solutions.

In this paper, i.c.p./m.s. is applied for rapid measurement of zinc isotope
ratios of ashed human blood plasma and fecal samples. Only a simple com-
plexation and extraction of zinc followed by re-extraction into aqueous
1.2 M hydrochloric acid is required prior to i.c.p./m.s. The attained precision
clearly is sufficient for nutritional research, the measurements are of accep-
table accuracy for the systems studied, and the time and expense per sample
are less than for thermal ionization procedures. This work is unusual in that
a commercially available instrument is used with an ultrasonic nebulizer, as
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opposed to the pneumatic nebulizer provided with the instrument. The in-
creased sensitivity afforded by ultrasonic nebulization should improve preci-
sion at a given concentration, permit attainment of the same precision at
shorter integration times, and permit determination of ratios with similar
precision at a lower concentration than is possible with pneumatic nebuli-
zation.

EXPERIMENTAL

Materials and reagents

Enriched ¢"Zn0O (93.11 atom%) and ZnO (85.03 atom%) were obtained
from Oak Ridge National Laboratory. Nitric and hydrochloric acids used for
preparing solutions were reagent grade, subjected to sub-boiling redistillation
in silica {12]. Aqueous ammonia used for pH adjustment was reagent grade,
subjected to isopiestic distillation [12]. Deionized water with a resistivity
greater than 10 megohm-cm was used to prepare all solutions. Diethylam-
monium diethyldithiocarbamate (DDDC) was prepared from reagent-grade
starting materials [13] and was dissolved fresh daily in reagent-grade tetra-
chloromethane for extractions [14]. The concentration of zinc impurity in
DDDC and tetrachloromethane was found to be insignificant by using electro-
thermal atomic absorption spectrometry.

Sample preparation

A normal fasting male human subject was given 50.3 umol (3.49 mg) of
enriched 7°Zn orally as the aqueous chloride and was not permitted to eat for
the next 4 h. Antecubital blood was drawn into heparinized, trace metal-
free, evacuated blood collection tubes and was centrifuged (30 min at 600 g)
to separate plasma from cells and platelets. Samples of blood plasma (8 ml
each) containing approximately 120 nmol of zinc were lyophilized and
ashed at 480°C for 48 h in porcelain crucibles. The ash was dissolved in a
minimal volume of 6 M hydrochloric acid, and pH was adjusted to 2.5—3.0
with 1.2 M HCI or aqueous ammonia added dropwise as required.

Feces (10.4588 g) from a formula-fed human infant and containing zinc at
natural abundance was lyophilized and ground to a fine powder inside a
sealed polyethylene bag. Ashing, dissolution, and pH adjustment were as
described for plasma. One 50-ml aliquot of this fecal solution of zinec concen-
tration (mean * s.d.) 59.2 + 0.3 uM was taken directly for extraction (sample
0-0). Spiked fecal solution was prepared by adding 2 ml of an aqueous 278 +
1 uM solution (pH 3) of enriched ¢"Zn as chloride to 250 ml of the unspiked
fecal solution. One 50-ml aliquot of the ®"Zn-spiked fecal solution was taken
for extraction without addition of °Zn (sample 67-0). Four doubly-spiked
fecal solutions (samples 67-1, 67-2, 67-4, 67-8) were prepared by adding 1,
2, 4, or 8 ml of enriched "Zn solution (zinc concentration 10.08 + 0.07 uM)
to 50-ml aliquots of the 57Zn-spiked fecal solution before extraction.

Zinc was extracted [14] at pH 2.5—3.0 from five volumes of each aqueous
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solution of ashed feces or blood plasma by two successive aliquots of DDDC
(0.04% w/v) in one volume of tetrachloromethane, and re-extracted from the
two volumes of tetrachloromethane phase into two successive aliquots of
one-half volume of 1.2 M HCI. Samples were then ready for i.c.p./m.s.

Instrumentation

A Sciex Model 250 i.c.p./m.s. was used to measure all isotope ratios.
Detailed descriptions of the instrument and its analytical performance have
been reported [15—17]. The only modifications were the replacement of the
standard Sciex i.c.p. torch with one designed by Ames Laboratory [18] and
the substitution of an ultrasonic nebulizer [19] (with aerosol desolvation)
for the standard concentric, pneumatic nebulizer supplied by Sciex. No mass
flow controller for the aerosol gas flow was found necessary. The quadrupole
was operated in a multiple-pass ‘‘peak hopping’’ mode as described previously
[17]. Three m/z positions spaced 0.1 dalton apart about the peak top were
monitored for each isotope. The mass spectrometer collected data at each
m/z position for a period called the dwell time (typically 100 ms), after which
it was quickly stepped to the next m/z position. The cycle was repeated for
all the isotopes of interest until the total accumulated dwell time at each m/z
position exceeded some preset value called the measurement time (typically
1.0 s). The total count or count rate for each isotope was then evaluated by
averaging the signals accumulated at the three m/z positions for each peak.
Thus the total time spent on each isotope was (measurement time) X 3. The
effect of dwell time and total measurement time on zinc isotope precision
will be discussed.

The “multiple elements’ software package was used to quantify isotope
ratios rather than the ‘“‘isotope ratio’” program. Approximately one-fifth the
instrument time is required for a set of measurements using the former soft-
ware package because extensive statistical calculations are not performed
between measurements by the computer in this mode. The latter software
has the advantage of variable dwell times for the different zinc isotopes.
Precision was excellent even though an equal portion of the total measure-
ment time was allotted to each of the three isotopes.

Optimization of the i.c.p./m.s. for precise measurement of zinc isotope
ratios was similar in many respects to methods described elsewhere for ac-
curate quantitation of trace elements with internal standardization [17].
The mass spectrometer was operated in low resolution to provide maximal
sensitivity. The instrument was allowed at least a 30-min warm-up time.
Zinc ratios of a 2 mg 1! solution were then monitored for several minutes.
Changes were made mostly in the aerosol gas flow rate and in the ion lens
settings (lens B and ring lens) until maximal short-term precision was attained.
This usually corresponded to obtaining good count rates at a modest flow
rate of aerosol gas. Typical conditions were 1.2 kW forward power, 1.0 1
min™ auxiliary flow rate, 13 1 min™ outer argon flow rate, and 1.2 1 min™
aerosol flow rate. The ion lens settings normally were 60, 75, 50, and 12 for
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A, B, C, and the ring lens, respectively [17]. The actual voltages corres-
ponding to these potentiometer settings can be obtained from the authors or
from the instrument manufacturer. After the above procedures, long-term
precision was monitored until the ratios stopped drifting (normally less than
1 h). Thereafter, the absolute ratios did not change by more than 2% over a
7-h period.

The extracted zinc samples, at concentrations of 20 uM (plasma samples)
to 30 uM (fecal samples) in 1.2 M HCl were pumped at 2.5 ml min™ into the
ultrasonic nebulizer. The sample tube was rinsed in deionized water, and 1%
(v/v) nitric acid was pumped into the nebulizer briefly between samples. Ap-
propriate blanks were put through all procedures. Isotope ratios were also
determined on standard solutions containing zinc at natural abundance
(30 uM in 1.2 M HCI) so that ratios of the extracted samples could be nor-
malized to the natural abundance standard. Natural zinc standard solutions
in 1% (v/v) nitric acid were used to evaluate effects of zinc concentration
(i.e., Zn' count rate) and of instrumental parameters on precision of isotope
ratios. Various amounts of sodium chloride were added to zinc standard solu-
tions to study effects of sodium matrix on isotope ratios.

RESULTS AND DISCUSSION

Extraction procedures

The procedures used here provide some advantages for i.c.p./m.s. com-
pared to the ion-exchange separations required for zinc isotope ratio measure-
ments on biological samples by thermal ionization methods. Samples con-
taining comparatively small (ug) amounts of zinc can be prepared and con-
centrated for ratio determinations rapidly without appreciable zinc loss or
zinc contamination. Zinc recoveries (assessed by atomic absorption spectro-
metry before and after extraction) from these plasma and fecal samples
ranged from 90 to 98%. Higher recoveries can be achieved at the risk of carry-
ing over into the extractant some of the extracted phase that contains large
amounts of cations (Na', Ca?*) that can suppress Zn' count rates and alter
isotope ratios. Other elements that can be extracted with Zn (Fe, Co, Ni, Ga)
[14] do not constitute spectral interferences at m/z = 67, 68, and 70. Sod-
ium is almost completely excluded from the extract, as evidenced by the ob-
servation that no sodium emission was seen either in the flame of the atomic
absorption spectrometer or in the i.c.p. while extracted solutions were being
examined.

Diethylammonium diethyldithiocarbamate was selected for this procedure
over other more commonly available carbamates primarily because it will ex-
tract zinc into tetrachloromethane at pH < 3 [14]. The low pH optimum is
extremely important for separation of zinc from matrices that contain large
amounts of calcium and phosphates, such as milks, infant formulas, and fecal
samples. At pH > 3, calcium phosphates precipitate from solutions of ash of
such samples, and zinc coprecipitates with them. This precludes the use of
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common zinc-complexing reagents (dithizone, for example) that can extract
zinc at pH > 6.5. The extraction procedure described here was used success-
fully to extract zinc for i.c.p./m.s. from bovine milk, infant formulas, and
human urine, as well as from feces and blood plasma.

Factors affecting precision and accuracy

Spectral scans of blanks taken through the extraction procedure showed
small amounts of S, N, C, and Cl peaks, from hydrochloric acid and residual
DDDC, in addition to normal background peaks [15]. Background count
rates at m/z = 67, 68, and 70 were usually very low (50—100 counts s™),
showing no indication of any interfering molecular species, trace zinc, or
isobaric "°Ge. Background at 70 dalton approached 200 counts s on one day,
possibly caused by a chlorine molecular species (such as 3°Cl;) or (NO*)Ar.
Because of the small natural abundance of "°Zn, best results were then ob-
tained by subtracting the blank.

Tables 1—4 contain data concerning the various factors that affect preci-
sion of isotope ratio measurements by i.c.p./m.s. Precision of such measure-
ments is presumably a composite of the two uncertainties present in the
count rate of each isotope: one is due to the total number of ions counted
(counting statistics) and the other to small fluctuations in the rate at which

TABLE 1

Effect of dwell time and total measurement time on zinc isotope precision (% r.s.d. of 10
consecutive measurements of the indicated measurement time is in parentheses)?

Meas. Ratios at different dwell times

s b
time 50 ms 100 ms 200 ms

(s)
67Zn/GBZn 7OZn/GSZn 67Zn/6szn 'IOZn/GBZn 67Zn/6ﬂzn 70Zn/68Zn

0.2 0.2147 0.0335 0.2114 0.0343 0.2148 0.0336
(1.1) (1.2) (2.1) (2.3) (2.9) (3.5)
0.4 0.2152 0.0337 0.2114 0.0340 0.2157 0.0336
(1.5) (1.4) (1.3) (1.6) (2.0) (2.9)
0.8 0.2147 0.0333 0.2123 0.0343 0.2153 0.0334
(0.8) (1.1) (0.7) (1.3) (1.4) (1.8)
1.0 0.2151 0.0335 0.2130 0.0341 0.2163 0.0336
(0.5) (1.3) (0.6) (1.0) (1.7) (1.3)
2.0 0.2147 0.0333 0.2132 0.0339 0.2161 0.0334
(0.3) (0.7) (0.4) (0.3) (1.6) (1.8)
5.0 - - 0.2140 0.0338 0.2154 0.0333
- - (0.4) (0.4) (0.7) (0.6)

2Conditions: 1.2 kW forward power, 1.0 1 min~!' aerosol flow rate (ultrasonic nebuliza-
tion), 1.0 1 min~! auxiliary flow rate; 2 mg 1-! total Zn (200 000 counts s~ at ¢*Zn);
background < 50 counts s™ at all three masses. P At each of three measurements per peak.
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Effect of zinc concentration and count rate on isotope precision?
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[Zn] ¢8Zn count rate ¢7Zn/**ZnP 7°Zn/**Zn®
(mg 1) (counts s™')
0.1 10090 0.2175 (2.3) 0.0325 (3.0)
0.5 54990 0.2204 (1.2) 0.0316 (2.3)
1.0 107700 0.2204 (1.2) 0.0321 (2.1)
2.0 224300 0.2176 (0.9) 0.0319 (0.7)
5.0 564700 0.2183 (0.9) 0.0319 (1.4)
10.0 1030000 0.2179 (0.9) 0.0317 (1.0)

2Conditions: 1.25 kW, 1.4 1 min™ aerosol flow rate; 10 determinations of 1 s each

(100 ms dwell time). °With % r.s.d. in parentheses.

TABLE 3

Effect of aerosol gas flow rate and forward power on zinc isotope ratios®

Flow Ratios at different forward power
rate = 1.0kw 1.2 kW 1.4 kW
(I min™)
67Zn/ﬁazn 7OZn/68Zn 67Zn/682n 70Zn/68zn 67Zn/68zn 70Zn/65zn
1.8 — - — - 0.2176 0.0273
(1.6) (4.5)
[160,000]
1.6 — - 0.2051 0.0282 0.2164 0.0330
(2.6) (0.4) (0.8)
[150,000] [260,000]
1.4 0.2210 0.0236 0.2025 0.0354 0.2230 0.0352
(4.4) (4.2) (0.7) (2.7) (3.4)
[30,000] [155,000] [40,000]
1.2 0.2004 0.0381 0.2173 0.0329 — —
(1.1) (1.5) (0.8)
[105,000] [230,000]
1.0 0.2124 0.0346 0.2226 0.0313 - —
(0.7) (1.5) (1.4)
[140,000] [110,000]
0.9 0.2227 0.0317 0.2204 0.0327 — —
(1.6) (1.3) (2.9)
[70,0001] [45,000]

2R.s.d. (% r.s.d. given in parentheses) is for 10 consecutive measurements of 1.0 s each,
100 ms dwell time, 3 measurements per peak. Numbers in square brackets are the %*Zn
count rate (per second).
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TABLE 4

Effect of sodium matrix on zinc isotope ratios (5 mg 1! total zinc)?

[Na] 6871 67Zn/saznb -mZn/ssan
(M) (counts s*)

0 565 000 0.2183 (0.9) 0.0319 (1.4)
1x 10 530 000 0.2184 (1.4) 0.0319 (1.0)
5Xx 10™* 446 000 0.2195 (1.2) 0.0315 (0.8)
1x 107 372 200 0.2198 (0.5) 0.0316 (1.3)
5x 1073 145 000 0.2232 (0.7) 0.0307 (0.7)
1x 1072 76 450 0.2264 (0.6) 0.0310(1.4)

aConditions as for Table 2. PWith % r.s.d. in parentheses.

each ion arrives at the detector. The former uncertainty is inherent in pulse
counting with an electron multiplier. Assuming random errors in counting,
this error amounts to N'/2/N, where N is the total number of counts made
during the measurement period. Count-rate fluctuations can be caused by
various phenomena including nebulizer instability, fluctuations in ion optical
voltages, m/z calibrations, or discriminator threshold, etc. If the latter
fluctuations predominate, precision cannot be improved beyond a certain
level, unless the stability of the i.c.p./m.s. is actually improved. If errors
arising from counting statistics predominate, then precision can be improved
simply by changing the zinc count rate or by increasing the integration time
of each measurement.

From Table 1, it can be seen that increasing the total measurement (in-
tegration) time of each determination can improve the precision, up to a
point. For example, the precision did not improve at all going from 2- to 5-5
measurement time with a 100-ms dwell time. The data in Table 1 were ob-
tained for 2 mg I'! zinc, which gave a %®Zn count rate of 2 X 10° counts s™.
Therefore, the total counts for measurement times of 2 and 5 s would be
approximately 4 X 105 and 1 X 10°, respectively, for ®*Zn. The counting
precision should thereby improve from about 0.4% to 0.2% for the *"Zn/
58Zn ratio, or even somewhat better if one considers the averaging of three
measurements per peak. The observation that it did not improve probably
indicates that i.c.p./m.s. parameters, rather than counting statistics, limited
precision at measurement times greater than 2 s.

Table 1 also shows the effect of dwell time on precision. If the dwell time
was too short, the quadrupole switched from peak to peak very rapidly.
About 50 ms was as low a dwell time as was normally found useful. The
precision and accuracy at 100 ms dwell time were as good as at 50 ms, and
the longer dwell time speeded up measurement time slightly by avoiding the
software overhead time expended in too many ‘“hops”. A yet longer dwell
time (200 ms) did not perform as well, probably because it did not permit
effective averaging of low-frequency noise. As the number of cycles (meas-
urement time/dwell time) per measurement became similar, precision
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approached that of shorter dwell times. For example, precision at 5.0-s
measurement time and 200-ms dwell time (25 cycles) was similar to that at
2.0-s measurement time and 100-ms dwell time (20 cycles), albeit at the ex-
pense of increased overall time. A ‘‘sequential’’ (single-pass peak hopping)
scanning mode was also tried under identical conditions, with use of a 1.0-s
measurement time. This effectively meant a 1000 ms dwell time, and results
were not very precise, showing a 3—4% short-term variation. Therefore, the
multichannel (i.e., multiple-pass) mode is recommended for isotope ratio
determinations with this device. The i.c.p./m.s. used here does not have a
fast, repetitive, continuous scanning and averaging mode as used by Gray and
Date [20, 21], so the above comparison does not include this sort of data-
acquisition method.

Data in Table 2 seem to indicate that increasing total counts (N) by in-
creasing the concentration (count rate) of zinc did not improve the precision
to the same extent as increasing the measurement time. Yet these data were
acquired by using a higher aerosol gas flow rate than in Table 1 (1.4 vs.
1.0 1 min™?). Different operating conditions for the i.c.p./m.s. changed the
attainable precision. This is verified in Table 3, where it is seen that the
lower aerosol flow rate usually gave better precision for sets of conditions
yielding similar count rates. Our experience is that instrumental operating
conditions should be selected to optimize the most important figure of merit
(in this case, precision of isotope ratio determinations) for the particular
determination being done. Simply maximizing the signal for analyte ions
may lead to disappointing performance in terms of stability or interferences.

Changes in the background matrix can influence the accuracy of isotope
ratios determined under constant i.c.p./m.s. parameters of operation. Table 4
shows the effects of various concentrations of sodium chloride in a 5 mg 1!
zinc solution. The instrument had been warmed up and was giving very repro-
ducible ratios before this experiment. Measurements on a blank solution of
sodium chloride showed no detectable zinc in the reagents. It should be
noted that both ratios changed systematically even at (moderate) sodium
chloride concentrations for which the absolute suppression of the zinc signal
was not excessive. At 0.01 M Na’, the change in both ratios amounted to
approximately 4%. The relative standard deviations, which are listed, illus-
trate that these changes represented real, detectable differences in the isotope
ratios. One possible explanation for the observed difference in ratios could
be loss of linearity of the electron multiplier at high count rates. But the
multiplier was linear to at least 10® counts s™*, as shown in Table 2. It is also
doubtful that interfering molecular chlorine species were being formed at
increased sodium chloride concentrations, because none were observed from
the hydrochloric acid matrix. A more likely explanation is that the i.c.p.
and/or nebulizer underwent real changes at higher salt concentrations, which
affected the isotope ratios. For this reason, the accuracies of the ratios in the
fecal matrix were studied.
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Verification of accuracy in fecal matrix

For planned clinical studies, the linear range required for 7°Zn/%®Zn
measurements is from about 50 to 400 atom% excess of °Zn. If one wishes
to compare bioavailability of zinc from two separate dietary sources in the
same meal, using °Zn and ®’Zn simultaneously as tracers, for example, both
the relative precision and accuracy should be 1% or better over this range.
The linearity, precision, and accuracy of response were tested by spiking
four aliquots of fecal solution with 46—371 atom% excess of "°Zn. Fecal
aliquots were also spiked with *’Zn to compare the precision and accuracy of
67Zn and °Zn as tracers, to serve as an internal check on the stability of in-
strumentation, and to verify the atomic absorption determination of the zinc
concentration of the unspiked fecal solution. The zinc isotope ratio results
by i.c.p./m.s. are shown in Table 5. The precision of the °Zn/*®*Zn determina-
tions was near 1% r.s.d. (mean 1.1%). The precision of the 7Zn/*®*Zn deter-
minations was 1% r.s.d. or less (mean 0.5%). The "°Zn/*®*Zn and ®"Zn/*®Zn
ratios of the unspiked fecal sample (0-0) are within experimental uncertainty
of those of natural-abundance zinc standard in 1.2 M HCI.

The °Zn/%%Zn and ¢'Zn/%Zn ratios of the fecal solutions are shown in
Table 6 normalized to the ratios for the natural-abundance zinc standard.
The expected values were calculated from atomic absorption determinations
of the molar zinc concentrations of the unspiked and spiking solutions, tak-
ing into account the relative amounts of ¢’Zn, *®Zn, and "°Zn that are added
when spiking with enriched ¢'Zn (93.11 atom%) and with multiple volumes
of enriched "°Zn (85.03 atom%). The linear regression line through the
°Zn/%®Zn values of Table 6 is y = 0.9984x + 0.0023. The correlation coef-
ficient is r = 0.99988. The slope and intercept do not differ significantly
from the ideals of 1.0 and 0, respectively. For the "°Zn-spiked solutions
(67-1, 67-2, 67-4, 67-8), the observed °Zn/*®*Zn values were 100.0 + 1.0

TABLE 5

Observed zinc isotope ratios of fecal solutions?

Sample? °Zn/%Zn $7Zn/**Zn
Ratio % r.s.d. Ratio % r.s.d.

STD 0.03155 0.98 0.2262 0.43
0-0 0.03159 1.4 0.2275 0.60
67-0 0.03127 1.1 0.4148 0.42
67-1 0.04610 0.85 0.4141 0.20
67-2 0.06036 1.3 0.4119 0.84
67-4 0.09151 1.3 0.4113 0.28
67-8 0.1479 1.0 0.4109 1.00

2l.c.p./m.s. conditions: 1.0 I min™' aerosol gas flow rate, 1.25 kW, 0.8 | min™ auxiliary
flow rate, 2 s measurement time, 100 ms dwell time, 10—12 determinations per sample.
bSTD, natural abundance Zn standard; 0-0, unspiked feces; 67-n, feces spiked with con-
stant amount of ’Zn and variable amount of "°Zn.
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TABLE 6

Label recovery?

SampleP 79Zn/%*Zn ¢7Zn/%%Zn
Observed Expected Observed Expected

0-0 1.001 1.000 1.006 1.000
67-0 0.991 0.997 1.834 1.841
67-1 1.461 1.464 1.831 1.840
67-2 1.913 1.930 1.821 1.839
67-4 2.900 2.860 1.819 1.837
67-8 4.688 4.710 1.817 1.833

2Ratios normalized to ratios from natural-abundance standard in 1.2 M HCI. Conditions
as for Table 5. PSame sample designations as for Table 5.

(mean t s.d.)% of the expected values. The observed ¢’Zn/%®Zn values of the
°Zn-spiked solutions were in a decreasing series compared with the ¢7Zn-
spiked solution that was not spiked with enriched "°Zn (solution 67-0). This
observation corresponds to the increasing amounts of ¢3Zn relative to ¢’Zn
that were added when spiking with multiple volumes of "°Zn. For the ¢"Zn-
spiked solutions (67-0, 67-1, 67-2, 67-4, 67-8), the observed ¢7Zn/*®Zn values
were 99.3 + 0.3 (mean + s.d.)% of the expected values. The observed ¢"Zn/
68Zn values all differed from the expected values by less than 1%. When one
considers that the expected values are based on zinc concentration deter-
minations by atomic absorption spectrometry, the precision and accuracy of
which are not better than 0.4—0.5% relative, it is evident that the cbserved
and expected values agree within the overall experimental error.

In vivo enrichment of blood plasma zinc
The °Zn/%®Zn ratios (normalized to natural-abundance zinc standards) of
zinc extracts of samples of ashed blood plasma are shown in Table 7. Simul-

TABLE 7

In vivo enrichment of blood plasma zine with "°Zn

Time? Normalized R.s.d. Time? Normalized R.s.d.
(h) ratioP (%) (h) ratio® (%)
—48 1.014 1.4 2 3.160 1.2
—24 0.986 1.5 4 2.529 1.6
0.5 1.709 1.5 24 1.931 2.4
1 4.656 1.2 168 1.494 2.9

2Blood samples drawn at indicated times. "°Zn spike administered at time = 0. ?7°Zn/
¢%Zn ratios normalized to a natural-abundance standard in 1.2 M HCl. Conditions as for
Table 5, except 5—8 determinations per sample.
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taneous determinations of ¢’Zn/%®Zn ratios at natural abundance (not shown)
served to confirm instrumental stability. The times listed are those at which
blood was drawn from the subject, relative to time zero, at which 50.3 umol
of enriched °Zn was administered as the chloride in 250 ml of water. This
amount of zinc is representative of the zinc content of a typical meal. Plasma
zinc enrichment peaked (366 atom% excess) approximately 1 h after inges-
tion, decreased gradually thereafter, and remained substantial 7 days later.
Interpretable results could have been achieved with half as much "°Zn, bring-
ing the enriched stable isotope cost per subject under $90 at current prices.
The precision of these plasma ratios was not as good as for the fecal samples
because the zinc concentrations of the plasma solutions were less than those
of the fecal solutions, but precision was acceptable for the intended purpose.

This is Journal Paper No. J-12257 of the Iowa Agriculture and Home
Economics Experiment Station, Ames (Project No. 2730). This work is sup-
ported in part by the Director of Energy Research, Office of Basic Energy
Sciences, U.S. Department of Energy. The Ames Laboratory is operated by
Iowa State University for the U.S. Department of Energy under contract
No. W-7405-Eng-82.
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SUMMARY

The use of reactor epithermal neutrons in instrumental activation analysis is described
for the determination of trace elements via long-lived isotopes. A boron carbide filter is
used. Results of analyses of human erythrocytes, plasma, urine and some biological refer-
ence materials are given to demonstrate the applicability of the method to biological
samples. Bromine, iron, cesium, rubidium, selenium and zinc and cobalt are determined.
The method provides accuracy and reliability similar to conventional thermal neutron
activation but is faster. Limits of detection attainable with the two techniques are com-
pared.

The value of instrumental neutron activation analysis (i.n.a.a.) for the
determination of trace elements is widely recognized [1, 2]. This technique
has many desirable features including high sensitivity, multi-element capa-
bility and the flexibility to allow either short-lived or long-lived isotopes to
be utilized for the determination of elements [1]. Most importantly, a mini-
mum of sample treatment is needed, which makes the procedure less prone
to errors and contamination [3] and also amenable to automation for the
analysis of large numbers of samples.

In materials of complex chemical composition, however, the many con-
stituent elements characteristically present in high concentration induce high
activities which impose a serious practical limitation on the usefulness of
i.n.a.a. in many applications. In biological materials, for instance, the observed
v-ray spectrum of the sample irradiated with the total reactor spectrum of
neutrons is very often dominated by high-energy y-ray, Compton and
bremsstrahlumg background activities from such radionuclides as **Na, 3*Cl,
2K, 3P and %?Br. These activities usually obscure the required peaks from
radionuclides of trace elements and generally worsen the detection condi-
tions, leading to poor precision and accuracy. The possibility of waiting for
long periods of time, sometimes up to 3 months [4], to let the activities of
such radionuclides decay to a level where instrumental measurement is pos-
sible has been widely practised. For many applications, however, especially

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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in clinical and environmental trace element research, this time lapse in ob-
taining results is a serious drawback. Moreover, long decay periods mean that
rapid instrumental detection of other radionuclides with half-lives shorter
than or comparable to those of the interfering activities are impossible. In
general, the speed of i.n.a.a. can be increased by using short irradiation and
counting times but this is not suitable for long-lived isotopes requiring long
irradiation times to produce accurately measurable activities. In practice,
experimental conditions must be optimized appropriately for each par-
ticular problem. Behne and Jiirgensen [4], for instance, have shown that
irradiation for 5 days at a thermal neutron flux of 10*®* cm™ s followed by
decay for 3 months is optimal for the instrumental determination of selen-
ium and other elements in biological materials via their long-lived radionuc-
lides.

Epithermal activation has been used frequently in the determination of
trace elements by i.n.a.a. in different materials [56—8]}. This technique en-
hances the detection conditions for trace elements with nuclides having high
ratios of resonance integral to thermal neutron cross-section (RI/g,), in the
presence of interfering nuclides which are activated by thermal neutrons but
have no resonance peaks in the epithermal region. The basic principles are
well established [9—11]. The outstanding practical feature is the substantial
decrease of interfering matrix activities so that considerable time can be
saved by measuring the activity of the sample after minimal waiting time.
For the determination of elements for which epithermal activation is sensi-
tive, reasonably short irradiation times and decay times can be used and
i.n.a.a. becomes more cost-effective.

A neutron activation scheme based on conventional ‘‘thermal” and epi-
boron neutron irradiation has been adopted in this Institute for the deter-
mination of trace elements in biological materials. In this paper, some results
are presented for the analysis of selected biological materials by instrumental
epithermal neutron activation methods. Particular emphasis is given to the
optimization of conditions for the determination of elements via the assay
of long-lived isotopes.

EXPERIMENTAL

Samples of human blood and urine were collected daily for 7 days from
different adults in this Institute. Samples to be analyzed by epithermal
neutron activation were taken from three different individuals for three
consecutive days in the case of blood and for one day in the case of urine.
The blood was separated into plasma and erythrocytes immediately after
collection; aliquots (200 ul) were pipetted into clean quartz ampoules and
evaporated in the oven at 50°C before heat-sealing. For the standard refer-
ence materials, several samples of NBS SRM-1566 (oyster tissue) and NBS
SRM-1577 (bovine liver) and Bowen’s kale were accurately weighed into
quartz ampoules (20—50 mg) and dried in an oven to a constant weight
before heat-sealing.
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Fig. 1. Schematic diagram of the design of a B,C-filtered epithermal irradiation facility
for the BER-II reactor.

The irradiation facilities of the BER-II 5-MW swimming pool-type reactor
were used for sample irradiation. Epithermal activation was done with a boron-
carbide filtered irradiation facility, shown schematically in Fig. 1, for which
the thermal neutron flux was 3 X 10" cm™? s (®.p;/Py, = 1.8%). Details
of the design and construction of the shield have been reported elsewhere
[12]. The use of boron compounds as filters in neutron activation has been
recommended [13—15] and the advantages offered by these filters relative
to cadmium filters were recently evaluated [16]. Irradiation times of about
24 h were used in all sample irradiations. Waiting and counting times were
chosen with the aim of optimizing the measurement of long-lived radio-
nuclides. In initial experiments, the best irradiation and counting conditions
consistent with acceptable accuracy and precision were established. The
spectra were measured with an intrinsic well-type germanium detector
(Detector Systems, Wiesbaden) and associated electronics.

RESULTS AND DISCUSSION

A useful index characterizing the sensitivity of determinations by epi-
thermal n.a.a. is the ratio of resonance integral to thermal neutron cross-
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TABLE 1

Some nuclear data for the radionuclides used [17]

Element Radionuclide Half-life v-Peak Rl/o,
used (keV)

Ag HomAg 250d 658.0 297.8
Br 82Br 35.34 h 776.6 16.67
Co °Co 527y 1332.5 2.0
Cr S1Cr 27.0d 320.1 0.53
Cs 134Cs 2.06y 796.3 15.50
Fe °Fe 44.60d 1291.3 1.05
Mo *°Mo/®*°Te 66.7 h 141.0 53.57
Ni 58Co 70.8d 811.0 {n, p) reaction
Rb 8 Rb 18.66 d 1076.6 14.0
Sc 46Sc 84.0d 889.3 0.44
Se 75Se 120.0d 264.5 9.1
Zn 65Zn 245.0d 1115.5 1.95

section (RI/g,). Table 1 contains these values along with essential nuclear
constants for the nuclides used in this work. Generally, epithermal n.a.a. is
favourable for those elements with high RI/o, values.

In order to establish the best conditions for epithermal n.a.a., NBS SRM-
1566 (oyster tissue) and Bowen’s kale were measured after irradiation for
37.5 h with epithermal neutrons. The y-spectra of the samples were measured
for 1 h after decay periods of 10, 16 and 21 days. Table 2 gives the results
obtained for Se, Rb, Fe, Zn and Co along with precision and accuracy and
the detection limits obtained for these waiting periods. The standard devia-
tions given are due to counting statistics only. The errors given are the dif-
ference between the mean content found and the certified value, expressed
as a percentage, i.e., relative error.

If the 5% level of precision generally recognized as acceptable in n.a.a. is
applied to the results in Table 2, it is evident that better precision (<10%
RSD) under these conditions is achieved for most elements after 21 days of
decay time. Exceptions arise for elements for which epithermal neutron
activation is not the most favourable method, i.e., those with low RI/g,
values (here, iron in oyster tissue). Better accuracy and lower detection
limits are also obtained after a 21-d decay period. With the exception of
iron, all the elements determined in these materials have reasonably high
RI/g, values and therefore epithermal neutron activation should be favour-
able for their instrumental determination at ug g™ levels using similar analy-
tical conditions. In Bowen’s kale, the concentration of selenium (0.012 ug g™*)
is near the detection limit for epithermal n.a.a. under the conditions applied
and therefore its determination is difficult even after 21 days of decay.

For the analysis of biological materials by means of long-lived isotopes,
the major interfering activity comes from the 3P bremsstrahlung which
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smears the spectrum and raises the background count rate. Consequently,
the half-life of phosphorus-32 (T, s = 14.3 d) determines the ultimate time
scale of the analysis. However, epithermal neutron irradiation should depress
the activity of *?P, because the value of RI/o, for this nuclide is very low
(0.44). To compare the benefits of epithermal n.a.a. relative to thermal
n.a.a., SRM-1566 (oyster tissue) was analyzed after irradiation for 48 h and
60 h, respectively. The results of the determination along with the limits of
detection and precision by both techniques are compared in Table 3. The
counting times given in the table were the optimum consistent with a maxi-
mum analyzer dead-time of 10%. Typical y-spectra of the oyster tissue
material measured under these conditions are given in Fig. 2 for both irradia-
tion procedures. Although precision and accuracy are generally similar, lower
detection limits are obtained with thermal n.a.a. for many elements; rubid-
ium is an exception because the prolonged waiting period of more than 2
months is inappropriate for the rather short half-life (f,. s = 18.6 d). The
total time required in epithermal n.a.a. is shortened by a factor of 3—4 as
a result of the substantial reduction of the 3P background activity.

The applicability of the epithermal activation technique to ‘“‘real’” bio-
logical samples was tested by analyzing selected body fluids. Tables 4 and
5 give the results obtained for erythrocytes, plasma and urine, respectively,

TABLE 3

Comparison of precision, detection limits and time of analysis for SRM-1566 by epi-
thermal and thermal n.a.a.

Element Epithermal Thermal Certified

x:st DL® x:s pLp  Value

(ugg™)

Ag 0.86 + 0.09 (10.5) 0.024 0.93 + 0.06 (6.5) 0.016 0.89 + 0.09
Br 52.90 + 3.3 (6.2) 1.6 — — (55)
Co 0.42 + 0.07 (16.7) 0.01 0.34+ 0.01(2.9) 0.001 (0.4)
Cr — — 0.75+ 0.10 (13.3) 0.036 0.69 + 0.27
Fe 212.5 + 37.0 (17.4) 6.2 218.9: 9.0 (4.1) 2.8 195.0+ 34
Mo/Te 0.16 + 0.04 (25.0) 0.016 — - (<0.2)
Ni(Co) 0.98 + 0.10 (10.2) 0.01 - — 1.03:0.19
Rb 5.04+0.10(1.9) 0.07 4.27 + 0.19 (4.5) 1.2 4.45 + 0.09
Sc — — 0.015 + 0.002 (13.3) 0.0004 —
Se 2.04 + 0.04 (1.9) 0.04 2.21 + 0.08 (3.6) 0.02 2.10x 0.5
Zn 887.60 = 10.0 (1.1) 0.56 884.6+17.0(1.9) 0.18 852.0+ 14.0
Irradiation time 48 h 60 h
Cooling time 15—21d 50—70 d
Counting time 7200 s 7200 s

2Values are arithmetic means (ug g, dry weight) with standard deviation and relative
standard deviation (%) in parentheses, from 10 parallel determinations. PIn ug g* (dry
weight). .
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Fig. 2. y-Spectrum of NBS SRM-1566 (oyster tissue) measured after irradiation (for 48 h)
with epithermal neutrons and total reactor spectrum of neutrons. Upper spectrum: with-
out boron carbide filter (decay time 50 d, counting time 7200 s). Lower spectrum: with
boron carbide filter (decay time 15 d, counting time 7200 s).

compared with those obtained in a separate analysis by the thermal neutron
activation procedure. The decay period used in the thermal neutron pro-
cedure is more than the maximum normally used in this laboratory for in-
strumental n.a.a. For epithermal n.a.a., the irradiation time of 24 h and the
cooling period of 21—30 days were chosen on the basis of the results obtained
from the analysis of the reference materials described above. In erythrocytes
(Table 4), the precision for Br, Fe, Rb, Se and Zn by the epithermal pro-
cedure falls within the range generally accepted for instrumental n.a.a.
(~5%) [1]. Comparison with the results obtained by the thermal procedure
shows that Co and Cs are definitely below the detection limits for the epi-
thermal technique under these conditions. A longer irradiation time might
increase the sensitivity for these two elements, because their RI/o, ratios are
reasonably high. The results obtained for plasma (Table 4) show the same
detection capability for the epithermal technique with precision similar to
that for erythrocytes. As in erythrocytes, Co and Cs are below the detection
limits of the epithermal procedure. The situation is similar in the results
obtained for urine (Table 5) by the epithermal procedure, although here
higher levels of cesium are apparent in all samples except one. The waiting
time used in the thermal procedure is too long and leads to poor precision
because of low count rates, particularly for selenium determinations. All the
values obtained in these analyses were compared with those reported in the
literature [18] and found to be within the accepted ranges.



92

"8 31 up, “ee'u [RWIBY}

10J g = u pue ‘e'e'u [euwIey3lds 10] ¢ = u ‘(9 ‘UOIIBIASP PIBPUE]S SAIJER[1 PUE) UOIJRIASP piepue)s Yjim uaAld axe (,.3 ) senjea uespy,
's 00Z L @wr) Surpunood ‘syjuow ; surly Aed3P ‘p g dwiLy uonjBIpel 4 'S 007G L W) Burjunod ‘p 1g swi} Aedap ‘Y $Z SWI] UOIJRIPRLI],

€00 (31)80+T1°L (1) 607 L9 0 (s1)g1+¢8 (6)90+1L uz
200 (ST) ¥1°0 * 88°0 (g1) 1T'0 7280 010 (8T)GT'0 ¥6L0 (01)0T°0 7980 °g
aN €0 (F1) 80712 (9)T0703 9y
18 ) T'TFQ1T (9)60+2T1 g1 (9)LoFg1l (g) 90 #6801 g
€00'0  (81) 3000 7 ST00 (21) 200°0 ¥910°0 aN s
0000 (02) 2000 * 100 (¥1) 100°0 ¥ 600°0 aN o)
pwsold pooyg
S0°0 (9)z 363 aN 90 (9°0)2°0 608 (2)8'0+83g uz
300°0 (¥1)90°0 *3%°0 (LT) LO'O #6870 01’0 (2) 1000 #¥%°0 (8)80°0 9¢0 °g
aN 70 (g)g'0790T1 (gdgo+66 ay
01 (9) 6L1 #2163 (%) 10T * 2683 91 (9) Lv 7 L1€%T (g) g01 + 8083 2q
¥00°0 (8) 200°0 * €300 (8) 200°0 ¥ 320°0 an D
$000°0  (¥3) 3000 * 9000 (g€) 100°0 7 £00°0 aN 0D
aN 01 () g'g (9) 30799 g
sa3K004y3 a5y

p1d WS EX SFX pld 28FX WSFX

Z 109lqng 1 393lqng g 19lqng 1 309lqng
qleway g, elewloyndy Juswaly

‘v'e U [ewEay) pue [eurdyjide [ejUAWINISUI AQ POO[] UBWINY I0] PAUIR)qO SHNSAY

¥ 3149V



93

TABLE 5

Results obtained for human urine collected from 5 adults on one day, by epithermal® and
thermal® n.a.a.¢

Element 1 2 3 4 5 DL
Cod
(0.009 % 0.001) (0.02 £ 0,002) (0.02 % 0.001) (0.012 + 0.001) (0.004 + 0.001) (0.0007)
Cs 0.23 + 0.001 0.25 £ 0.002) 0.27 £ 0.006 ND 0.31 + 0.005 0.02
(0.21 £ 0.007) (0.27 £ 0.01) (0.28 £ 0.01) (0.08 £ 0.003) (0.26 £ 0.01) (0.002)
Fe ND 20.6+1.2 25.1 +1.8 6.3+0.3 ND 5.5
ND (23.3+x1.4) (24.6 £ 1.4) (4.4 £ 0.8) ND (6.4)
Rb® 34.4 0.8 31.4 + 0.7 54.0 + 1.2 15.9 £ 0.7 49.7 £ 1.0 1.0
Se 0.24 + 0.003 0.50 + 0.07 0.46 £ 0.01 0.11 * 0.01 0.28 + 0.02 0.7
0.23 £ 0.009) (0.42 + 0.02) (0.44 + 0.02) (0.13 £ 0.009) (0.29 £ 0.001) (0.05)
Zn 10.6 £ 0.2 8.3+0.6 7.8+0.3 9.9 + 0.4 6.1 0.8 2.0
9.9 +0.1) (7.7 £0.1) (8.2 £ 0.1) (7.7 £ 0.1) (6.1 £ 0.7) (0.04)

alrradiation time 24 h, decay time 30 d, counting time 7200 s. PIrradiation time 5 d,
decay time 7 months, counting time 7200 s. °The results (all in ug g') by the thermal
neutron method are given in parentheses. Standard deviations relate to counting statistics.
dNot determined by the epithermal method. ®Not determined by the thermal method.

In epithermal n.a.a., nuclear interferences arising especially from threshold
(n, p) reactions are a significant source of errors. This is simply because the
intensities of these reactions become comparable to those induced by the
(n, 7) thermal neutron reactions, when the thermal neutron energy spec-
trum is removed. Davies et al. [14] discussed this problem and estimated the
severity of the interferences after both short and long irradiations, when the
concentration of the interfering element was 10 mg kg™. In general, inter-
fering nuclear reactions are more serious for short-lived analysis where
threshold nuclear reactions are more prevalent. During lengthy irradiations,
however, cobalt may interfere with the determination of iron through the
$%Co(n, p) *°Fe reaction, but for the biological materials analyzed in this
work this interference can be considered negligible because the cobalt con-
centration is very much lower than that of iron.

Conclusions

Epithermal neutron activation yields comparable quality in the results of
the instrumental determination of selenium, rubidium and zinc in these bio-
logical samples at upper and lower ug g levels. The total analysis time reg-
uired is approximately three weeks to achieve results with acceptable preci-
sion and accuracy. Much lower detection limits for most elements, however,
are usually provided by thermal neutron activation analysis, as is evident
from the above results. This finding is consistent with the fact that the
epithermal neutron flux is usually one or two orders of magnitude lower
than the thermal neutron flux in many irradiation facilities. Accordingly, un-
less the relative change in the activation cross-section of an isotope when
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epithermal neutrons are used (i.e., RI/oo: ®,/®.pi) compensates this reduc-
tion in neutron flux significantly, the sensitivity of epithermal neutron acti-
vation is likely to be lower than that of the thermal neutron activation
method.

The authors thank Dr. W. Frenzel for his comments during the prepara-
tion of this paper. F. Chisela is grateful to DAAD for financial support pro-
vided through a Fellowship.
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SUMMARY

Chemiluminescence measurement by a laboratory-built computer system equipped
with an automated injection device is applied to a cholesterol enzymatic assay. The
hydrogen peroxide produced by cholesterol esterase and oxidase is mixed rapidly with
horseradish peroxidase-luminol solution (pH 10.5) and the light emission data are proces-
sed by a Fourier-transform digital filter to produce peak-height measurements. A blood
serum volume of 0.2 ul and an observation time of 0.5 s are required.

Assays of cholesterol in blood serum, which may be present in micellar
association with phospholipids, proteins and triglycerides, play a significant
role in the diagnosis of a number of diseases. Several non-enzymatic methods
have been used widely for routine tests [1, 2], but most current assays uti-
lize enzyme-catalyzed reactions [3—5]. The assays for total cholesterol are
based on the reactions:

cholesterol
esterase

cholesterol ester + H,0 cholesterol + fatty acid

cholesterol
oxidase

cholesterol + O,

cholest-4-en-3-one + H,0,

The hydrogen peroxide produced can be quantified spectrophotometrically
[5, 6], fluorimetrically [7, 8], amperometrically [3, 4] or by chemilumines-
cence [2, 9—12].

Chemiluminescence assays have been extensively investigated because of
their promising properties such as high sensitivity, extended dynamic range
and inexpensive instrumentation [13—15]. Recently, a computer system for
such measurements, equipped with an automated rapid injection device, was
developed in this laboratory [16]. With this system, luminol participating in

aPresent address: National Institute of Hygienic Sciences, 1-18-1 Kamiyoga, Setagaya-ku,
Tokyo 158 (Japan)

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V,
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a slow chemiluminescence reaction continuing for more than 40 s was
determined in just 0.5 s by Fourier-transform peak-height measurements
[17]. Taniguchi et al. [18] indicated that the reproducibility was improved
by an appropriate choice of mixing modes. Such simple peak-height measure-
ments, providing satisfactory rapidity and precision, would be useful in
routine clinical analysis. This paper describes the application of the tech-
nique to the determination of cholesterol.

EXPERIMENTAL

Reagents

The reagents used were luminol and hemin (Tokyo Kasei), microperoxi-
dase (M-6756; Sigma), 30% hydrogen peroxide solution (Santoku), horse-
radish peroxidase (HRP, E.C. 1.11.1.7; Toyobo), cholesterol standard solu-
tion (Precimat Cholesterol; Boehringer), cholesterol kit (Monotest Choles-
terol; Boehringer), firefly luciferin (Sigma), cholesterol oxidase from
Streptomyces (E.C. 1.1.3.6; Toyobo), cholesterol esterase from Pseudomonas
(E.C. 38.1.1.13; Toyobo), standard human serum (Q-PAK-I, Q-PAK-IL;
Hyland), tetra(4-carboxyphenyl)porphine (TCPP; Tokyo Kasei) and tetra-
phenylporphine tetrasulfonate (TPPS; Tokyo Kasei). Tetra(4-N-methyl-
pyridyl)porphine iron(II1) (TMPyP—Fe) was a gift from Prof. M. Sato and
Dr. A. Tohara (Teikyo University). All other reagents (analytical grade)
were used as received.

Stock solutions of luminol, hemin and microperoxidase were prepared as
described by Hayashi et al. [16, 17]. Stock solutions of HRP (200 zM) and
luciferin (2 mM) were made in 10 mM phosphate buffer, pH 7.4, and stored
at 4°C. Other enzyme solutions were prepared by dissolving 2 mg of choles-
terol oxidase (17.5 U mg™) in 10 ml of 5 mM phosphate buffer in 0.1 M
NaCl (PBS) at pH 7.0, and 2 mg of cholesterol esterase (100 U mg™) in
10 ml of 5 mM PBS at pH 7.0.

Methods

The computer system used was described previously in detail {17]. The
pneumatically-driven automated injection device rapidly adds the reagents to
the analyte solution in a cuvette. The light emitted is recorded by a transient
memory with 12-bit resolution and 2-us conversion time (TMR-120, Kawasaki
Electronica), to which a personal computer (Sharp MZ-2000) is interfaced
by a GP—IB unit. A mixing mode was chosen because of the superior repro-
ducibility of the chemiluminescence measurements in this system. A round-
bottomed glass test tube (8 mm i.d., 5 mm high) was used for the measure-
ment; 300 ul of sample was placed in the test tube and 60 ul of the reagent
(see below) injected [18]. The temperature was maintained at 23— 25°C. The
corrected data (total intensity minus blank for each of the 2048 sampling
points) were manipulated by the Fourier-transform digital filter for smooth-
ing the noisy data and for peak-height measurements.
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The pH dependence of the luminol chemiluminescence was examined by
rapidly injecting 60 ul of 0.9 uM hydrogen peroxide in degassed double-
distilled water into 300 ul (sample solution) of 300 M luminol and 2 yM
catalyst (HRP, microperoxidase or water-soluble porphyrins) in 0.1M car-
bonate buffer, pH 8.8—12.8. For the study of luciferin dependence, the
reagent compositions were the same as those for the pH dependence except
that 13 uM luciferin was included in the sample solution. The light emission
was monitored by the computer-controlled system. The HRP dependence
was studied by injecting the solution as above into a sample solution of
100 uM luminol and 0.1—5 uM HRP in 0.1 M carbonate buffer, pH 10.5.
The luminol dependence was also studied in this way; the sample solution
was 5 uM HRP and 1—300 uM luminol in 0.1 M carbonate buffer, pH 10.5.

For the study of hydrogen peroxide dependence, the injection solution
was 600 uM luminol and 30 uM HRP in 0.2 M carbonate buffer, pH 10.8;
the sample solution was 2—810 nM hydrogen peroxide in 5 mM PBS, pH 7.0.
The dependence on cholesterol oxidase was investigated by adding 200 ul of
cholesterol standard solution, 1000-fold diluted with 5 mM PBS at pH 7.0,
to 100 ul of 11.7—350 U I'! cholesterol oxidase solution in the buffer, and
incubating for various times at 37°C. The measurement was made by injec-
tion of 60 ul of a peroxidase mixture consisting of 600 yuM luminol and
30 uM HRP in 0.2 M carbonate buffer, pH 10.8 (see Fig. 2). Dependence
on cholesterol esterase concentration was studied similarly by adding the
standard human serum (200 u1), 1000-fold diluted with 5 mM PBS at pH 7.0,
to a solution (100 ul) of cholesterol esterase (100—3000 U 1I!) containing
117 U I* cholesterol oxidase, 9 mM sodium cholate and 0.51 mM Carbowax-
6000 {19] and incubating at 37°C for various times for both hydrolysis and
oxidation; the mixture was then injected.

For the determination of free cholesterol, a portion of cholesterol stan-
dard solution, diluted with 5 mM PBS at pH 7.0 (200 ul), was added to a
cholesterol oxidase solution (117 U 1), incubated for 5 min at 37°C and
measured by the injection of the chemiluminescent mixture.

RESULTS AND DISCUSSION

Figure 1 compares the luminol chemiluminescence when catalyzed by
HRP (pH 10.5) and microperoxidase (pH 12.3). The latter has been reported
by Schroeder and Yeager [20] to be superior for analytical purposes. Light
production by HRP is much faster than by microperoxidase, the latter reach-
ing a maximum ca. 4 s after hydrogen peroxide injection and decaying to the
background level in 80 s. Microperoxidase has been shown to be an excellent
catalyst for a flow system [12], but was not suitable for the rapid peak-
height determination by the Fourier-transform digital filter, which requires a
sharp peak [{17]. Thus, HRP was used as a catalyst in all subsequent experi-
ments.

The pH dependence of the emission rate and the peak height was examined
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Fig. 1. Printer output data of chemiluminescence production catalyzed by HRP (fast
reaction, pH 10.5) and microperoxidase (slow reaction, pH 12.3).

Fig. 2. Effect of cholesterol oxidase concentration: (e) 350; (o) 117; (a) 35; (&)
11.7 U017,

in the range 8.8—12.3. The rate referred to is the first-order decay portion
following the peak [16, 17]. The rate in the presence of HRP was at least
100-fold greater than with microperoxidase, but the peak of the latter was at
most only 50 times higher. The peak height of HRP-catalyzed chemilumines-
cence increased with increasing pH until it levelled off above pH 10.5. The
effects of HRP and luminol concentrations were studied at pH 10.5; the
peak height was approximately proportional to the HRP concentration over
the range 107—10"° M and increased with increasing luminol concentration
(10°-10" M). Because the more concentrated HRP solutions are viscous
and therefore mixing with the hydrogen peroxide solution would be ham-
pered, the reagent mixture finally adopted was 5 uM HRP and 100 uM
luminol at pH 10.5. This allowed hydrogen peroxide to be determined in
just 0.5 s by use of the digital filter.

The log—log calibration graph for hydrogen peroxide was linear over the
range 0.8—100 pmol per tube with a slope of 1.30. The lowest determinable
amount is comparable to that given by the method of Olsson [12]. This
limit is defined here as the minimum analyte concentration at which the
log—log calibration line remains linear. In the more concentrated hydrogen
peroxide region where the cholesterol in serum was to be determined (see
below), the relative standard deviation (RSD) of the peak-height data was
satisfactory (<3%), but at the detection limit, the RSD was ca. 8%. The
normal range of total cholesterol in sera from adults is 100—400 mg dl?
[2], thus the results indicate that the present method can be applied to
0.2 ul of serum.

Hara et al. [21, 22] showed that some water-soluble synthetic porphyrins
such as TCPP—Fe and TCPP--Pd could catalyze luminol chemiluminescence
effectively, and applied them in a flow-cell system. The chemiluminescent
activity was examined, therefore, for the similar catalysts, TCPP-Fe,



99

TPPS—Fe and TMPyP—Fe, synthesized by the methods of Harris and Toppen
[23] and Adler et al. [24]. The total light emissions and the peak heights
were comparable to the results obtained with microperoxidase except that
TPPS—Fe showed very little emission. However, the emissions were too slow
to be useful: for HRP, the emission rate constant was 0.88 s (pH 12.3); for
microperoxidase, 0.027 s™'; for TCPP—Fe, 0.024 s; for TMPyP—Fe,
0.034 s!; and for TPPS—Fe, 0.0027 s™. The enhancement of chemilumines-
cence by luciferin reported by Whitehead et al. [25] was also studied, but it
had only a small effect on the emission when the catalysts described above
were used: for HRP, the rate constant was slightly changed to 1.27 s
(pH 12.3); for microperoxidase, 0.037 s; for TCPP—Fe, 0.020 s™; for
TMPyP—Fe, 0.031 s*; and for TPPS—Fe, 0.0019 s,

Sera were diluted 1000-fold for easy manipulation. The appropriate con-
ditions for the enzyme reactions were studied. The optimal pH for choles-
terol oxidase is 6.5—7.0 and for cholesterol esterase is 7.0—9.0, therefore,
pH 7.0 was adopted for the enzyme reaction sequence. Figure 2 shows that
the rate increases with the concentration of cholesterol oxidase and that the
reaction is almost complete in 4 min at 117 U 1. The log—log calibration
graph for free cholesterol was linear over the range 0.01—3 nmol per tube
(slope = 1.25) when 117 U 17 cholesterol oxidase was used with a 5-min
incubation time. The optimal concentration of cholesterol esterase was found
in the same way to be 3000 U 1? and the incubation time 15 min. However,
a single incubation period was adopted for both hydrolysis and oxidation.
Triton X-100 [26] had no effect on the reaction rate, but 9 mM sodium
cholate enhanced the rate effectively. The enzyme mixture chosen consisted
of 117 U 1? cholesterol oxidase, 3000 U I? cholesterol esterase, 9 mM sod-
ium cholate and 0.51 mM Carbowax-6000 in 56 mM PBS, pH 7.0; the incu-
bation time was 15 min at 37°C.

A correlation study was made with a commercially available kit, Monotest
Cholesterol (enzymatic and spectrophotometric), for 20 serum samples rang-
ing from 100 to 350 mg dI? total cholesterol; the correlation coefficient
was 0.932 (slope = 0.83). Within-run and between-run reproducibilities were
satisfactory, the RSD being 2.41 and 2.24%, respectively. Seitz [27] stated
that uric acid may consume hydrogen peroxide and that it may be necessary
to separate uric acid by precipitation with zinc hydroxide/barium sulfate
before the chemiluminescent reaction. Bostick and Hercules [28] and
Malavolti et al. [2] have discussed this subject. The need for elimination of
uric acid must be considered, but the present serum dilution method did not
seem to be greatly affected by the presence of uric acid in serum. The com-
mercial kit needs 20 ul of blood serum, whereas the present method requires
only 0.2 ul. The results suggest that 1 ul of serum can suffice for several
assays based on hydrogen peroxide-producing enzymes for substrates such as
glucose [28], creatine [29] and uric acid [30]. The present method should
be especially effective for clinical tests on newborn children.
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SUMMARY

Fluorescence-quenching studies involving native protein fluorescence are used to moni-
tor the rates of binding and removal of Hg(II), Cu(II), Ag(I), methylmercury(I), and p-
chloro-mercuribenzoate in various protein systems (ovalbumin, bovine serum albumin,
myoglobin, lysozyme, and insulin). In some cases, the fluorescence quenching as a function
of time can be used to evaluate the rate constants for the binding of a particular metal ion
to a protein. In many cases, multiple binding sites with different rate constants can be dif-
ferentiated. The restoration of fluorescence vs. time on addition of various chelating
agents (BAL, EDTA, cysteine and penicillamine) to the metal/protein system can be used
to monitor metal ion removal. Multiple binding sites also can be differentiated kinetically
in the removal experiments. In some cases, the appearance of multiple steps in the bind-
ing or removal or a metal or ion could be explained by small conformational changes. The
rates of removal can help in estimating the effectiveness of various reagents as models for
drugs in the treatment of heavy-metal poisoning.

Although the symptoms and physiological effects of many forms of acute
metal poisoning are known [1, 2], much remains to be learned about the
biochemical mechanisms. One significant mechanism may be the binding and
consequent inactivation of enzyme sulfhydryl groups [3]. In general, it has
been proposed [4] that metals can affect body functions through the inhi-
bition of critical enzymes, the disruption of protein synthesis by binding
with RNA, and the disruption of other syntheses by metal ion antagonism.
Treatments for heavy-metal poisoning are not adequate because they are not
specific and are sufficiently dangerous that they are used only in acute cases.
The commonest drugs now in use are disodium calcium (ethylenedinitrilo)-
tetraacetate (CaEDTA) and 2,3-dimercapto-1-propanol (BAL) [5]. The first,
CaEDTA, is very inselective and chelates most di- and tri-valent metals.
Important trace metals are removed along with the poisonous metal which
could disrupt other processes if the treatments were not halted periodically.
The other, BAL, itself causes very serious side-effects and the mercury/BAL
complex is even more toxic than mercury alone.

There is a great need for drugs which are more selective, free from harmful
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side-effects, and applicable to use in treatment of chronic heavy-metal
poisoning. Current methods of testing potential drugs involve in vivo experi-
ments. While these tests are useful in clinical evaluations, they provide
little information on the mechanism of removal and have produced conflict-
ing results such as the reports [6, 7] regarding the effectiveness of CaEDTA
in removing mercury. Well-controlled in vitro experiments could be the
answer to rapid evaluation of the effectiveness of chelating agents and resolu-
tion of the removal mechanism. By studying rates of removal from metal/
protein complexes, it may be possible to determine the best attacking groups
and the proper stereochemical relationships in the chelating agent.

An early study [8] showed that halide-ion nuclear magnetic resonance
spectroscopy (n.m.r.) can be useful in evaluating the binding and removal of
metal ions from proteins. A more recent study [9] has shown that a com-
bination of halide-ion n.m.r. and fluorescence spectrometry provides even
more detail about the metal/protein complex. Early attempts [10] to study
the removal of metal ions from proteins by chelating agents utilizing halide-
ion n.m.r. proved difficult and required the use of stopped-flow techniques.
In many cases, the rates for the removal of metal ions from proteins by che-
lating agents are too fast to be monitored even with stopped-flow mixing.
The concentrations required in the n.m.r. method generally lead to half-lives
of less than 1 s, the lower limit of measurement by this technique. Because
these are second-order reactions, a technique which allows measurement at
lower concentrations should yield half-lives which can be more easily mea-
sured. It has been shown [9] that fluorescence spectrometry utilizing native
protein fluorescence has a limit of detection for metal/protein complexes of
about 1077 M, a factor of 102 or 10°® lower in concentration than can be
achieved with halide-ion n.m.r. Therefore, fluorescence spectrometry could
be a useful technique for measuring the rates of removal of metal ions from
proteins by various chelating agents. Such a method could be used to evaluate
the structural effects of various chelating agents and aid in the design of
more efficient and selective drugs as well as provide a means of in vitro
screening of these new drugs.

EXPERIMENTAL

Materials and apparatus

Bovine serum albumin (BSA), fraction V, was obtained from General
Biochemical. Ovalbumin (Grade V), lysozyme (Grade I), insulin, and myo-
globin (type I) were all obtained from Sigma Chemical Co. Protein concen-
trations were quantified spectrophotometrically and all solutions were
buffered (0.01 M) to maintain constant pH. Metal ion solutions were pre-
pared from reagent-grade nitrate or chloride salts. Sodium p-chloromercuri-
benzoate (PMB) was obtained from Aldrich. The chelating agents were
obtained from the following sources: EDTA (Baker), BAL (Aldrich), L-
cysteine (Nutritional Biochemical Corp.) and D,L-pencillamine (Aldrich).

Relative fluorescence intensities and spectra were measured with either an
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Aminco-Bowman spectrofluorimeter equipped with a ratio photometer
attachment or a Baird Atomic SF-5 spectrofluorimeter. The excitation wave-
length was 280 nm and the emission was monitored at 355 nm. The excita-
tion and emission slit widths were 1 mm and 2 mm, respectively. A Corning
Model 7 pH meter equipped with either a Fisher combination electrode or
combination microelectrode was used for pH measurements.

Procedures

Fluorescence was measured for 5 uM protein solutions. The amount of
quenching was measured by adding varying amounts of metal ion with a
Gilmont microburet such that the volume increase was small. Kinetic mea-
surements were made by adding chelating agents to the metal/protein solu-
tion with a Gilmont microburet so that the total volume increase was less
than 5%. The solutions were thoroughly mixed, placed in a cuvette, and the
fluorescence intensities vs. time were recorded. It is assumed that the metal
ion, when complexed with a ligand, causes no quenching of the native protein
fluorescence.

RESULTS AND DISCUSSION

The binding and removal of metal ions from metal/protein complexes can
be quantified by observing the decrease or increase, respectively, in the rela-
tive fluorescence. In all cases, when the rate can be measured, a second-order
rate for removal is defined [11] by

[1/(a —b)] In [b(a — x)/a(b —x)] = kat (1)

where a is the initial concentration of chelating agent, b is the initial con-
centration of metal/protein complex, and x is the concentration of uncom-
plexed protein. A similar equation can be written for the binding reaction. If
a ratio of metal-to-protein greater than 1:1 is used, then the relative amount
of quenching caused by each equivalent of metal ion must be evaluated.

The concentration of the uncomplexed protein is proportional to the in-
crease in the relative fluorescence and can be calculated as:

[P]y = (RF) X [P]/(RF)s0r (2)

where (RF),,, is the total decrease in the relative fluorescence after addition
of metal ion; (RF) is the increase in relative fluorescence after addition of
chelating agent; [P], is the initial concentration of metal/protein complex;
and [P], is the concentration of protein from which metal ions have been
removed. In the case for which the initial concentrations of both metal/
protein complex and chelating agent are equal, the second-order rate equation
simplifies to

(1/[P]c) — (1/[P]y) = kst (3)
or

(1/F) — (1/F°) = kst (4)



104

where F° is the initial value of the fluorescence and F the relative fluores-
cence after addition of the chelating agent. The rate of binding of metals to
proteins can be evaluated by using Eqn. 4 where the decrease in relative
fluorescence is proportional to the formation of the metal/protein complex.

Figure 1 shows the experimental results of relative fluorescence vs. time
for the reaction of ovalbumin with mercury(Il), (PMB), and methylmercury.
The binding reactions follow the expected second-order kinetics described
by Egn. 1. Kinetic results for the binding of two equivalents of mercury(1I)
are summarized in Table 1. The slow rate of binding correlates with the
results obtained in the **Cl-n.m.r. line-broadening experiments [9]. The
absence of broadening indicates that the potential binding sites are relatively
inaccessible. The 2:1 ratio of metal to protein was chosen because ovalbumin
has at least two free sulfhydryl groups and exhibits significant quenching.
The mole—ratio studies [9] for mercury(Il), PMB, and methylmercury
indicate that each equivalent contributes approximately 50% to the total
quenching.

The present study indicates that the binding of Hg(II) to ovalbumin in-
volves three steps. The first step results in a 50% decrease of the total fluor-
escence quenching upon the addition of Hg(1I). The initial rapid reaction
probably corresponds to the binding of Hg(II) to a free sulfhydryl group in
ovalbumin. The subsequent steps, each accounting for 25% of the total
quenching, could be due to the binding of a second equivalent to another
sulthydryl group but would not explain why the third step is faster than the
second. The last two steps could be interpreted as a process in which a P—S—
Hg(II) group comes in closer proximity with one or more tryptophan resi-
dues, or the binding of P—S—Hg(II) to the nitrogen of the indole ring of
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Fig. 1. Kinetic plots for reaction of ovalbumin with: (v) Hg(II); (v) methylmercury;
(¢) PMB. a is the initial concentration of ovalbumin and x the concentration at time t.
Protein concentration, 5 uM.

Fig. 2. Kinetic plots for reaction of BAL with: (v) 2:1 Hg(II)/ovalbumin; (v) 2:1 methyl-
mercury/ovalbumin; (¢) 2:1 PMB/ovalbumin. a is the initial concentration of the 2:1 oval-
bumin complex, b the initial concentration of BAL, and x the concentration at time ¢.
Protein concentration, 5 uM.
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TABLE 1

Rate constants (1 mol® s*) for binding of metal and other ions (M) in ovalbumin and
their removal with ligand L

Ma Bindingb L Removal®
k, k, Ry k, k, Ry

He(I) 603 + 47 195+ 5 378+ 10 BAL 65.3+ 7.5 6.9+ 0.9 1.7+0.3

PMB(I) 86+ 3 195 + 21 BAL 2.77 + 0.33 2.47 + 0.73
Pen® 0.56 + 0.08

MeHg(I) 4100 200 1360+ 120 2350+ 690 BAL 119 « 37 7.3+2.2 3.50+ 0.90
EDTA 144+ 17 6.23+ 0.52
Cysd 119 = 23 16.8 + 4.0
Pen 48.7 + 4.0 22,7+ 3.5

Ag(l) 83000 11100 + 2900 BAL 185 « 28 380 + 40 711 £ 100
Cys 1060 + 100 480 + 110 840 + 110
Pen 570 £ 90

82:1 M/protein ratio in all cases: protein concentration, 5 uM. PErrors are +1 standard
deviation. ®Penicillamine. 4Cysteine.

tryptophan. This would involve a conformational change. If such a process
does occur, the conformational change must be small and must not signifi-
cantly alter the secondary structure because no effect is observed in the
optical rotatory dispersion (ORD) spectrum of ovalbumin on the addition of
up to ten equivalents of mercury. Another possible explanation would be
that the binding of the second equivalent of mercury involves two different
sites on the protein.

A similar phenomenon has been reported by Boyer [12] for the reaction
of PMB with ovalbumin under certain conditions. An increased reaction rate
was observed after one-third of the sulfhydryl groups had reacted. It was sug-
gested that the formation of the first mercaptide initiated a conformational
change which facilitated the reaction of the other sulfhydryl groups [13].

The kinetics of fluorescence quenching by methylmercury are very similar
to that of Hg(Il) and are summarized in Table 1. However, the binding of
PMB occurs in only two steps as shown in the table. Chen [14] obtained dif-
ference spectra with PMB which showed no perturbation of the tryptophan
absorption. Thus the two-step process could be the binding of PMB ions to
two accessible sulfhydry! groups with steric factors prohibiting further inter-
actions with tryptophan.

There are other possible interactions between mercury(1l) ion or methyl-
mercury with thiol groups of proteins which might contribute to a multistep
binding process. Hughes [15] observed the formation of dimers, (PS),—Hg(I1),
when mercaptoalbumin reacted with mercury(II) chloride. Mercury(II) could
react with two sulfhydryl groups on the same protein depending on the spa-
tial arrangement of the thiols. For organomercurials, intramolecular transfer,
transmercaptidation, from one sulfhydryl group to another has been reported
[16,17].

Figure 2 shows the experimental results of relative fluorescence vs. time
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for the reaction of metal/ovalbumin complexes with BAL. The removal reac-
tions also follow the second-order kinetics described by Eqn. 1. The increase
in fluorescence for the 2:1 Hg(II)/ovalbumin complex upon addition of BAL
occurred in three successively slower steps until 100% of the fluorescence
wasrestored. The results are given in Table 1. These results could be explained
by either an initial breaking of a P-—S—Hg(II)—tryptophan bridge and subse-
quent removal of two equivalents of Hg(II) or possibly removal of one equi-
valent of Hg(II) rapidly followed by removal of the second equivalent in two
steps from two different binding sites.

As shown in Table 1, the destruction of the 1:2 ovalbumin/methylmercury
complex by BAL occurs in three distinct steps for the complete restoration
of fluorescence. The addition of large excesses of EDTA, cysteine, or penicil-
lamine produces only a 50% return of the relative fluorescence and occurs in
two steps. This can be interpreted as either the removal of one equivalent of
methylmercury from two different sites or the disruption of the interaction
between the bound metal and nearby tryptophans and the removal of one
equivalent of metal from one site.

The results for the 2:1 PMB/ovalbumin system are also shown in Table 1.
Of the chelating reagents tested, BAL is effective in removing PMB from the
complex, and penicillamine is partly effective. As in the binding of two equi-
valents, a two-step process with differing rates is observed.

Silver(I) also produces significant quenching in ovalbumin and binding of
two equivalents occurs in two steps. The rate constants are given in Table 1.
In the binding process, the addition of the first equivalent accounts for
approximately 60% of the quenching while the second equivalent accounts
for about 40% of the fluorescence decrease. Table 1 also shows the results of
various chelation studies. When a 1:1 ligand/silver ratio is used, BAL and
cysteine are completely effective, EDTA is ineffective, and penicillamine is
about 40% effective. Therefore, penicillamine probably removes the weaker
of the two silver ions held in the complex. The removal by BAL and cysteine
involves three steps; this is identical to the behavior of the mercury(II) com-
plex. When a ten-fold excess of the chelating agents is added, EDTA removes
one equivalent of silver(I) while BAL, cysteine, and penicillamine remove
two equivalents. It is interesting to note that when an excess of chelating
agent is used, the removal of two equivalents occurs in only two steps. The
first step probably involves the removal of the less strongly bound Ag(I) and
reduces the interaction with nearby tryptophan. This would explain the
restoration of 70% of the relative fluorescence. The more strongly bound
silver is removed in a second step that accounts for the restoration of the re-
maining 30% of fluorescence. Rogers [18] suggested that the quenching by
silver was a result of conformational changes. In another study by Chen
[19], ovalbumin showed less quenching upon addition of Ag(I) in 8 M urea
solution than did the native protein. Therefore, conformational changes
which result in the tryptophans being further removed from the binding sites
decrease the fluorescence quenching of the metal.
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In addition to ovalbumin, the kinetics of binding and removal of various
metal ions in several other common proteins were studied. Table 2 sum-
marizes some of these results. The binding of four equivalents of Hg(II) to
lysozyme occurs in two relatively fast steps as does the removal by EDTA
and cysteine while removal by penicillamine occurs in three steps. This
appears to be an unusual case because in all other proteins, pencillamine
behaved like cysteine. It should be noted that the rate of removal in the first
two steps is slower for pencillamine than EDTA. This also is unusual because
in all other examples, pencillamine was always faster than EDTA. This may
be due to a steric effect of the two methyl groups and the fact that forma-
tion of a 2:1 complex is necessary for removal. The rate for the removal of
Hg(1I) by BALis too fast to measure without use of rapid mixing techniques.
The results for the Hg(II)/bovine serum albumin system are very similar to
those of Hg(Il)/lysozyme except that removal by all chelating agents with
measurable rates occurs in three steps. These results confirm the relative
rates measured by 3°Cl-n.m.r. [10] which showed that BAL > cysteine >
pencillamine > EDTA. The observation that the same three steps occur for
the formation of both 2:1 and 1:1 complexes supports the mechanism pro-
posed in this earlier study that the removal occurs after formation of a ter-
nary metal/protein/ligand species with subsequent formation away from the
protein of the 2:1 species for certain ligands.

Titration of a 10 M solution of myoglobin with Hg(II) indicates the for-
mation of a 3:1 or 4:1 complex. Table 3 shows the results of rate constant
determinations at various metal/protein ratios. When the ratio is 3:1 or
greater, three separate rates are observed. The values for each of the indi-
vidual steps remain constant within experimental error for all ratios except

TABLE 2

Rate constants (1 mol™ s™) for binding of metal ions in various proteins and their removal
with ligand L2

Complex Binding L Removal

k, k, k, k, k,

Hg(IT)/lysozymeP 9500 £ 500 1900 : 200 EDTA 1500: 200 330:30 —
Cys 2500 + 500 440+ 20
Pen 1400 £ 200 210 = 40 93 +5
Hg(II)/BSAP 6500 + 700 2700+ 600 EDTA 420:10 170 £ 60 8517
Cys 2800 + 200 1400 + 200 400 + 50
Pen 1000 +100 110+ 10 656+ 4

Cu(II)/BSAP - - EDTA 1600+ 300 210:20 —
Cu(Il)/insulin® — — EDTA 270:30 — —
Cys 250 + 40 — —

BAL 900 £ 50 — -

aIn all cases, the protein concentration was 5 uM. Errors are + standard deviation. P4:1
complex. ¢2:1 complex.
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TABLE 3

Rate constant (1 mol® s™) for myoglobin/mercury complex?

Hg(IT)/myoglobin k, k, ks

ratio
3 1.83 £ 0.41 0.42 + 0.06 0.014 + 0.004
4 2.35+ 0.52 0.36 = 0.05 0.067 + 0.020
5 2.51+0.53 0.45 : 0.06 0.080 + 0.023
6 2.63 £ 0.58 0.46 £ 0.06 0.072 + 0.022
7 2.22+£0.43 0.41 + 0.05 0.089 + 0.024
8 2.43 + 0.47 0.34:0.05 0.059 + 0.020
9 2.18 £ 0.42 0.48 £ 0.06 0.079 = 0.023

15 2.00 £ 0.41 0.33+0.05 0.058 + 0.020

aErrors are +1 standard deviation. Myoglobin concentration was 5 uM in all cases.

3:1. At this ratio, the rate constant for the slowest step is considerably less
than the values found at higher ratios. This could be accounted for by the
binding of four equivalents of mercury(II) per myoglobin with the last two
metal ions being bound at slightly different rates.

In addition to Hg(1I) and Ag(1), copper(1l) is also avery effective quencher
of protein fluorescence. Binding of Cu(II) to BSA as well as removal was too
fast to measure in all cases except EDTA. The removal of the metal ion from
the 1:4 BSA/Cu(Il) complex occurred in two steps with each step accounting
for the restoration of 50% of the quenched fluorescence. Binding of Cu(Il)
to insulin was also too fast to measure. However, removal by EDTA, cysteine,
and BAL occurred in a single step. These results are summarized in Table 2.

In conclusion, fluorescence spectrometry appears to be a useful method for
monitoring the kinetics of the binding and removal of metal ions in protein
systems. In many cases, even when the kinetics of binding are too fast to
measure, the removal of the metal ion by chelating agents can be monitored.
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SUMMARY

A graphite-furnace atomic-absorption spectrometric method is described for the deter-
mination of total tin in geological materials. Samples are decomposed by fusion with
lithium metaborate and the melt is dissolved in diluted (1 + 9) nitric acid. Spectral and
non-spectral interferences are minimized by a combination of platform volatilization,
“normal” heating rate, addition of ammonia as chemical modifier, use of integrated
absorbance values and Zeeman background correction. Results are reported for six
reference materials showing good accuracy and a precision of 12% at the 3 ug g level.
The detection limit for tin in the original materials is 0.7 ug g™*.

Traces of tin are commonly found in many silicate rocks, soils and sedi-
ments, partly as a constituent of the silicate lattice [1—3], and partly in the
form of cassiterite, tin(IV) oxide [1, 2]. Knowledge of the relative distribu-
tion of tin in these two forms is important in studies related to the geo-
chemistry of tin, and in geochemical prospecting [1, 3, 4].

Whereas cassiterite in geological samples can be converted into tin(IV)
iodide and separated by volatilization from the bulk of interfering ele-
ments by heating with ammonium iodide [2, 5—7], total tin can only be
released by fusion with an alkaline flux such as lithium metaborate [8—10].
Methods that have been used for determining tin in geological materials in-
clude spectrophotometry [2], flame atomic absorption spectrometry (a.a.s.)
[4], polarography [11], X-ray fluorescence spectrometry [12] and neutron
activation analysis [13]. Considering tin concentrations of 1—10 ug g7, all
of these methods, with the possible exception of neutron activation, are sub-
ject to considerable error because they are insufficiently sensitive or selec-
tive. However, low levels of tin can be determined by a.a.s., as the hydride
[7—10], through aspiration of an organic tin extract into a flame [5] or by
dispensing the extract into a graphite furnace {14], or by inductively-coupled
plasma atomic emission spectrometry following hydride generation [6].
Most of these methods, including hydride-generation a.a.s. [8, 10], require
a multistage process to complete the analysis with minimal interference
effects. Hence, there is a need for a reasonably simple and rapid method for
determining low levels of tin in geological samples. The difference between

0003-2670/86/%$03.50 © 1986 Elsevier Science Publishers B.V.
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the total tin determined by fusion with lithium metaborate and the cassiterite
tin would give an estimate of the tin held in the lattice of silicates.

This paper describes a method involving fusion of the sample with lithium
metaborate to release the total tin, dissolution of the melt in nitric acid and
subsequent, direct determination of tin by graphite-furnace a.a.s. Optimiza-
tion of the analytical parameters to minimize interference effects are dis-
cussed, and six geological reference materials are used to demonstrate the
accuracy and precision attainable with the method.

EXPERIMENTAL

Instrumentation and reagents

All experiments were done with a Perkin-Elmer Zeeman-3030 atomic ab-
sorption spectrometer, equipped with an HGA-600 graphite furnace, an
AS-60 autosampler and a PR-100 printer. The instrumental parameters are
summarized in Table 1.

A 1000 ug ml? stock solution of tin was prepared by dissolving 0.1000 g
of tin (99.9%; AnalaR, BDH) in 10 ml of concentrated hydrochloric acid and
1 ml of 90% formic acid (gentle heating), followed by dilution to 100 ml with
distilled water. Standard solutions were prepared by dilution with (1 + 9)
nitric acid, and were stored in acid-washed polyethylene bottles. Lithium
metaborate (purum; Merck) was purified before use as described by Suhr and
Ingamelis [15].

The chemical modifier, ammonia solution, was prepared by (1 + 4) dilu-

TABLE 1

Instrumental parameters

Stage Temp. Ramp Hold Gas flow
(°C) (s) (s) (ml min™)

1 160 20 20 300

2 200 10 10 300

3 1000 30 20 300

4 300 1 15 300

5 2500 12 5 0

6 2650 1 3 300

Wavelength (nm) 286.3P

Spectral bandwidth (nm) 0.7

Lamp source (power) EDL (12.56 W)

Sample volume (ul) 20

Modifier volume (ul1) 20

Integration time (s) 4.5—5.0

2Ramp = 0 for experiments with maximum heating rate; absorbance readings are taken at
this stage. PThis line is about 20% more sensitive than the 224.6-nm line in Zeeman a.a.s.
€A Varian power supply was used for the Perkin-Elmer electrodeless discharge lamp (EDL).
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tion of ammonia liquor (p.a., Merck). The diammonium hydrogenphosphate
magnesium nitrate modifier (referred to as the (NH,),HPO, modifier) was
prepared by dissolving 1.0 g of (NH,), HPO, (p.a. Baker) and 0.10 g magne-
sium nitrate (p.a., Merck) in 100 ml of 0.05 M nitric acid. The ascorbic acid/
iron modifier (referred to as the ascorbic acid modifier) was prepared by dis-
solving 5 g of ascorbic acid (p.a., Merck) and 0.02 g of iron(III) nitrate non-
ahydrate (p.a., Merck) in 100 ml of 0.05 M nitric acid. All other chemicals
used were of analytical-reagent grade, and the argon was SR-grade.

Materials

Reference materials MRG-1 (gabbro), SY-2 and SY-3 (syenite), and SO-4
(chernozemic A horizon soil) were obtained from CANMET (Canada Center
for Mineral and Energy Technology) and materials AN-G (anorthosite) and
BE-N (basalt) from CRPG (Centre de Recherches Pétrographiques et Géo-
chimiques, France).

Pyrolytically-coated graphite tubes with pyrolytic graphite platforms were
used in the Perkin-Elmer HGA-600. Preliminary experiments were done with
home-made, tungsten-impregnated [16], standard graphite platforms, which
had performance characteristics similar to those of pyrolytic graphite plat-
forms. Before use, pyrolytically-coated tubes were conditioned by heating
four times to 2650°C with a ramp time of 60 s and a hold time of O s, fol-
lowed by twice heating to 2650°C with a ramp time of 1 s and a hold time of
5s.

Procedure

The sample (0.250 g) was carefully mixed with 0.250 g of lithium meta-
borate in an agate mortar and transferred to a 15-ml platinum crucible. The
mixture was fused in a muffle furnace (type 1300, Thermolyne Corp.) at
950°C for 15 min. After cooling, the bead formed was transferred to a
100-ml! teflon vessel equipped with a magnetic stirring bar, and 30.0 g of
(1 + 9) nitric acid was added. The vessel was heated to 50°C on a hot-plate
(fitted with a magnetic stirrer motor) for 20—30 min to dissolve the bead
completely. The clear solution thus obtained was further diluted three times
with diluted (1 + 19) nitric acid directly in an autosampler vial.

The tin content of the dissolved lithium metaborate blank as well as that
in each of the dissolved reference materials was determined by means of the
standard additions technique. The blank value was subtracted prior to calcu-
lation of the tin concentrations in the solid reference materials. All results
given in Table 2 and in the figures are based on peak-area values and repre-
sent the means of at least three determinations.

RESULTS AND DISCUSSION

Sample decomposition
Fusion with lithium metaborate as a flux has been shown to decompose
geological materials, bringing both lattice-bound and cassiterite tin into solu-
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TABLE 2

Determination of tin in six geological reference materials

Reference Tin concentration (ug g™)

material This work Recommended or
reported values

MRG-1 3.2+ 0.422 3.2Bb, 3.28¢

SY-2 4.6 + 0.87 4Bb, 4.80¢

SY-3 5.5+ 0.99 67P, 5.50¢

50-4 1.1 +£0.28 1.13¢, 34

BE-N 3.0+ 0.34 1.9¢, 2.4

AN-G <0.7 0.26¢, 1.5¢, 8¢

2Five independent dissolutions. The results of the other materials are based on 3—4 dis-
solutions. The precision is expressed as +1 s.d. PSee Abbey [22]; values are classified as
“A”, “B” or “?”, where “A’ means the greatest reliability. “See [23]. 9See [24]. ¢See
[25].

tion [8—10, 14]. Exceptions were found to be materials with a high sulphur
content (>>10%), which did not form a bead but rather a nonhomogeneous
“gel” when fused with this flux. The flux/sample ratio used in the previous
work referred to was 3:1. Because it was found here that lithium metaborate
contributed to the non-specific absorbance signal during atomization, tests
were made in which the fraction of lithium metaborate was decreased; it was
found that ratios of 3:1 and 1:1 gave the same tin signal for the reference
material MRG-1, whilst the non-specific signal was decreased by 40%. A ratio
of 1:1 is thus sufficient for the graphite-furnace a.a.s. determinations.

Spectral interferences

Even though the geological samples were diluted about 360 times, many
sample constituents were still present in sufficient concentrations to cause
high background signals. The nature of the background seems to be com-
plex; even the Zeeman background corrector could not compensate accu-
rately for it. This can be seen in Fig. 1, where ‘‘normal’” and maximum
heating rates during atomization are compared with respect to spectral inter-
ferences. When the maximum heating rate was utilized for tin in SY-2
(Fig. 1b), the resulting background absorbance was as high as 0.84 and partly
overlapped the tin signal, causing the latter to cross the baseline and con-
tinue below it. The resulting tin peak-height or peak-area signal will produce
erroneous results, even if an ‘“‘integration window’’ around the peak is set by
means of the Zeeman 3030 software. However, by applying a lower heating
rate (RAMP = 1), the tin and background peaks could be separated in time
to a greater extent (Fig. 1a). Because the tin signal then returns properly to
the baseline, correct peak-area values can be obtained by selecting an integra-
tion time of 5 s. It should be observed that the lower heating rate did not
result in decreased sensitivity.
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Fig. 1. Specific (AA; —) and non-specific (BG; ' - -} absorbance traces obtained for refer-
ence material SY-2 under different conditions: (a) normal heating rate (RAMP = 1) and
gas stop; (b) maximum heating rate and gas stop; (¢) normal heating rate and a 10 ml min™!
mini-flow during atomization. Scale expansion was done by means of the Z3030 software
(right-hand traces).

The influence of a mini-flow of inert gas (10 ml min™) during atomization
on the specific and non-specific signals is shown in Fig. 1(c). The tin signal de-
creases slightly whereas, unexpectedly, the non-specific signal increases.
Fewer spectral interferences were thus obtained when gas stop was used
during atomization.

Non-spectral interferences

It is well known that the determination of tin in many materials is difficult
because of matrix interferences, especially by chloride and sulphate [17, 18].
In order to decrease these interferences, platform vaporization/atomization
in combination with a chemical modifier was applied to the geological
samples. Vaporization from a platform not only decreased spectral and non-
spectral interferences but also increased the peak-area sensitivity for tin by
40%, which is in line with findings reported elsewhere [18, 19].

Several modifiers have been proposed for tin [18, 20, 21]. Figure 2 shows
the specific and non-specific signals obtained for 1 ng of tin by using the
modifiers ammonia, (NH,),HPO, and ascorbic acid at optimum ashing tem-
peratures. Ammonia has, by means of radioactive measurements, been shown
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Fig. 2. Specific (AA; —) and non-specific (BG; - - -) absorbance traces obtained for 1 ng
of tin with different modifiers: (a) ammonia; (b) (NH,),HPO,; (c) ascorbic acid. Ashing
temperatures were 1000, 1200 and 1300°C, respectively.

Fig. 3. Influence of different concentrations of elements on the integrated signal for 1 ng
of tin: (2) aluminium; (o) silicon; (o) iron. Appropriate amounts of the interfering ele-
ments (e.g., 0, 25, 50, 75 and 100 mg of iron powder) were mixed with lithium meta-
borate and fused as described in the Experimental section. To the dissolved bead, tin was
then added to give a final concentration of 50 ng g-*.

to stabilize tin up to 800°C [18]. From ashing curves examined for all the
modifiers, it was concluded that effective stabilization was also achieved with
the (NH4),HPO, modifier, whereas the tin peak-area signal was about 10%
lower when the ascorbic acid modifier was used. The large non-specific signal
introduced by the (NH,),HPO, modifier (background absorbance = 0.74;
area = (0.68) excluded its application as a modifier for tin. The performance
of the modifiers ammonia and ascorbic acid, when the reference material
MRG-1 was vaporized at optimized conditions, was investigated. The tin
peak-area values obtained were very similar for the two modifiers, but the
ascorbic acid modifier suffered from the serious disadvantage that a large
carbon residue accumulated on the platform causing irreproducible results.
Hence, ammonia was found to be the most suitable modifier for dissolved
geological samples; it not only stabilizes tin, but also removes chloride as
ammonium chloride during ashing, and leaves no residue on the platform.
Figure 3 shows interference effects on tin from three main constituents of
geological materials, silicon, iron and aluminium. These interferences are
probably the reason why the slopes of the standard addition curves, based on
peak areas, differ for each of the six reference materials. As a consequence of
the different slopes, quantitation against aqueous tin standards was impos-
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Fig. 4. Specific (AA; —) and non-specific (BG; - - -) absorbance traces obtained for refer-
ence material SY-2 with 0.2 ng of tin added. Comparison with Fig. 1(a) shows that the
addition contributes mainly to the second peak.

Fig. 5. Specific (AA; —) and non-specific (BG; ‘- ) absorbance traces obtained for a
lithium metaborate blank (B; area = 0.005 A s) and the reference material SO-4 (S; area =
0.020 As).

sible. When the standard addition technique was used, it was observed that
the signal traces obtained for the additions often consisted of two peaks
(Fig. 4). Evaluation by means of peak-height values would thus give erroneous
tin concentrations, and therefore all analytical results reported are based on
peak-area values.

Application to geological samples

The values obtained for tin in some reference materials (five rocks and one
soil) are compared with recommended orreported values in Table 2. Although
the testing is by no means exhaustive, the data show that the method is cap-
able of yielding accurate results. That the determination of tin is troublesome
is reflected in the individual results obtained by different laboratories and
techniques for the reference material SY-2, on which the derivation of the
recommended value was based [22]; the data reported were 2.5, <10, 2, 5.5,
4.1, <4, <1, 8, 10, 5.7, 3.1 4 and 4.4 ug g! tin [22]. For the proposed
method, the relative standard deviation at the 3 ug g level was about 12%
(Table 2), which can be regarded as acceptable, considering the low concen-
tration and the interferences discussed above. ;

The detection limit, defined as the concentration in the diluted sample
that corresponds to an integrated absorbance value twice that obtained for
the lithium metaborate blank, is estimated to be 0.7 ug g™ tin in a geological
material. To demonstrate the overall performance of the method close to the
detection limit, Fig. 5 shows signal traces for a blank and the reference ma-
terial SO-4, which has been found to have a tin concentration close to 0.7 ug
gl

The fairly rapid method described here for the determination of tin in
geological materials should also be applicable to materials of diverse chemical
composition such as sediments.

The authors are indebted to Dr. Bernhard Welz, Pegkin-Elmer, FRG, for
providing the Zeeman 3030 spectrometer, to Mr. Hans Ostling, Perkin Elmer,
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technical assistance and Mr. Douglas Baxter for revising the manuscript. This
work was supported by the Swedish Natural Science Research Council.
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DETERMINATION OF SILICONE IN FATS AND OILS BY
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SUMMARY

A graphite-furnace atomic absorption spectrometric method is reported for determina-
tion of dimethylpolysiloxane (silicone) in edible fats and oils. It incorporates an air-
oxidation step in the furnace program to reduce matrix interferences. The detection limit
is 0.3 mg kg~! in soils, and short-term precision is about 6% at silicone concentrations of
1.7—2.0 mg kg™'. The procedure was successfully applied to a variety of commercial frying
fats and oils, to quantify silicone loss during polish filtration during oil manufacture, to
quantify sorption of antifoam onto fried food, and to detect fugitive sources of silicone
encountered in deep-fat frying operations.

Dimethylpolysiloxanes, or silicones, have been added to commercial frying
fats and oils since the early 1950’s. These compounds act as antioxidants
[1-3], stabilizers to reduce thermal deterioration of fats [4—8], and anti-
foam agents [1, 9]. Their precise functions depend, among other properties,
on the concentration of silicone in the fat or oil. Typically 0.03—0.05 mg kg™!
is sufficient to reduce oxidative deterioration, presumably by formation of a
protective film at the surface of the oil [9]. At concentrations from 0.5 to
about 30 mg kg™!, silicone prevents foaming and protects against thermal
deterioration. However, the amount of silicone actually permitted in food is
limited by the FDA to 10 mg kg™! [10]. Because of this regulatory constraint
and because of the highly concentration-dependent performance of silicone,
an accurate and precise procedure is needed to quantify these compounds at
trace levels in fats and oils.

Historically, most of the methods used to determine silicone were tedious,
time-consuming, insufficiently sensitive, or too costly for routine application
[11]. Atomic absorption spectrometry (a.a.s.) offered the most promise for
quantifying trace levels of silicone. Paralusz [11], Neal [12], and Neal et al.
[13] determined silicone at concentrations in the 1—10 mg kg™ range in
cottonseed oil, cake mixes, paper products, and polymers after extraction

2Present address: Procter & Gamble Co., Miami Valley Laboratories, P.O. Box 39175,
Cincinnati, OH 45247, U.S.A.

0003-2670/86/%303.50 © 1986 Elsevier Science Publishers B.V.
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with methyl isobutyl ketone or petroleum ether. Nitrous oxide/acetylene
flame a.a.s. was used to detect extracted silicone as silicon. Freeman et
al. [14] applied a.a.s. with direct aspiration of a 50% (v/v) solution of cook-
ing oil in hexane into a nitrous oxide/acetylene flame to determine as little
as 0.3 mg kg™ silicone in oils. However, for oils actually used to fry potato
chips, the limit of determination was 1 mg kg™. The physical properties of
each oil altered aspiration and nebulization characteristics of samples and led
to unpredictable amounts of background noise. A similar approach was used
by Doeden et al. [15] to measure silicone in hydrogenated and nonhydro-
genated fats and oils down to 1 mg kg™. Non-flame a.a.s. was used by Kundu
[16] to quantify silicone which had been extracted from saponified vegetable
oils. This procedure was time-consuming and had a detection limit of only
3 mg kg™.

This paper describes a graphite-furnace a.a.s. procedure to determine sili-
cone in commercial fats and oils which overcomes the limitations of earlier
methods. The procedure is simple, rapid, and allows detection (S/N = 3)
down to 0.3 mg kg™ silicone. In addition, it is demonstrated that ‘‘in-furnace”
air oxidation of the oil improves reproducibility by reduction of matrix
interferences.

EXPERIMENTAL

Apparatus

The instrument used was a Perkin-Elmer (PE) Model 4000 atomic absorp-
tion spectrometer equipped with a PE HGA-500 graphite furnace, AS-40
autosampler, and a Model 056 dual-pen recorder. A PE Intensitron silicon
hollow-cathode lamp was operated at 30 mA. The silicon line at 251.6 nm
was used with a monochromator slit of 0.2 nm (Low Height setting). Absor-
bance signals were measured as peak heights with a 4.0-s sampling period.
Pyrolytic graphite tubes were used in the furnace, and the autosampler was
programmed to deliver 20-ul aliquots. Furnace conditions are summarized in
Table 1.

Millipore 0.5-um Millex (Part No. SLSR025NB) disposable filter units
were used to filter all samples and standards. These filters separate all of the

TABLE 1

Graphite furnace conditions for determination of silicone

Step Temp. (°C) Ramp (s) Hold (s) Gas Flow (ml min™)
1 Dry 110 10 10 Ar 300
2 Oxidize 250 10 15 Air 300
3 Ar purge 250 1 24 Ar 300
4 Char 800 10 15 Ar 300
5 Atomize 2600 0 6 Ar 0
6 Cool 20 2 3 Ar 300
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interfering iso-octane-insoluble forms of silicon (e.g., inorganic silicates) from
the iso-octane-soluble silicone.

Samples and chemicals

Dow Corning 200 dimethylpolysiloxane (500 centistokes; silicone; Dow
Corning Corp., Midland, MI) was used to prepare standard silicone solutions.
The solvents were petroleum ether (30—60°C) and iso-octane (Burdick and
Jackson, Muskegon, MI). Partially hydrogenated soybean oils of various
iodine value (Procter & Gamble Co., Cincinnati, OH) were used in standard
solutions and for recovery studies. Solvents and oils were checked in advance
for silicone contamination.

All other chemicals were reagent grade or better. Specific chemicals used
in the interference studies were: sodium chloride (Diamond Crystal Salt Co.,
St. Clair, MI), Cabosil silicon dioxide (Cabot Corp., Tuscola, IL), soybean
lecithin (Central Soya Co., Decatur, IN), diglycerides (Aldrich), and iron-4-
cyclohexanebutyrate and nickel 4-cyclohexylbutyrate (Spex Industries).

Procedures

Contamination control. Because silicones are so widely encountered within
and outside the laboratory, special procedures are needed to avoid contami-
nation of the instrument, glassware, samples, standards, and reagents. The
largest source of contamination can be from the analyst’s hands (e.g., from
silicone-containing hand lotions and hair-care products). All glassware and
sample cups for the autosampler must be thoroughly rinsed to remove sili-
cone. This is done by carefully washing each item with three portions of
petroleum ether.

Preparation of standards. Calibration standards are made by pipetting 5
and 10 ml of a 5 mg 1™ solution of silicone (Dow Corning 200) in iso-octane
into separate 100-ml volumetric flasks, each containing 5 g of a silicone-free
fat or oil. A blank containing fat without added silicone is also prepared. The
flasks are heated gently on a steam bath to melt the fat (diluted with about
50 ml of iso-octane to effect dissolution), mixed well, cooled to room tem-
perature, and finally diluted to volume with iso-octane. These solutions con-
tain 0, 5 and 10 mg of silicone per kg of fat.

During early work it was observed that the instrumental response to sili-
cone depended on the iodine value of the fat and its concentration in iso-
octane (Fig. 1). To account for this effect, three hardened soybean oils with
iodine values of 90, 100, and 120 were identified as representative of most
of the fats and oils examined and encompassed the usual range of responses.
These fats were individually added to calibration standards at the 5% (w/v)
level in order to match the matrices encountered with unknowns. As shown
in Fig. 1, 5% fat in solution yields a higher response than a 2.5% solution or
any lower fat concentration. A concentration higher than 5% was not used
because of solubility problems.

Unfamiliar samples were initially tested to establish which calibration plot
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Fig. 1. Effects of iodine value (IV) and fat concentration on the response to silicone:
(o) 5% IV-120 oil; (4) 2.5% IV-120 oil; () 2.5% IV-100 oil; (w) iso-octane without oil.

best matched the instrument response for the sample. This was done by pro-
cessing the sample and the sample spiked with 0.25 mg 17 silicone. The dif-
ference between these absorbance readings was compared to the response to
a 0.25 mg 17 standard on each calibration line for the three reference fats.
The sample was matched to the calibration line for which the spike recovery
and the 0.25 mg I standard agreed within 10%. If a sample yielded results
which did not agree with any of the three calibration curves within 10%,
then a similar fat or oil stock containing no silicone was obtained for use in
preparing calibration solution. To date, the three model fats selected have
proved satisfactory for determination of silicone in 28 edible fats and oils
found in food services.

In subsequent determinations, quantification was made using only the
calibration line obtained with the matrix fat which gave best recovery.

Preparation of samples. Samples are prepared by accurately weighing
5.00 g of sample into a pre-rinsed 100-ml volumetric flask. Liquid oils are
weighed directly after thorough mixing. Solid fats are completely melted
on a steam bath, mixed well, and then weighed rapidly. The sample is diluted
in the same manner as the calibration standards.

Standards and samples. All standards and samples are filtered through a
0.5-um Millex filter attached to a pre-rinsed and dried glass syringe. The first
7—8 ml of sample is used to rinse the filter and is discarded. The remaining
solution is filtered directly into a clean autosampler cup.

With the instrumental conditions given in Table 1, standard solutions are
run at the beginning and end of each batch of samples in order to account
for any changes in instrument response. For the most precise work, blank
solvent (iso-octane) is injected between each sample or standard to eliminate
graphite-furnace memory effects [17].
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RESULTS AND DISCUSSION

Optimization of furnace temperatures

The oxidation, char, and atomization temperatures were chosen at 250°C,
800°C, and 2600°C, respectively (Table 1). These were selected to maximize
linearity, sensitivity, and tube lifetime. The use of argon in the third step of
the furnace program removes the air before the temperature is raised to the
higher char-value. Tube lifetime does not appear to be affected by use of air
oxidation.

In initial optimization experiments, the atomization temperature was held
constant at 2750°C and the char temperature was varied from 100 to 1000°C
(Fig. 2A). At 250°C, response to silicone in oils was highest. Furthermore,
addition of air in this temperature region produced a more linear response to
silicone, and less dependence on fat matrix (Fig. 3). The discontinuity ob-
served near 400°C (Fig. 2A) and the two-humped charring curve were repro-
ducible and indicate the possibility of two consecutive and different silicone
or fat matrix oxidation or charring mechanisms. For this reason, an 800°C
char step was inserted after the 250°C oxidation to assure that the matrix
and silicone polymer were completely decomposed. In a second experiment
(Fig. 2B), the oxidation and char temperatures were held constant at their
previously selected values (250°C and 800°C) while the atomization tempera-
ture was varied from 2100 to 2700°C. An atomization temperature of 2600°C
was selected because maximum sensitivity was achieved and higher tempera-
tures shortened tube life.

Quantification by peak height vs. peak area and linearity of response
Responses were measured as peak height rather than peak area. Reports

that peak-area measurements could correct for some matrix-dependent re-

sponses [17] were not substantiated for edible fats and oils. Peak areas were
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Fig. 2. Effects of char (A) and atomization (B) temperature on the response to silicone
(0.5 mg 1'*): (») 5% IV-100 oil; (a) iso-octane without oil.

Fig. 3. Linearity of response versus char temperature in air: (») IV-100 oil; (4) IV-120 oil.
Linearity was measured as the ratio of absorbance for 0.5 mgl™ silicone to the absorbance
for 0.1 mg 1! silicone.
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found to be just as prone to variation with matrix as peak heights.

The air-oxidation step was added to the furnace program because it reduced
the nonlinearity experienced in early determinations of silicone with graphite-
furnace a.a.s. using only argon charring (Fig. 4). This resulted in low recoveries
of silicone as shown in Fig. 5. This problem was especially severe at low sili-
cone concentrations. Between 0.05 and 0.80 mg 1, only 44—88% of the
silicone added to oils was recovered when an argon char was used. Addition
of the air oxidation stage improved the recoveries to 95—98% for 0.15 mg1™
silicone and they were still at 80% for 0.1 mg 17 silicone. This procedure, in-
cluding air oxidation, has linear range up to 1.25 mg 1™ in solution or 25 mg
kg™! in fat samples.

Accuracy, precision and reproducibility

The accuracy of the procedure was evaluated with two sets of recovery
experiments. In the first, known concentrations of silicone were added to a
“silicone-free” fat with an iodine value of 100. This was accomplished in
two ways: (1) silicone was added at concentrations of 0, 3.2, 6.4, and
19.0 mg kg™! to the fat with high shear mixing; (2) silicone (in iso-octane solu-
tion) was added to fat contained in volumetric flasks. The second recovery
study was based on spiking fourteen commercial fats with known amounts
of silicone. For both experiments, recoveries averaged 95.2%, with a relative
standard deviation of 6.1%, supporting the accuracy of the method. Re-
coveries were not influenced by the levels of silicone added in the spiking
experiments.

Short-term relative standard deviations were typically in the range of
5.8—6.4% for silicone concentrations of 1.7—2.0 mg kg™. In order to assess the
continued, long-term performance of the method, a secondary standard, or
working reference material (WRM), was prepared. The WRM was prepared
from a brand-name frying oil which was readily available. Over a six-month
period, this sample was processed repeatedly and found to contain 2.6 *
0.2 mg kg™ silicone. The long-term relative standard deviation was 7.7%.
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Fig. 4. Nonlinear response to silicone with an argon char for a 5% solution of IV-100 oil.

Fig. 5. Comparison of the effect of air char and argon char on linearity of response to sili-
cone from a 5% solution of IV-100 oil: (w) air char; () argon char.
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Interference studies

Previous a.a.s. methods for silicon report chloride as a major interferent
[17]. Therefore, the proposed procedure was checked for possible inter-
ferences from common additives and components of fats. These materials,
the concentrations added, and typical concentrations in frying oils are pre-
sented in Table 2. Results are reported as the percentage recovery of a
known 3 or 5 mg kg! silicone standard in the presence of each interferent.
Only the high level of iron (10 mg kg™! in fat) produced a significant effect.
Silicon dioxide did not interfere with the determination because it is effec-
tively filtered from solution during sample preparation. Lecithin and di-
glycerides might have altered the ability of sample solutions to spread over
the surface of the graphite tubes, resulting in different behavior of silicone
during the flameless sampling, but only minor effects were noted with either
of these materials.

Applications

Analyses of a variety of commercial oils, fats, and shortenings with iodine
values from 48 to 108 showed that the materials contained 0.7—6.6 mg kg™!
silicone; only one of the twelve samples tested contained no silicone.

The method was also used to show that silicone contained in an edible oil
(initially 3.7 mg kg™) is removed relatively rapidly (in less than 1 day)
through sorption onto the cooked food during deep fat frying until it reaches
a steady state of about 1 mg kg™!. It was also shown that new filters used to
remove particulate material from used frying oil can be a source of fugitive
silicone in the cooking operations. Lastly, the final polish, filtration of an
edible-oil process stream was found to remove a significant proportion of
any silicone added prior to the cartridge filter. In some cases, losses as high
as 80% were observed, although they were typically in the 40—50% range.
These applications demonstrate the utility of this graphite-furnace a.a.s.
procedure in the study of the behavior of dimethylpolysiloxane in commer-
cial uses of edible fats and oils.

TABLE 2

Effects of interferences on recovery of silicone

Interferent Typical Concentration Average
concentration in of interferent recovery of
fat or oil (mg kg™!) added (mg kg™!) silicone (%)?

Nickel 0.1—0.2 2.0, 10.0 105

Iron 0.1—-0.3 2.0 105

10.0 126

Silicon dioxide 600—2400 5000 94

Lecithin 30—150 10, 100 98

Diglycerides 1.0—5.0% 0.05—4% 105

Sodium chloride Trace—2% 2% 95

3In all tests, 3 mg kg' silicone in fat or oil was used except for diglycerides where the sili-
cone content was 5 mg kg1,
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SUMMARY

Literature data on the decomposition of sodium tetrahydroborate predict that the
reagent is decomposed within 1 ms of being mixed with an acidic sample. This is confirmed
experimentally. Hydrogen selenide and other hydrides must therefore be formed even
more quickly. The reaction coil often used in continuous flow systems is not necessary
for completion of the reaction, but in its absence low results are obtained because the coil
contributes to the separation of the hydride from the liquid phase. A study of the effects
of Co?*, Ni** and Cu* indicatesthat their interference arises at least partly from enhanced
decomposition of tetrahydroborate, thus allowing less hydride formation,

Hydride-generation atomic absorption spectrometry (a.a.s.) has found
wide application in the determination of elements giving volatile hydrides.
The analyte in the acidic sample is converted to its hydride which is swept to
a heated quartz cuvette and decomposed there. The atoms formed are meas-
ured by a.a.s. The main advantage of the technique, when compared to flame
a.a.s. is that in the latter the dilution factor for the analyte on conversion
from solution to atoms in the gas phase is 105~10°, while in the hydride
technique this factor is only ca. 500 {1]. The sensitivity is therefore im-
proved by about 10°. The technique, including interferences by transition
metals, has been reviewed by Nakahara [2].

Several studies have been made on the mechanism of the reactions in the
heated cuvette [1, 3—7], but the processes in the preceding steps have received
much less attention. For selenium (used as an example in the present paper),
these steps are: (i) the conversion of selenium(IV) to hydrogen selenide,
usually with sodium tetrahydroborate; (ii) the separation of the volatile
hydride from the liquid phase; and (iii) the transport of the hydride to the
heated absorption cuvette.

Separation and transport are achieved with a carrier gas (stripping gas).
The excess of reagent is decomposed (oxidized) by water. In an acidic medium
this process is represented by:

BH; + H* + 3H,0 » H;BO; + 4H,(g) (1)

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Studies [8, 9] on the rate of this reaction and on the catalytic action of tran-
sition metals have been summarized [10, 11]. Until now this work has not
been considered in studies of hydride-generation a.a.s., yet there are many
results that are of relevance to the present study. The rate of reaction 1 bet-
ween pH 3.8 and 14 is given by [9, 11]:

—d [BH3]/dt = k, [H'] [BH3] + k,[BHz] (2)

where k;, = 2.18 X 10" T exp(—4000/T) mol min™* and k, =1.72X 10" T
exp(—10380/T) min™*. At pH < 3.8 the reaction seems too fast to be meas-
ured. The decomposition is catalyzed by Mn?*, Fe?*, Co?*, Ni**, Ru’*,
Rh*, Pd%, Ir* and Pt*, OsO,, colloidal platinum, active carbon and some
metals or alloys [8, 11]. Sometimes metal/boron compounds (Mn, Ni, Co,
Ag, Au and possibly Cu, Bi and Pd) or metals are formed, and these com-
pounds or metals also may catalyze reaction 1. The quantitative information
given on the catalytic effect is not useful for the present work as the condi-
tions (high pH, high metal concentration) are too different from those of in-
terest here. Some of the data may be useful for studies on analytes requiring
high pH values for their conversion to hydrides, however.

In the present work, the rate of reaction 1 and the catalytic effect of some
ions were studied under the conditions usual for hydride-generation a.a.s. of
selenium and several other elements. The a.a.s. measurements were made
only for selenium. As the results suggested that the stripping of the gaseous
hydrogen selenide from the liquid phase was a limiting factor in the overall
process, some work on this point was also done. Some data on hydrogen
selenide of relevance are as follows: solubility in water, 0.096 mol 1"! (15°C),
0.084 mol I'! (25°C), 0.073 mol 1! (35°C); solubility in hydriodic acid solu-
tion (25°C), 0.085 mol I'? (in 0.2 mol I HI) and 0.110 mol I"? (in 2.73 mol
Y HI) [12]; acidity constants, pK,; = 3.6, pK, = 15 [13]. The pH of a sod-
ium tetrahydroborate solution (0.1 mol I'!) is ca. 10.0 [10].

No studies on the rate of hydride formation seem to have been reported
for the conditions usual in the present technique, but it has been suggested
[14] that the peak width of the absorbance signal (about 20 s in the cited
experiments) corresponds to the time required for hydride formation. The
interference of transition metals in the analytical applications of the tech-
nique has been discussed by many authors, and some of them (e.g., refs.
15—17) give suggestions as to the mechanism of such interferences. In none
of these studies, however, was the catalytic effect of the metals on tetra-
hydroborate decomposition considered as a possible cause of interference.

EXPERIMENTAL

The apparatus for hydride-generation a.a.s. was as described previously
{1]. The acidic sample solution (A) and the alkaline sodium tetrahydro-
borate solution (B) were transported (4 ml min™? each) by a peristaitic pump
to intersecting channels at right angles (reaction cross C, Fig. 1). The channels
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Fig. 1. Apparatus used for generation, separation and transport of the volatile hydride.
On the right-hand side, the gas mixture enters the heated quartz cuvette (not drawn). A,
Sample solution; B, NaBH, solution (both coming from the peristaltic pump); C, reac-
tion cross; D, reaction coil; E, gas/liquid separator; F, waste; J, extra gas inlet (not used in
the present work).

Fig. 2. Double reaction cross made of perspex (polymethylmethacrylate): A, B, see Fig. 1;
L is connected either to a titration vessel or to D (Fig. 1), depending on the type of experi-
ment (see text); A’, B’ are inlets for NaOH during the reaction-rate studies and for inter-
ferent or acid during the interference studies.

in the cross had an i.d. of 0.5 mm and so the two liquid streams collided at
ca. 30 cm s? each, and mixed thoroughly and rapidly. The carrier gas
(nitrogen at 500 ml min™) swept the reaction products through a reaction
coil D (i.d. 3 mm, length 1.5 m, made into a spiral with a diameter of 3 cm
and a pitch of 1 cm) and over a gas/liquid separator E, to the electrically
heated quartz cuvette. For some a.a.s. measurements, reaction coil D was
removed and a direct connection made between C and E. In others, coil D
was replaced by a straight tube T (15 ¢m long, 3 mm i.d.).

For measurements of the rate of reaction 1, a double reaction cross
(Fig. 2) was used. No analyte was present in these measurements. An acidic
solution, 2 mol 1" hydrochloric acid or 1 mol I'! sulphuric acid (in some
experiments also containing Ni**, Co?* or Cu?*), was pumped through
channel A, and an alkaline tetrahydroborate solution (1% w/v) was pumped
through channel B (4 ml min™ each). The solutions were mixed in the first
cross C; and the reaction products were swept to the second cross C, with a
carrier gas flow of 500 ml min™. The diameter of the channels was 0.5 mm
and the distance C;—C, was 3 cm. If the rates of transport of the liquid and
the gas are assumed to be equal, then the time required for the reactants to
pass from C,; to C, is about 1 ms. At the second cross C,, a sodium hydroxide
solution (2 mol 1"}, 2 X 4 ml min™!) was pumped through channels A' and B’
in order to stop the decomposition reaction.

The double reaction cross was also used in interference studies with a.a.s.
Here in all cases a 0.16% tetrahydroborate solution was added through
B (4 ml min~'). The solution added through A (4 ml min™') contained
selenium(IV) alone or with interferent. No sodium hydroxide solution was
used here. In those cases for which the solution added through A contained no
interferent, the interferent was added through A’ and B'. When the solution
added through A did contain interferent, the solution added through A’
and B’ contained acid only. Thus in all cases the interferent was present in
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the solution during the passage of hydrogen selenide through reaction coil D.
A much slower flow through A’ and B’ (both 0.14 ml min™) than through A
and B was applied in order to add as little solution as possible to the usual
total flow rate of 8 ml min™*. Therefore the interferent concentrations added
through A’ and B' had to be increased appropriately.

All sodium tetrahydroborate solutions were 0.2% (w/v) in sodium hydrox-
ide to increase their stability. Selenium(IV) solutions were prepared from
sodium selenite pentahydrate. The nitrogen contained <1000 ppm of oxygen.
For the measurements of the rate of reaction 1, the sodium tetrahydro-
borate that was not decomposed was measured by iodimetric titration
[18, 19]: the alkaline solution was mixed with an excess of potassium iodate
solution and stirred for 3 min; the solution was then acidified, an excess of
iodide was added, and the iodine formed from the remaining iodate was
titrated with thiosulphate. Reaction 1 suggests that in a sufficiently alkaline
medium tetrahydroborate does not decompose. This was confirmed by ex-
periments. Even the addition of 25 mg 1! cobalt(Il) to a solution of 1%
tetrahydroborate/0.2% sodium hydroxide, though giving a black precipitate
(probably CoB, [8, 11]), resulted in only slight decomposition of the tetra-
hydroborate (ca. 6.5% in 20 min). It was concluded that in alkaline solutions
the degree of decomposition is not affected by the presence of cobalt(II) at
the levels of interest.

RESULTS AND DISCUSSION

The decomposition rate of sodium tetrahydroborate

At 25°C the constants in Eqn. 2 are k; = 0.96 X 10® min™ mol and k, =
3.8 X 10® min. Therefore under all conditions of interest, k, can be neg-
lected, and

t¢ =—In(1—f)/k, [H] (3)

where ¢; is the time (min) required to decompose a fraction f of the tetra-
hydroborate. Table 1 shows results of calculations based on Egn. 3 (for
pH = 0 and 2, it is assumed that Eqns. 2 and 3 still hold). From the Table, it
is clear that the addition of some alkali to the reagent solution (pH ca. 10)
improves the stability considerably. Table 1 also shows that at low pH values,
as used in most analytical applications, the decomposition is very rapid. This
was confirmed by experiments with the double reaction cross, the results of
which are given in Table 2. The difference between the measured values in
Table 2 and the values calculated from Eqn. 3 may be due to the time
required for mixing of the reactants or to deviations from Eqn. 3 at pH < 3.8.
No effort was made to investigate this point further as the difference is not
of practical interest.

The rate of formation of hydrogen selenide cannot be measured in this
way, but it is certainly greater than the decomposition rate of sodium tetra-
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TABLE 1

Time required for the decomposition of various fractions, f, of the sodium tetrahydro-
borate initially present at various pH values, calculated from Eqn. 3

f Time needed at different pH in range 0—12

0 2 4 6 8 10 12
0.05 0.032 us 3.2 us 0.32ms 0.032s 3.2s 5.3 min 0.37 day
0.50 0.43 us 43 us 4.3 ms 0.43s 43 s 72 min 5 day
0.95 1.9 us 190 us 19 ms 1.9s 190 s 320 min 22 day
0.9999 5.8 us 580 us 58 ms 58s 580 s 980 min 68 day
TABLE 2

The measured degree of decomposition of 0.2% (w/v) sodium tetrahydroborate during its
transport from C, to C, (Fig. 2) after mixing with sulphuric acid solutions without and
with metal ion (M?*) present

Acidic solution Degree of decomposition (%)
Coz-o- Cu2+ Ni2+
H,80, (1 mol1™) 80 80 80
+2.5 mg 1" M** 81 81 80
+7.5 mg I”" M** 88 84 100
+25 mg 1™ M** 100 95 100

hydroborate and so the reported width of the peak signal (20 s) cannot be
due to the slow formation of hydrogen selenide. Table 2 also shows that the
decomposition is enhanced by traces of the three metal ions considered in
this paper under the usual analytical conditions. This confirms the evidence
that the interference of the metals is caused by their catalytic action on tetra-
hydroborate decomposition. As it is known that the formation of hydrogen
selenide is promoted by halide ions [20] and that the presence of iodide dec-
reases the influence on the selenium signal of many interferents, some experi-
ments were done, similar to those reported in Table 2, but with replacement
of sulphuric acid (1 mol 1"') by hydrochloric acid (2 mol 1!) and addition
of iodide (1 mol I'') to the tetrahydroborate solution. The decomposition
rate was not influenced by these changes. This shows that the decomposition
of tetrahydroborate is not retarded by halides.

The function of the reaction coil

From the experiments described above, it seems clear that the formation
of hydrogen selenide is complete before the liquid reaches coil D, so this coil
is not necessary for hydride formation. Atomic absorption measurements
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TABLE 3

The influence of the type of connection between the reaction cross C and the gas/liquid
separator E

Se conc. Absorbance?
-1
(ng1™) D T DC
25 0.187 0.124 (66%) 0.101 (54%)
50 0.345 0.218 (63%) 0.194 (56%)

2D, coil (1.560 m); T, tube (15 em); DC, direct connection; the selenium was dissolved in
1 mol I' H,S0,. Values in parentheses give the fraction of the values found with the
reaction coil.

made when the coil was replaced by tube T or where a direct connection
between C and E was made are listed in Table 3. These data show that the
shorter the tube length between C and E, the lower the results. It seems jus-
tified to conclude that coil D is necessary for more complete stripping of
the hydride from the liquid.

Mechanism of the metal ion interference

The experiments described above suggest that the interference on the
determination of selenium caused by transition metal ions may be due to the
effect of the transition metal ions on the decomposition of sodium tetra-
hydroborate, so that the reagent has decomposed before its reaction with the
analyte is complete. To clarify this point, a series of a.a.s. measurements was
made with the transition metal added with or after the selenium, as described
in the experimental section.

The results in Table 4 show that the presence of a transition metal ion
during the formation of hydrogen selenide and decomposition of sodium
tetrahydroborate in C,, causes a considerable decrease of the signal. If the
interferent is added after the reactions have taken place, the signal is hardly
changed. It is concluded, therefore, that no reaction occurs between hydrogen
selenide and the transition metal ion during their passage through the coil.
This is in contrast to the mechanism proposed by Meyer et al. [15] where
the formation of insoluble selenides was considered as the prime cause of
interference. The suggestion that the interference is caused by competition
of the interferent with selenium(IV) for the tetrahydroborate [16] seems
not to be realistic, as the tetrahydroborate is present in large excess [17].
The theory that the interference is caused by capture and decomposition of
the evolved hydride by the finely dispersed metal precipitate, resulting from
the reduction of the interferent ions by tetrahydroborate [17] should be
modified in two ways. One is that the reaction between metal ions and
tetrahydroborate in several cases results in the formation of metal borides
[11]. The second is that all data on the hydride-generation technique suggest
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TABLE 4

Influence of the place of addition (Fig. 2) of interfering transition metal ions (M?*) on
the absorbance of 50 ug 17! selenium added at C, ([M**] in mg 1)

Acid [m**] Absorbance
inC, Added Added Present
in C, in C, inD
2 M HCI 0 0 0 0.317
250 Co** 0 120 Co?* 0.111
0 7140 Co?** 120 Co** 0.311
1 M H,S0, 0 0 0 0.207
250 Co?* 0 120 Co?* 0.111
0 7140 Co®* 120 Co?* 0.203
1 M H,80°2 0 0 0 0.438
250 Co** 0 120 Co?** 0.1565
0 7140 Co?* 120 Co?** 0.438
1 MH,SO, 250 Ni 0 120 Ni** 0.098
0 7140 Ni** 120 Ni** 0.187
1 M H,S0, 250 Cu 0 120 Cu ob
25 Cu 0 12 Cu oP
0 7140 Cu®* 120 Cu 0.208

2100 ug Se I"'. P A black precipitate (copper boride?) was formed in the first reaction cross.

that at least 700°C is required for the decomposition of metal selenides.
Therefore if a mechanism similar to the one proposed by Welz and Melcher
[17] is a cause of interference, this should be described more cautiously as
an interference caused by the elimination of the gaseous hydride by products
of the reaction between interfering metal ions and reagent.

In our opinion, however, the effect of the transition metal ions on the
decomposition of tetrahydroborate also contributes to the interference. This
argument is mainly based on the influence of the addition of potassium
iodide to the tetrahydroborate solution. In the determination of selenium(IV),
such an addition results in a considerable decrease of the interference caused
by metal ions [20, 21] but there is no such beneficial effect in the deter-
mination of arsenic(III). It has been shown [5] that the addition of iodide to
a sodium tetrahydroborate solution also has a considerable effect on the ef-
ficiency of the conversion of selenium(IV) to hydrogen selenide. In the ab-
sence of iodide, at least 0.1% tetrahydroborate is required for maximum con-
version; a concentration of 0.04% [3] results in a considerably lower conver-
sion. In the presence of iodide, however, 0.001% tetrahydroborate gives a
similar maximum conversion. In the conversion of arsenic(III) to arsine, the
presence of iodide has no effect on the required concentration of tetra-
hydroborate. These results strongly suggest that iodide catalyzes the reaction
between selenium(IV) and tetrahydroborate, and that this effect contributes
to the decrease of the interferences caused by transition metal ions.
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CONCLUSIONS

The formation of hydrogen selenide and the decomposition of tetra-
hydroborate are fast reactions. The conditions used analytically are such that
the hydride is formed before a considerable proportion of the reagent has
decomposed. If transition metal ions are present in excessive concentrations,
however, the decomposition rate of the reagent is increased, so that hydrogen
selenide formation is incomplete. Iodide catalyzes the formation of hydrogen
selenide. Therefore, even in the presence of much higher concentrations of
interfering metal ions, the hydride formation reaction is rapid enough to
result in complete conversion to the hydride. Other interference mechanisms
may also be possible, such as that proposed by Welz and Melcher [17], as
modified in the present paper.

Studies of the type reported here and elsewhere [1, 3—7, 22} may lead to
improved apparatus and procedures. One has to be aware, however, that the
choice of the design of the apparatus and the procedure is partly governed
by the aim of the analysis. For procedures where peak signals are obtained,
an increase in the rate of the stripping process, for instance, will result in
faster response (less peak broadening). This is important when hydride-
generation a.a.s. is coupled to liquid chromatography. In batch processes, the
increased stripping rate will result in higher and narrower peaks, provided
that the flow of the carrier gas is not increased. For continuous flow systems
of the type used in the present work, the sensitivity may be increased, at
first sight, if complete stripping of the hydride from the liquid is achieved
with a slower gas flow. Unfortunately, however, a slow flow results in a
longer residence time of the gas mixture in the absorption cuvette, and this
may result in disappearance of analyte atoms by dimerization or condensa-
tion in the absorption cuvette [1, 5]. This disadvantage of low gas flows
cannot be expected in hydride-generation inductively-coupled plasma spec-
trometry.

The type of analyte considered can influence the choice of the procedure.
For instance, the solubility of the hydride in the liquid phase will influence
the effectiveness of the stripping process. The solubility of arsine (0.008 mol
I at 20°C [23]) is less than that of hydrogen selenide (0.096 mol I'!). The
acid properties of the hydride may also be of importance. In aqueous solu-
tions of pH > 3, a considerable proportion of the hydrogen selenide is pres-
ent as HSe™ ions and therefore cannot be stripped. As arsine has essentially
no acidic properties, such a restriction cannot be expected in the determina-
tion of arsenic. This has already been shown for arsenic(III). Conversion to
arsine and stripping of arsine from the solution were achieved in solutions of
pH up to 5.5 [24].

The authors thank C. L. de Ligny for reading the manuscript carefully and
making many useful suggestions for improvements, and M. C. Schoondermark
for his contribution to the experimental work and to discussions on this
work.
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SUMMARY

A flow cell and a personal computer-based system for potentiometric and constant-
current stripping analysis are described. The thin-layer cell is designed for teflon-embedded
glassy carbon electrodes in a spring-regulated holder, allowing simple instalment and
leak-free behaviour. The personal computer is interfaced to hardware components such as
potentiostat, amplifier, peristaltic pump, six inlet valves for different solutions, auto-
sampler and strip-chart recorder. User-accessible commands allow electrolysis, stripping
current, pump flow rates, valves, stripping transient recording, derivation, filtration and
integration to be controlled, and through a number of user-defined programs, to be per-
formed in unattended operation. This is described by an example. Through a software
interface to a high-level language (BASIC), resuits from any number of analytical runs can
be further evaluated by standard addition, or from calibration curves, or by statistical
methods.

Potentiometric stripping analysis is based on the potentiostatic reduction
‘and simultaneous amalgamation of the metal analytes on a mercury film-
coated glassy carbon electrode and the subsequent chemical re-oxidation of
these elements [1]. During oxidation (stripping) the working electrode
potential is monitored. If the mass transport during reduction and oxidation
is diffusion-controlled, the time needed for reoxidation of an element is
proportional to the sample concentration of the element and the time of
electrolysis and inversely proportional to the concentration of oxidants in
the stripping medium [2]. A key difference between potentiometric stripping
analysis and the anodic-stripping voltammetric techniques is that the only
effect caused by the presence of oxidants in the stripping solution is an in-
crease in the stripping rate. Consequently, potentiometric stripping analysis
can be done in solutions without deoxygenation and this is the main reason
for the wide acceptance of the technique. The rapid oxidation rate in solu-
tions containing dissolved oxygen decreases the detection limit, however, if
a normal strip-chart recorder is used for recording of the stripping transient.
For this reason, computerized data acquisition was introduced early in the
development of potentiometric stripping analysis [3—5]}. Computerization
has the further advantage that it considerably simplifies the use of flow
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138

systems in potentiometric stripping analysis [6]. This facilitates automated
performance and stripping medium exchange, whereby increased resolution
between overlapping stripping peaks can be obtained. It has been shown
recently that this flow approach permits analysis analogous to cathodic
stripping analysis. In this approach, concentrated electrolytes, e.g. 5 M calcium
chloride, containing low concentrations of dissolved oxygen are used as strip-
ping media. Reduction is done by means of constant current and the poten-
tial vs. time transient is monitored as in potentiometric stripping analysis. So
far, this principle has been exploited only for the determination of nickel(II)
and cobalt(II) as their dimethylglyoxime complexes [7]. Preliminary results
do, however, indicate that this principle can be used also for the determina-
tion of, for example, selenium and molybdenum and organic compounds
such as riboflavine.

In the present paper a computerized system is described for flow potentio-
metric and constant-current stripping analysis. The purpose is to show, by
means of a simple application, that these techniques can be fully automated,
l.e., the results can be obtained during unattended operation. Because the
computer program controlling operation of the system and evaluation of the
data is comprised of over 3500 assembler instructions, only those parts of
the program which are vital for the operation of the system will be described.
Further details can be obtained through correspondence with the authors.

FLOW SYSTEM

The flow system consists of a thin-layer cell into which six different solu-
tions can be sucked in any required order by means of a peristaltic pump. All
inlet tubings are made of teflon with an inner diameter of 0.8 mm. The dead
volume between the entry point of the six solutions and the flow cell is
approximately 50 ul, i.e., the delay time is 3 s for a flow rate of 1 ml min™.

Flow cell

From a practical point of view, the flow cell is the single most important
part of the automated system. It has to fulfil several requirements. First, it
must be simple to disassemble and reassemble for polishing of the glassy
carbon electrode. Secondly, it must not leak even when highly viscous solu-
tions such as concentrated calcium chloride are sucked through the cell.
Thirdly, the internal potential drop (iR drop) must be kept at a minimum. In
potentiometric stripping analysis, the iR drop is of importance only in the
electrolysis phase, because no current passes through the cell during stripping.
However, sample electrolysis is done in solutions without deoxygenation.
Thus the electrolysis current is normally of order of magnitude of 10 uA, i.e.,
the internal cell resistance must be less than 1 kQ in order to allow control
of the electrolysis potential with an accuracy of 10 mV. Fourthly, because
the electrolyte-containing tubings of the flow system act as antennae, the
flow cell must be isolated from the noise, mostly of line frequency, picked
up by these electrolytes.
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Fig. 1. Flow cell assembly: (a) calomel reference, (b) reference compartment lid, (c)
reference compartment, (d, e) platinum tube flow inlet and outlet, (f) ceramic plug, (g)
polyethylene spacer, (h) spacer holder, (i) glassy carbon rod, (j) teflon body, (k, m) tit-
anium holder, (0) spring, and (n) holder top.

The thin-layer flow cell shown schematically in Fig. 1 is a modification of
a flow cell used previously for potentiometric stripping analysis [6]. When
disassembled, it consists of three parts. The first part is the perspex calomel
reference (a) compartment (c), onto which the polyethylene spacer (g) is
fixed by means of three titanium screws through the spacer holder (h). The
reference compartment is separated from the flow channel of the spacer by
means of a 1-mm diameter ceramic plug (f) mounted 3 mm downstream
from the centre of the glassy carbon electrode. The inlet and outlet channels
of the reference compartment (d, e) are platinum tubes with an inner diam-
eter of 0.4 mm. During electrolysis, the downstream tube acts as counter
electrode, and during stripping both tubes are connected to earth in order to
protect working and reference electrodes from electrolyte noise. The diam-
eter of the spacer (g) is 10 mm and the length of the flow channel 7 mm.
Normally the thickness of the spacer is 0.2 mm and the width of the flow
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channel is equal to the diameter of the glassy carbon electrode, i.e., 1, 2 or
3 mm.

The second part of the flow cell is the glassy carbon rod (i), pressure-fitted
into a teflon body (j) with a diameter of 10 mm and a height of 15 mm.
Electrical connection to the glassy carbon rod (length 10 mm, diameter 1, 2
or 3 mm, Ringsdorff, F.R.G.) is obtained by silver epoxy glue (Allied
Products Corp., New Haven, Conn.). The third part of the flow cell is the
titanium holder (n, o, k, m). When the teflon-embedded glassy carbon elec-
trode is being fitted onto the spacer through the electrode holder, the 200N
spring (o) of the holder makes it possible to adjust for minor geometric im-
perfections in the teflon body caused by electrode polishing, thus consider-
ably improving non-leakage behaviour.

The flow cell in Fig. 1 can be disassembled and reassembled in less than
thirty seconds. The pressure drop when water at 20°C is sucked through the
cell at a flow rate of 1 ml min™ is approximately 1.8 kPa for a spacer thick-
ness of 0.2 mm and a flow channel width of 2 mm. When concentrated calcium
chloride is sucked through the cell under the same conditions, the pressure
drop is approximately 16.2 kPa. The internal potential drop in 0.1 M hydro-
chloric acid (i = 10 uA) is approximately 3 mV.

COMPUTER-CONTROLLED EXPERIMENTAL PARAMETERS

Figure 2 shows a block scheme of the flow-system components which are
under computer control during operation of the system.

ELECTRODE SYSTEM

AMMETER
MAGNETIC VALVES

POTENTIOSTAT

ON/OFF
PERISTALTIC PUMP CURRENT GENERATOR _)_D v
INPUT AMPLIFIER
PUMP RATE STRIPPING | | STRIPPING
BACKWARD/ POTENT!AL | | CURRENT
FORWARD ON/OFF ON/OFF
ON/OFF
0%o
A/D AND D/A o o
CONVERTERS ° o
TTL 1O CLEAN NEEDLE %y o0
,I NEXT SAMPLE °
PEN UP/DOWN
2}:2:; PAPER FEED PERSONAL BUFFER \J] erRnTER
RECORDER DATA COMPUTER iv:é MEMORY | 7] PLOTTER

Fig. 2. Computerized system components.
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The personal computer (ABC806, Luxor, Motala, Sweden) has a 3-MHz
Z80 processor capable of addressing 64 kbyte primary memory, and through
software control, a further 512 kbyte by memory bank switching. Programs
and data are stored on a double 640-kbyte floppy disc station. The computer
is equipped with two 12-bit D/A converters, one 12-bit A/D converter and
16/32 TTL input/output channels (Databoard, Dataindustrier, Stockholm,
Sweden). One of the D/A converters is used to control, via the potentiostat,
the electrolysis potential in the region —2.047 to +2.048 V with a resolution
of 1 mV. The other D/A converter is used for graphical display of experi-
mental results on the strip-chart recorder (Servogor Model 310, BBC Goertz,
Vienna, Austria) and for generation of constant reductive or oxidative cur-
rents between 0.01 and 20.47 uA with a resolution of 0.01 yA. The TTL
output channels are used to control these D/A functions by affecting relays
in the potentiostat circuitry.

The TTL output channels also control the rate of the peristaltic pump
(Minipuls 2, Gilson) at seven equidistant levels as well as pump on/off and
pump direction. By varying the inner diameter of the peristaltic pump tube,
flow rates in the region 0.01—4 ml min™ can be achieved. The TTL channels
are also used for opening and closing of the six inlet valves (Angar Scientific
Model 190, Cedar Knolls, N.J.) in random choice order and for controlling
the autosampler (Hook and Tucker Model A40, New Addington, England)
which can accommodate 40 or 20 samples with maximum volumes of 7 or
20 ml, respectively.

Stripping curves can be illustrated graphically either on the strip-chart
recorder or or¥ a printer/plotter (ThinkJet, Hewlett-Packard). The latter is
also used for digital presentation of results. All data for the printer/plotter
are transferred via a 128-kbyte buffer memory (Spriinter, Mutek, Quarry
Hill, England), making it possible to display the digital and graphical results
of one electrolysis/stripping cycle while the computer is in command of the
next cycle.

The ammeter shown in Fig. 2, which has a user-selectable range of +10 or
+100 uA, is used solely for diagnostic purposes, and is not interfaced with
the computer.

PROGRAMMING

The most important parts of the computer program for automated poten-
tiometric stripping analysis are those which are concerned with real-time
data acquisition, digital filtration and peak searching and peak integration.
Other important aspects are editing of the user-defined programs, displays of
the status of the computer-controlled instrumental parameters during execu-
tion, and finally evaluation of the results by means of standard additions or
calibration curves.
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Example of programming

A normal cycle in flow potentiometric stripping analysis consists of mer-
cury pre-plating of the working electrode, electrolysis in the sample, record-
ing of the stripping and background curves in a suitable medium and finally
cleaning of the electrodes and simultaneous evaluation of results. Thus, in
order to simplify programming of the automated system, the control program
is divided into 10 subprograms numbered 0—9. These programs may be used
individually, in ‘“‘subroutine calls’ or chained with ‘“ump” commands. An
example is given in Table 1, the composition of the six different solutions
used in inlet valves V1—V6 being specified in Table 2. In this example,
program no. 0 is used as main program, program no. 1 controls mercury pre-
plating, program no. 2 sample introduction and electrolysis, program no. 4
recording of stripping and background curves and graphical display on
printer/plotter and strip-chart recorder, and program no. 5 integration of the
stripping peaks.

Figure 3A shows dt/dE vs. E representations of the sample curve and the
background-corrected curve as obtained on the strip-chart recorder; Fig. 3B
shows the same results as obtained on the printer/plotter. Because the
results were obtained after electrolysis for 30 s in a sample containing
10 ug It each of Cd(II) and Pb(II), they can be directly compared with the
corresponding results obtained by square-wave voltammetry in non-deoxy-
genated solutions [8].

Real-time data acquisition
Figure 4 illustrates the importance of the data-acquisition rate in potentio-
metric stripping analysis. Figure 4(a) shows the sample and background-

TABLE 1

User-defined program used in the example given

Instruction Time Comment

Program no. 0

H 25600 0 Set measurement frequency to 25600 Hz.

F 15,15 0 Set averaging filter to 15 mV and Savitzky-Golay filter to 15 mV,

T —100 0 Stop registration of stripping transient at £ = —100 mV.

R -150 0 Reset electrolysis potential at —150 mV immediately after
potential T (—100 mV) is reached.

U—520 0 Upper potential limit for graphical display set to —520 mV.

L-900 0 Lower potential limit for graphical display set to —900 mV.

C1,1 0 Call program no. 1 (mercury pre-plating) once.

Cc2,1 30 Call program no. 2 (sample introduction) once. Wait 30 s.

C4,1 0 Call program no. 4 (measurements and result display) once.

V4 0 Open valve 4 (rinsing solution), close previously opened valves.

P+1 0 Set pump rate at 1 in forward direction.

Program no. 1

Vi 0 Open valve 1 (acidic ethanol), close previously opened valves.
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Instruction Time Comment

P+3 5 Set pump rate at 3 in forward direction. Wait 5 s.

V3 5 Open valve 3 (plating solution), close previous valve. Wait 5 s.

E-600 2 Apply electrolysis potential of —600 mV for 2 s.

E off 4 Disconnect potential for 4 s.

E-800 2 Apply a potential of — 800 mV for 2 s.

E off 4 Disconnect potential for 4 s.

E—1000 30 Apply a potential of —1000 mV for 30 s.

E—50 2 Apply a potential of ~50 mV for 2 s.

Program no. 2

P+5 1 Set pump rate at 5 in forward direction. Wait 1 s.

V2 0 Open valve 2 (“‘sample’’ solution), close previous valve.

E-—1000 0 Apply a potential of —~1000 mV (wait 30 s according to C 2,1
in program no. 0).

Program no. 4

P+1 5 Set pump rate at 1 in forward direction. Wait 5 s.

V5 30 Open valve 5 (stripping solution), close previous valve. Wait 30 s.

M sample 2 Measure sample stripping curve. Wait 2 s at reset potential
—-150 mV (c.f. R —150 in program no. 0).

E—1000 2 Set potential at —1000 mV. Wait 2 s.

M backgr 0 Measure background stripping curve.

E—200 0 As above.

P+3 0 As above.

V4 0 As above.

G+2 0 Set graphical output gain to + 2 (arbitrary scale).

d sample 0 Display dt/dE vs. E result for sample data on printer/plotter.

d corr 0 Display dt/dE vs. E result for sample-background data on
printer/plotter.

D sample 0 Display di/dE vs. E result for sample data on strip-chart recorder.

D corr 0 Display dt/dE vs. E result for sample-background data on strip-
chart recorder.

J5 0 Jump to program no. 5.

Program no. 5

1Cd 0 Label to be used in digital display.

s 0 0 Set standard/standard addition concentration to 0.

vO 0 Set volume correction value to 0%.

S 60 0 Set integration peak-search width to 60 mV.

B 120 0 Set baseline width for baseline-fit algorithm to 120 mV.

W 120 0 Set peak width for integration to 120 mV.

X yes 0 Activate baseline-fit algorithm.

Y yes 0 Activate background subtraction before integration.

I-760 0 Integrate peak at —~ 760 mV (tsearch width of 60 mV).

Y no 0 Deactivate background subtraction before integration.

I-760 0 As above.

X no 0 Deactivate baseline-fit algorithm.

Y yes 0 As above.

1—-760 0 As above.

N 0 Perform form feed on printer/plotter.
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TABLE 2

Composition of solutions used in the example given

Valve  Solution composition Comment
1 Ethanol, 95% (v/v)in 0.1 M HCl  Rinsing solution for removal of microbubbles
2 10 pg "' Cd(II) and Pb(II) “Sample’” in 0.25 M CaCl,/0.1 M HCl
3 50 mg 1"* Hg(Il) in 3.5 M CaCl, Mercury pre-plating solution
4 0.5 M HCI Rinsing solution
5 10 mg 1" Hg(II) in 5 M CaCl, Stripping solution
6 Not used Normally used for sample with standard
additions
A B
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.
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Fig. 3. Displays of the potential region —900 to —520 mV vs. SCE for 10 ug 1" each of
Cd(IT) and Pb(II) with a sample electrolysis time of 30 s: (I)sample data; (II) background-
corrected data. (A) Strip-chart recorder; (B) printer/plotter display. Experimental para-

meters as in Tables 1 and 2.

corrected d¢/dE vs. E curves obtained on the strip-chart recorder with the
same experimental conditions as in Table 1, except that the curves are dis-
played with the output gain equal to —2, i.e. one fourth of that in Fig. 3.
Figure 4(b) shows the result of the same experiment when the measurement
frequency was decreased from 25.6 kHz to 0.1 kHz and the output gain in-
creased accordingly from —2 to 128. The increase in the ‘‘digital noise” level
produced by the decrease in sampling rate is very obvious.

The conversion time of the A/D converter used is approximately 30 us,
i.e., the maximum sampling rate is equal to 33 kHz. During data acquisition
the program must, however, also check if the threshold potential value (T in
Table 1) has been reached, and also allocate the measured potential value to
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a b
] | i
Fig. 4. Effects of data-acquisition rate on experimental resuits: (a) 25.6 kHz and (b)

0.1 kHz, under same conditions as in Fig. 3. (I) Sample data; (II) background-corrected
data.

a relevant memory address. Although most of this is done during the conver-
sion phase of the A/D converter, the maximum sampling rate attained is
25.6 kHz. With the memory space available for primary data, 512 kbyte, this
sampling rate allows continuous data acquisition for 5.12 s for each of the
sample and background curves. By decreasing the sampling rate, the program-
mable rates being 50—25600 Hz, the sampling time can be increased propor-
tionally. This sampling method, with no real-time data reduction, allows the
primary stripping curve to be ‘“‘replayed” on a strip-chart recorder after
sampling, and furthermore allows a detailed evaluation of primary data and
the use of different data reduction and digital filtering methods on the same
data set. With an alternative sampling algorithm, including real-time data
reduction producing a dt/dE vs. E projection of the stripping curve [4], the
same sampling rates can be used for an almost infinite time. This alternative
procedure does, however, set obvious limitations on post-sampling manipula-
tions of data.

Data reduction and digital filtering

A simple “multichannel” algorithm is used to produce a d¢/dE vs. E repre-
sentation of the primary stripping curve (E vs. time) data, which can be com-
prised of up to 256 kwords with the memory space available. As the A/D
converter input is dimensioned to potentials in the —2.047 to +2.048 V
range, and a 12-bit resolution is used, this results in a set of 4096 counters,
one for each 1-mV level. Optional background subtraction is also included in
this step. Though not implemented, this algorithm could also include a digital
filter reducing, e.g., line noise frequencies, which, because of the relatively
time-consuming calculations required, is not suitable for implementation in
real-time data acquisition in this system.

The dt/dE representation of the stripping curve may be filtered in two
ways. First, anon-weighted averaging filter can be used. Secondly, a quadratic/
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Fig. 5. Effects of averaging filter: (a) unfiltered data; (b) 15-mV filter; (c) 60-mV filter;
(d) 120-mV filter. Data were the same as in Fig. 4(a). No Savitzky-Golay filter was used.

a b c

4

Fig. 6. Effects of Savitzky-Golay filter: (a) unfiltered data; (b) 5-mV filter width; (c)
15-mV filter width. Data were the same as in Figs. 4(a) and 5. No averaging filter was
used.

cubic Savitzky-Golay filter [9] can be applied. The two filters, which both
can be of random-choice width, can be combined (cf. F in Table 1). Figures 5
and 6 show the effects of these filters on the same set of experimental data.
With the 1-mV resolution used, Savitzky-Golay filters in the 5—25 mV range
do not cause adverse effects on data, provided that a sufficient amount of
primary data are treated. For low-density data, the averaging filter must be
used to produce a data set with acceptable digital noise levels. As is obvious
in Fig. 5, large averaging filters cause excessive broadening and distortions, in
the extreme leading to overlap of elemental peaks or annihilation of useful
data. This further stresses the need of high data acquisition rates, as is demon-
strated in Fig. 4.

Peak searching and integration

Integration can be applied directly to the sample data or after background
correction. After parameters defining the peak-searching and integration
algorithms have been set, a command stating the approximate peak potential
prompts integration (cf. Table 1).

First, the primary data are derived and filtered as described above. Secon-
dly, the peak is sought in the proximity of the stated potential. Two dif-
ferent algorithms can be used in the peak-searching step. Most simply, the
maximum d¢/dE value is sought around the stated potential within the
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Fig. 7. Schematic description of calculated baseline-fit algorithm: (a) primary dt/dE data,

(b) baseline values calculated from (a), and (c) result of subtraction of (b) from (a), which
is used for peak maximum detection.

stated search width (S in Table 1), and the position of this value defines the
peak potential. The alternative algorithm involves the subtraction of a linear
baseline calculated from the dt/dE data prior to the determination of the
highest d¢/dE value, as described in Fig. 7. This mode of subtracting a
calculated baseline allows peak maxima on steep background slopes to be
identified correctly. The width of the calculated baseline is user-defined (B
in Table 1).

Thirdly, the peak area is calculated for the peak at the potential deter-
mined as above, using a user-defined peak width (W in Table 1). The area
counts calculated are then corrected by subtracting baseline offset values as
defined by the dt/dE values at the peak end-points, i.e., at potentials corres-
ponding to the peak potential +W/2 (see Table 1). Each integration report
gives the individual values for both peak halves, as well as the summed peak-
area count, allowing a check on peak symmetry, or the use of only one peak
half value in further calculations. For each integration done, a graphical dis-
play of dt/dE vs. E and peak limits accompanied by numerical data and
pertinent system parameters is given on the printer/plotter. Figure 8 shows
the result of different peak-searching and integration algorithms on the same
set of primary data.

a b c
my Cd my Cd my Cdo
-700 L i -700 _L -700 g\ )
-800 - ) -89 > : -800 - -
-900 —,( . -900 A ,{ r -500 _,( .
] 80 4] 8@ %] 80
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Fig. 8. Results from peak-search and integration algorithms on the Cd(II) peak from the
same data as in Fig. 4(a): (a) with background correction and baseline fit; (b) with base-
line fit only; (c) with background correction only. Peak areas: (a) 2.348 s; (b) 2.325 s;
(c) 2.328 s,
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Procedures for standard additions and calibration curves

The numerical data generated by the integration routines are stored in-
ternally in the computer memory, together with peak potentials, sample
identity number, labels, standard concentration and volume-correction data.
Values of standard concentrations, as well as sample volume errors to correct
for standard additions made, can be included in the user-defined programs.
A command prompting the execution of any of a number of BASIC
programs loaded from the floppy-disc station transfers these data to a set of
arrays allowing random use. As any BASIC program may be implemented,
calculations for standard addition and calibration curve can be performed
after each sample analysis, or batchwise after the completion of a number of
analysis cycles, or both. BASIC programs can also be used to implement
other evaluation methods, as well as system routines, such as statistics, result
filing and network communication.

Program commands and parameters not illustrated in Table 1

All commands and system parameters may be performed or set, respec-
tively, either in a direct command mode, or in user-defined programs. Apart
from the commands and parameters illustrated in the example in Table 1,
various other functions are implemented in the system. These include com-
mands to output the primary data signal, i.e., E vs. time, on the strip-chart
recorder, oxidative or reductive constant-current generation during stripping,
and subdivision of computer memory to allow multiple scans to be perfor-
med. Commands for the simultaneous opening and closing of more than one
valve in the flow system, for autosampler control, as well as for printer/
plotter and strip-chart recorder control, e.g., form feeds and paper feed and
pen control, are also included.

Program control and editing

The user-defined programs, as exemplified in Table 1, consist of ten indi-
vidual programs of up to 24 lines each. For each line, one command or para-
meter definition can be entered, as well as a time-delay value in the range O s
to 10 h, to be performed after the command execution (cf. Table 1).

Each program can be run or repeated a number of times at random choice.
As each program can jump to or call any other program, all programs can be
accessed in random-choice order. During the run of an analytical cycle, the
computer CRT displays the program currently being executed with a cursor
tracer on current line. Time delays under execution are also traced with a
count-up clock. The computer CRT is also used to give a real-time trace of
pertinent system parameters, such as electrolysis potential, valves currently
open, and pump flow rate, as these are being altered during execution.

User programs are easily entered and altered from the computer keyboard
by using a screen-oriented editor which includes commands for insertion,
deletion and copying. For each entry made, an automatic syntax check is
performed, ensuring that non-allowed commands are excluded. User programs
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can be saved to and loaded from the floppy-disc station and listed on the
printer/plotter.

DISCUSSION

Deoxygenation of solutions is time-consuming, vulnerable to contamination
and difficult to automate. Thus the possibility inherent in potentiometric and
constant-current stripping analysis of operating in oxygen-containing solu-
tions is the basis for the successful automation of these techniques. Although
not yet fully proven, preliminary experiments strongly suggest that all
analytical techniques based on anodic or cathodic stripping voltammetry can
also be implemented on the automated system for flow potentiometric and
constant-current stripping analysis. Normally, this results in a considerable
decrease in the time needed for the analysis and simultaneous improvement
in detection limits. Moreover, potentiometric stripping analysis is capable of
analyzing complicated matrices such as acid-diluted whole blood [10], so
that it seems justified to claim that the automated system not only simplifies,
but also widens, the applicability of electrochemical stripping techniques.
Automated generation of pseudo-polarograms, i.e., plots of analytical signal
vs. electrolysis potential, and the determination of the complexing capacity
of natural water are easily implemented with the system.

So far, the automated system for stripping analysis has been used only in a
university research environment. Thus its possible use in routine analysis still
has to be evaluated. In laboratories specializing in clinical, food or environ-
mental analysis, for example, several trace element determinations can be
done by means of stripping analysis. Frequently, the only sample pretreat-
ment needed is dilution with a suitable matrix modifier. Under such circum-
stances, the only manual (or separately automated) operation necessary would
be the dilution of a sample aliquot with the matrix modifier and another
sample aliquot with the matrix modifier containing a standard addition of
suitable magnitude. After these solutions have been placed in two different
flow inlets of the analyzer and the relevant analytical procedure has been
entered from floppy discs, the rest of the analysis is performed automatically.
This includes suction of samples and reagents to the solution entry point,
formation of the mercury film, electrolysis/stripping cycles in the two sam-
ples any pre-chosen number of times, and generation of the results report. If
more than two electrolysis/stripping cycles have been performed for the two
samples, the relevant standard deviations can also be reported. Finally, the
analytical procedure includes closing down of the system by back-flushing
(e.g., with water through the inlet valves) to avoid formation of salt deposits
if the analyzer is not to be used for some days. Thus, the analyzer is likely to
save time not only when several samples are to be processed using an auto-
sampler, but also, and probably even to a greater extent, when only very few
samples are to be analyzed.
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SUMMARY

Flow-injection potentiometry with a combination fluoride-selective electrode is used
to determine fluoride in tap water, beverages and urine. Excellent sensitivity (down to
1 pg I'') and long-term stability are obtained, with a sample throughput of 30—40 h™*,
based on triplicate injections at 120 h™'. The commonly used buffer TISAB-III is un-
suitable for the analysis of undiluted tea and urine samples. The application of a modified
citrate-containing TISAB overcomes interferences caused by high natural ionic strength
and avoids complexation of fluoride. Recoveries after spiking tap water, tea and urine
with fluoride concentrations ranging from 0.01 to 1 mg I are in the range 91—106%.
The equipment used provides a flexible system allowing fast changes between different
buffers and carrier streams depending on the samples presented.

The importance of fluoride determinations can be realized by considering
the various materials which contain fluorine compounds and the processes in
which fluoride or fluorine plays a role. There are abundant applications in
environmental and industrial monitoring and in the fields of geological and
biomedical research [1—3]. Studies of the biomedical aspects of fluoride
require analyses of water and foodstuffs as well as body fluids (urine and
blood) and tissues (e.g., bone, teeth) to provide information about the inges-
tion and excretion of fluoride. Thus, many materials with substantially dif-
ferent composition have to be analyzed; the most commonly applied methods
of determination are titrimetry, spectrophotometry, neutron activation, and
potentiometry with the fluoride-selective electrode [4—7].

Direct potentiometry with the lanthanum fluoride single-crystal electrode
is one of the most suitable approaches for determinations of fluoride in
biological and environmental samples because it offers excellent selectivity
and sensitivity, and is cheap and simple to use [8—13]. The method is also
suitable for automation and high sample throughput when used in batch or
flow analyzers [14—18]. Of course, the fluoride-selective electrode is sensitive
only to free fluoride, so that determinations of total fluorine require previous
treatment (e.g., digestion, extraction, decomplexation) [9, 13, 19—22]. For
samples in which soluble inorganic fluoride is the only form of fluorine

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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present, the addition of a TISAB solution is sufficient to release fluoride
completely [8, 10, 23—25]; the activity measured in such samples can be
related directly to the fluoride content.

In two previous papers [26] the incorporation of the fluoride electrode
in a flow-injection system was reported. Procedural aspects were discussed
and interference problems were investigated in detail. Flow-injection methods
based on the fluoride electrode have been described earlier [27— 30] but
few of these papers were concerned with the analysis of real samples. In the
present paper, the optimal conditions for the determination of fluoride in
tap water, beverages and urine are outlined. Emphasis is laid on the require-
ment for particular TISAB solutions to obtain accurate results at low fluoride
levels. General aspects concerning sample frequency, carry-over, and long-
term stability of the flow-injection method are discussed.

EXPERIMENTAL

Apparatus and equipment

The instrumentation used was described in the previous parts of this series
[26]. In the present work, the wall-jet flow cell was always used with a dis-
tance of 0.5 mm between the inlet nozzle and sensing membrane. The injec-
tion volume was set to approximately 125 ul by choosing a suitable loop.
Flow rates in the 0.5—1.5 ml min™ range were adjusted by varying the height
of the carrier bottle and were calibrated volumetrically. The switching valve
(see Part 2) was retained to allow variation of the carrier solution without
changing the carrier reservoir. Thus, different procedures can be run after
renewed calibration with minimal delay. Polyethylene containers were used
throughout for sampling and storage. Samples were handled by using pipettes
with disposable tips (Eppendorf, Finnpipet). All plasticware was precleaned
with nitric acid (1 + 1) and rinsed with high-purity water (deionized and
twice-distilled).

Chemicals and solutions

Fluoride standards were prepared daily by serial dilution of a 1 g 1™! stock
(Merck Titrisol) with twice-distilled water. TISAB-III (Cat. 94-09-11, Orion
Research) was used as recommended by the maker. Two modified TISAB
solutions were prepared as previously described [26] and as recommended
by Tuél [31], respectively. The latter contained 1 mol of trisodium citrate
and 28 ml of concentrated perchloric acid (67%) per litre. The TISAB solu-
tions were mixed with standard and sample solutions at various ratios bet-
ween 1:1 and 1:10 before injection. The salts used were of highest available
purity. Sodium hydroxide was of analytical-grade quality; the nitric and
hydrochloric acids were of high purity (Merck, Suprapur).

Sample collection, storage and preparation
The tap-water samples were collected at various private Berlin houses after
the 50-ml polyethylene bottles had been flushed thoroughly with the water.



153

Up to 10 mi of the fruit juices, soft drinks and wines were transferred
directly from the bottles or cans by means of a pipette into 10-ml polyethy-
lene containers. The tea samples were prepared as follows: 5 g of loose tea or
one tea bag (1.5—3 g of tea) was placed into a 100-ml Eppendorf flask and
infused with 50 ml of boiled tap water; the flasks were shaken occasionally
during the first 1—2 min, the tea leaves were then allowed to settle and,
after exactly 5 min, 10 ml was transferred by pipette to a polyethylene
bottle. Urine samples were collected at random from male adults in 100-ml
polyethylene bottles. In some instances, morning and evening urine from the
same person was taken and analyzed separately.

The water and beverage samples were measured within 6 h after collection.
Urine samples were usually measured within 24 h after collection. Meanwhile
they were kept in the refrigerator.

Generally, 1-ml portions of the fluoride standards and sample solutions
were pipetted into 2-ml polyethylene tubes fitted with caps, 100 ul of the
selected TISAB was added and the mixture was vigorously shaken. To ac-
count for the slow reaction between interfering elements such as calcium and
aluminium and the masking agent {24, 32, 33], samples were injected not
less than 10 min after mixing. When the citrate-containing TISAB was used, up
to 1 ml was sometimes added to the samples. Diluted samples were prepared
by pipetting appropriate portions of the sample and twice-distilled water
into the tube to obtain a final volume of 1 ml. In the recovery and standard-
addition experiments, the samples were spiked with various volumes of
fluoride standards. If necessary, volume corrections were considered in
calculating the fluoride content of the samples.

Procedure

The carrier solution was prepared by mixing the desired TISAB with
twice-distilled water. Fluoride was added to give a final concentration bet-
ween 50—500 ug 1! depending on the measuring range [26]. After thorough
deaeration, this solution was propelled through the system until a stable
baseline (x0.05 mV) was obtained. Standards and samples were prepared for
particular measurements by using the same TISAB composition and concen-
tration as that of the carrier, to prevent liquid-junction potential problems
[34] and ionic strength effects [26]. At the beginning of a measuring per-
iod, a test run was made by successive injections of some standard solutions
to ensure proper functioning of the system. Subsequently, calibration stan-
dards covering the required working range were injected threefold followed
by the injection of the particular samples. Frequent recalibration was done
to check the stability of the system. The recorder sensitivity was set bet-
ween 20 and 200 mV full-scale, depending on the maximum height of the
signal expected and the precision required.
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RESULTS AND DISCUSSION

Carry-over studies and sampling frequency

In continuous flow systems (AutoAnalyzer principle), interaction between
successive samples (carry-over) is a serious problem and has to be studied for
each particular procedure. In flow injection analysis, the entire residence
time of a sample in the system is usually of the order of a few seconds so
that a further injection is not made before the preceding sample has been
completely washed out. Consequently, carry-over effects are not normally
observed in flow-injection methods. However, precautions are necessary not
to contaminate the samples within the injection port. Therefore, the sample
loop of the injection valve must be carefully rinsed with twice-distilled water
or sample solution prior to injections. Figure 1 shows the recorder trace
obtained for alternate injections of two standards containing 10 ug 1! and
1 mg I fluoride, respectively; the carrier fluoride concentration was
100 ug I''. Carry-over and contamination problems are not evident.

The sampling frequency in flow systems is often evaluated theoretically
on the basis of half-wash times, dispersion and other characteristics of the
signal [35, 36]. A more practical approach which considers that only one
sample is processed in the flow system at a time, yields a sampling frequency

Potential
Smv

Potential

’,~— ----0.100 \\—J k\} Q

------- 0010 bmin
Time Time

Fig. 1. Carry-over experiment. Standards containing 1 mg I and 10 ug 1™ fluoride were
injected alternately into a carrier containing 100 ug 1" fluoride. Flow rate 0.75 mi min™*,
injection volume 125 ul. The numbers are the fluoride levels in mg 1!,

Fig. 2. Electrode drift and potential reading in flow-injection potentiometry. Fluoride
standards (500 ug I"') were injected over about 15 min. Carrier fluoride level, 100 ug I''.
For emphasis, a line is drawn parallel to the sloping baseline.
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which is governed by the overall residence time of the sample. This time
depends mainly on the flow rate, the injection volume and the response time
of the particular electrode. Given that two injections of each sample seem
adequate and that some time is needed for calibration and recalibration, a
distinction has to be made between injection frequency and sample through-
put. The experimental set-up used here allows an injection frequency of
about 120 h™ which corresponds to a sample throughput of 30—40 h™.

Long-term stability

Electrode drift and changes of the response time of the ion-selective elec-
trode are difficulties often encountered in potentiometric flow-through
measurements. Drift can usually be attributed to slow changes in liquid-
junction potential and alteration of the reference electrode system as a result
of temperature gradients [34]. In flow-injection potentiometry such prob-
lems, though they exist, are negligible. The fast intermittent reading of the
signal and the baseline easily allows for correction of parallel drift as is
demonstrated in Fig. 2. The absolute peak potential is changed by about
3 mV in 15 min whereas the deviation of the potential difference (peak
height) is less than +0.05 mV. Variations of response time over a period of
time, however, would be serious in flow-injection potentiometry because the
potential differences (i.e., the slope of the calibration plot) are changed.

Recalibration after several hours and even after an overnight shut-down
usually gave reproducible results within 2% standard deviation. Nevertheless,
frequent recalibration was made to guarantee reliability; given the high in-
jection frequency, this is entirely acceptable. Over time spans of several days
or weeks, the slope of the calibration plot decreased. This is obviously due to
slowly changed surface conditions at the electrode membrane. After repolish-
ing of the electrode [26, 29], the initial slope was retained.

Analysis of tap water

In view of the public legislation for surveillance of tap water and the
fluoridation of potable water in several countries, the monitoring of fluoride
is of considerable importance. The potentiometric approach is well accepted
and applied in batch and flow-through systems [8, 37—39]. In applying the
flow-injection method, a TISAB-III solution (1:10 dilution) containing
100 ug I'* fluoride was used as the carrier. Samples and standards were also
mixed with TISAB-III (see above). Figure 3(a) shows the recorder trace for
the calibration followed by a set of 15 samples and recalibration. The last of
the samples (15) was freshly collected snow after snow had fallen for 5 days;
the level was below 100 ug I"! and so was not estimated. The calibration plot
which was used for graphical evaluation is presented in Fig. 3(b). The corres-
ponding fluoride contents of the samples are given in Fig. 3(a) above the
signals.

The reproducibility of the method was tested by tenfold injection of two
samples of tap water (Nos. 7 and 11). The average peak heights measured
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Fig. 3. (a) Recording obtained in the calibration and determination of fluoride in tap
water; carrier fluoride level 100 ug 1. (b) Calibration plot based on the data of Fig. 3(a).

were 15.72 mV and 3.10 mV with a standard deviation of 0.19 (1.2%) and
0.08 (2.6%), respectively. As graphical curve-fitting such as was done in this
work is to some extent subjective, calculation of the corresponding concen-
trations could be prone to relatively large errors. For the two samples, the
fluoride contents were found to be 328 ug 1! and 129 ug I'¥ with relative
errors of 3.5% and 4.6%, respectively. Better precision would, of course, be
obtained by standardization in narrower steps and by using better resolution
on the chart recorder. Computer calculation would eliminate the problem of
subjective judgement but might not improve the precision of the method.



TABLE 1

Recovery experiment with spiked tap-water. (Samples were mixed with TISAB-III in a

10:1 ratio. For experimental conditions, see text)

Sample Fluoride (ug1™) Recovery Sample Fluoride (ug I'") Recovery
Added Found (%) Added Found (%)
1 — 168 — 8 - 180 —
50 208 95.4 50 232 100.8
100 263 98.9 100 275 98.2
200 352 95.6 500 711 104.6
500 680 101.8 1000 1196 1014
1000 1180 101.0
2 — 170 - 11 — 129 —
20 195 102.6 10 141 101.4
40 212 100.2 20 148 99.3
60 228 99.1 50 176 98.3
100 265 98.2
200 378 102.2
6 — 203 — 16 — 161 —
10 217 101.9 50 206 97.6
20 225 100.9 100 260 99.6
50 249 98.4 200 357 98.9

To investigate the reliability of the method, a series of recovery experi-
ments was made. Spiked tap-water samples were analyzed, with the results
presented in Table 1. The recovery is in the range 95—105% which makes the
method suitable for the fast sequential monitoring of tap water and muni-
cipal water supplies.

Determination of fluoride in beverages

The same experimental conditions as used for tap waters were tested and
found inappropriate because transient phenomena [26] were sometimes ob-
served. Therefore, the modified TISAB-III containing additional sodium
nitrate was used. After the samples had been mixed with TISAB, carbon
dioxide was occasionally generated because of the acidification to pH 5.2.
Such samples could not be measured within the first 15 min after mixing
because of poor reproducibility; this was probably due to irregular hydro-
dynamic conditions which appear when gas bubbles stick to the sensing
membrane. A typical recorder trace for the analysis of soft drinks, fruit
juices and wines and the corresponding calibration plot are shown in Fig. 4.
The calibration is extended to fluoride concentrations below that of the
carrier. The reliability was established as was done for the tap waters by
recovery experiments and was found to be in the 91—106% range.

Test runs with tea samples gave very high signals indicating fluoride levels
above 1 mg 1. Extended calibration up to 5 mg I'! and the signals obtained
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Fig. 4. (a) Recorder trace in the analysis of beverages; carrier fluoride level 100 ug I”,
injection volume 125 nl, flow rate 0.7 ml min!; calculated fluoride contents (ug1™') are
given above the signals. After the calibration (50—750 ug 17! fluoride), 4 samples of red
wines, 4 samples of white wines, 4 soft drinks, and 6 fruit juices were injected in triplicate;
the asterisk indicates a repeat injection of the 750 ug I-! standard. (b) Calibration plot
based onthe data of Fig. 4(a).
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Fig. 5. Extended calibration and analysis of 11 undiluted tea samples using TISAB-III.
Calculated concentrations in mg 1" are given above the signals. The last sample
(0.2 mg 1) is the boiled tap water which was used for preparation of the teas.

for the tea samples are shown in Fig. 5. The effect of interferents was eval-
uated by defined dilution of the samples because it is assumed that possible
interferences become negligible when the absolute amount of the interfer-
ent decreases. Recovery experiments were done by adding fluoride to the
diluted tea samples. The results are summarized in Tables 2 and 3; the values
given are corrected for the respective dilutions. Significantly lower fluoride
contents were found in some of the undiluted samples when TISAB-III was
used; this is presumably caused by incomplete masking of complex-forming
elements (e.g., Al) or ionic strength effects [26]. This assumption was sus-
tained by measurements done with the modified TISAB or the citrate buffer;
the latter offers both increased ionic strength and better masking ability
[31]. In Table 3, the results obtained for the direct injection of the undilu-
ted and diluted tea samples are compared for the three TISAB solutions.

Analysis of urine
The application of direct potentiometry to estimate urinary fluoride con-
centrations has been investigated by many authors and is considered as a
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TABLE 2

Recovery of fluoride added to 1:10 diluted tea samples using TISAB-III and the modified
TISAB-III

Sample F- added TISAB-III Modified TISAB-III
-1
(ug ) F- found Recovery F- found Recovery
(ug ™ (%) (ug 1) (%)
T, - 185 — 192 —
50 230 97.9 239 98.8
100 271 95.1 281 96.2
200 396 102.9 389 99.2
500 700 102.2 703 101.6
T, - 120 — 144 —
50 175 102.9 189 97.4
100 219 99.6 251 114.1
200 320 100.0 348 101.2
500 648 104.5 629 97.7
T, - 65 — 70 —
10 73 97.3 78 97.5
20 80 94.1 88 97.8
50 120 104.4 125 104.2
100 176 106.7 163 95.9
200 258 97.4 282 104.4
TABLE 3

Comparison of results obtained in the analysis of diluted and undiluted tea samples using
TISAB-III, modified TISAB-IIT and citrate TISAB, respectively

Sample Dilution Fluoride content found (mg 1)
factor TISAB-III Modified TISAB-III Citrate TISAB
T, 1 1.01 1.25 1.23
2.5 1.12 1.25 1.28
b 1.43 1.22 1.25
10 1.37 1.31 1.18
20 1.61 1.16 1.26
T, 1 1.65 1.91 1.89
2.5 1.79 1.86 1.90
5 1.86 1.93 1.83
10 1.94 1.91 1.87
20 1.87 1.97 1.92
T, 1 1.04 1.46 1.49
1.5 1.18 1.51 1.42
2.5 1.29 1.48 1.61
5 1.38 1.43 1.46
10 1.560 1.50 1.46

20 1.45 1.44 1.48
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standard method [11, 12, 18, 39, 40]. However, careful examination of the
particular procedures and the TISAB compositions used in these papers
raises doubts about the suitability of some of these procedures. The composi-
tion of urine depends very much on factors such as biological variables (e.g.,
age and sex), nutrition habits, state of health of the subject and on the time
and frequency of collection [41, 42]. Urine is a hypertonic fluid with med-
ium osmolality in the 500—1500 mosmol 1 range [41]. Calculating the
ionic strength on the assumption that only monovalent ions are present gives
a value of at least 0.25 mol I"'. Given the ionic strength effects previously
reported [26], this high inherent ionic strength of urine requires either
sample dilution or the use of an optimized TISAB. The use of the citrate
TISAB at various concentration was investigated for the determination of
natural and diluted urine. A 1:1 mixture of the citrate TISAB and urine was
appropriate to eliminate any ionic strength effects and was therefore preferred.

Figure 6 shows the recording obtained during a 1-h run. The peak heights
of the calibration standards at the beginning and those of the recalibration in
the end are essentially identical. The urinary fluoride contents of 8 males are
given in Table 4. The values found in diluted and undiluted samples given in
Table 5 show excellent agreement which indicates the reliability of the pro-
cedure.

Conclusions

The flow-injection method with the fluoride-selective electrode is easily
applicable to the determination of traces of fluoride in water, beverages and
urine. However, for the analysis of samples with high inherent ionic strength

20min

Potential (mV]

Fluoride concentration (mg 1-t]

Fig. 6. A typical recording obtained during a 2-h run of urine analysis. Samples and
standards were mixed with citrate TISAB in a 1:1 ratio (injection volume 125 ul, flow
rate 0.6 ml min~!). Fluoride concentrations (mg 1-!) are given above the signals. The corre-
sponding calibration plot for 0.15—5 mg 1! fluoride is given at the left.
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TABLE 4

Urinary fluoride levels of 8 subjects determined by flow injection potentiometry?®

Sample Mean S.d. R.s.d. Sample Mean S.d. R.s.d.
F- content (wgl™)y (%) F- content (ugl™)y (%)
(ug I") (ugl™)

U, 346 11.4 3.3 U, 1636 57.7 3.5

U, 1604 59.0 3.7 U, 796 35.1 4.4

U, 558 30.3 5.4 U, 2250 92.7 4.1

U, 402 14.8 3.7 U,, 1408 57.6 4.1

2Urine samples were mixed 1:1 with citrate TISAB. Results given were obtained from five
measurements made within one week after sampling.

TABLE 5

Comparison of results obtained in the analysis of diluted and undiluted urine samples.
All samples were mixed 1:1 with citrate TISAB

Sample Dilution Fluoride Fluoride Mean S.d. R.s.d.
factor measured calculated (mgl?) (mg 1) (%)
(ugl") (mg 1)
U, 2 803 1.61
4 410 1.64
8 210 1.68 1.64 0.07 4.2
10 165 1.65
20 76 1.52
40 43 1.72
U, 2 395 0.79
3 263 0.79
188 0.75 0.78 0.02 2.5
8 100 0.80
16 48 0.77
U,, 2 1075 2.15
4 545 2.18
6 341 2.05
10 193 1.93 2.07 0.115 5.5
14 157 2.20
20 103 2.06
40 48 1.92

and fairly large amounts of interfering elements, the composition of the par-
ticular TISAB used must be optimized. The citrate TISAB used in the pres-
ent work overcomes the interferences observed in the analysis of undiluted
tea and urine samples but it reduces the sensitivity and causes peak broaden-
ing when compared to the commonly used TISAB-III.

Recoveries of added fluoride were found to be excellent even at concen-



163

trations in the low ug 1" range. Exciting features of the flow-injection
method are its ease of operation, cheap equipment, short start-up time, long-
term stability, and high sample throughput which meet the requirements for
a routine method in clinical laboratories and in environmental monitoring.
The experimental set-up presented in this series of papers allows for fast
changes from one analytical procedure to another so that the method is very
flexible. Determinations of fluoride in liquid samples with substantially dif-
ferent compositions can be done with minimum delay. Application to the
analysis of other kinds of samples (e.g., plasma, surface and waste water) and
to the determination of total fluorine in bone, food, airborne particles, etec.,
after suitable digestion is obvious and will be the subject of future work.

The technical assistance of Frank Nowak is greatly appreciated. We also
thank Frank Chisela for his continuous interest and Philip Gardiner for val-
uable support.
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SUMMARY

The flow-injection determination of molybdenum(V1I) is based on its catalytic effect
on the oxidation of iodide by hydrogen peroxide. The triiodide ion formed in thisreaction
is detected amperometrically in a flow-through cell containing two platinum wire elec-
trodes polarized at 100 mV. After optimization of the measuring conditions, the detec-
tion limit is 1.2 ug I Mo(VI) and the linear range extends to 1 mg I"'. Interference of
various metal ions and their removal is described. The procedure was tested on the deter-
mination of molybdenum(VI) in soil extracts.

Flow-injection determinations of traces of molybdenum(VI) have been
based on spectrophotometry of the molybdenum(V) thiocyanate complex
[1, 2] and on the molybdenum(V1)-catalyzed oxidation of iodide by hydro-
gen peroxide [3, 4]. In the catalytic method, potentiometric detection can
be achieved with an iodide-selective electrode [37], but lower detection limits
were obtained for spectrophotometric detection of triiodide [4]. The same
spectrophotometric mode of detection was used earlier in continuous-flow
measurements [5, 6].

Platinum wire electrodes have been used in flow-injection measurements
with potentiometric detection [7] and in amperometric detection in three-
electrode flow cells with auxiliary and reference electrode [8—12]. The flow
cells based on wire electrodes are simple in design, usually have very small
dead volumes, and allow for easy exchange of the wire working electrodes.
Further simplification in cell construction can be achieved by using ampero-
metric detection with two polarized platinum-wire electrodes. Such meas-
urements in the detection of one component of a reversible redox system
require the application of only small polarizing voltages (usually <100 mV).
Biamperometric detection is widely used for end-point determination in
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coulometric titrations of reducing substances with electrolytically generated
iodine. In amperometric flow-injection measurements, it has been used for
the determination of nitrite based on its reaction with iodide [13] and for
the determination of sulfur(II) compounds which induce the iodine/azide
reaction [14].

The aim of the present work was to optimize the experimental parameters
for application of biamperometric detection in the flow-injection determina-
tion of molybdenum(VI), based on its catalytic effect on the oxidation of
iodide. The determination of molybdenum under optimized conditions was
then applied in the home-made microprocessor-controlled system described
below.

EXPERIMENTAL

Apparatus

The measuring system used consisted of a multichannel peristaltic pump
(model MP13Gd-4; Ismatec, Zurich), a home-made rotary injection valve
shifted manually or with an electromagnetic switch, a flow cell connected to
an a.c./d.c. polarograph (model PLP 225C; Cobrabid, Warszawa), a strip-
chart recorder (model TZ 4100; Laboratorni Pristroje, Praha) and a micro-
processor control/processing system.

The design of the flow-through cell with two platinum wire electrodes
(0.5-mm diameter) is shown in Fig. 1. A constant polarizing voltage (usually
100 mV) was applied from the potentiostat circuit of the polarograph. The
output from the polarograph, which is proportional to the magnitude of cur-
rent flowing between the working electrodes in the flow cell, was recorded on
the strip-chart recorder and/or applied to the analog input of the micro-
processor system.

The manifold of the flow system (Fig. 2) was made from polypropylene
tubing (0.9 mm i.d.) with home-made perspex connectors. Pump tubing was
from Elkay.

Sample

l 20 400
A
B
C

Pump

Fig. 1. Schematic diagram of the flow cell with two platinum wire electrodes. The inter-
nal diameter of the channel is 1.5 mm.

Fig. 2. Manifold of the flow system used: A, distilled water; B, H,0, in 0.1 M H,S0,; C,
0.2 M KI. Coil lengths given in ecm; flow rates are described separately.
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Microprocessor control/processing system

The main units of the control system are a digital voltmeter (model V-541;
Meratronik, Warszawa), a microprocessor with central processing unit (see
below), memory and interface boards, a hexadecimal keyboard (KDHEX-79;
Impol, Warszawa) and a 16-column printer (model UJD-1316; Mera-Elwro,
Wroclaw).

The digital voltmeter is used to convert the output from the polarograph,
or from the pH meter for potentiometric detection. Three ports of the
parallel interface are used for transmission of digital data (5 digits) from the
measurement and for additional information about that result and the status
of voltmeter. In the configuration used, the voltmeter provides 18 data points
per second.

The modular construction of the microprocessor unit is based on boards
(Impol, Warszawa) that can be installed in a 19-in. SR-1 cassette. Slots for
exchangeable printed circuit boards are wired according to multibus architec-
ture. The central processing board (CPU-80/79) used is based on an Intel
8080 microprocessor with 16 kbyte EPROM and 16 kbyte RAM and a power
supply (SPS-1). A universal PB-1 board is used to interface the V-541 volt-
meter and a parallel DIO-55-1 interface is used with certain alterations to
connect the printer and electromagnetic valve switch to the control unit.

The central processing unit supervises the functioning of all the other
boards and interfaces. With the 8080 microprocessor, it has a 8224 clock
generator and 8228 bus, with another 10 kbyte EPROM addressed with the
help of 8205 decoders. A further 8279 circuit controls the keyboard and dis-
play. Codes of characters typed on the keyboard are stored in RAM. Address,
data and control buses are buffered with 8216 circuits. The system is equip-
ped with a separate hexadecimal keyboard with 16 alphanumeric keys and
17 function keys (Fig. 3), the operational meaning of which is summarized
in Table 1. A display window for information output is built from a 7-digit
CQYP-71 LED display.

Software

The EPROM contains a Monitor program, floating-point package and utility
routines to run flow-injection measurements.

The Monitor program controls the system after switching the power on.
For user interaction, via keyboard and display, the system is divided into
three sections X, Y and Z. In the X section, the symbol of the currently
performed command is displayed, whereas the Y and Z sections display the
parameters of a given command or appropriate information for the operator.
In order to call any given Monitor command, the appropriate function key
must be pressed; this is followed by typing in the required values of the para-
meters and pressing the ACCEPT key.

The floating-point package performs basic arithmetic operations and
some other functions with integer, floating-point and binary-coded decimal
numbers. Calculations with seven-digit precision can be done within the range
from —21?% to 2128,
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TABLE 1

List of function keys on the hexadecimal keyboard used in the microproces-
sor control system

Key Mean'\ng or activity
F1 Start phase 1
F3 Start phase 3
KAL Input the concentrations of standard solutions
QKAL Check typed-in concentrations of standard solutions
PR Input number of sample injections
UsT Write a constant value into memory cell of given address
SPR Check (and modify) the content of memory cell of given address
KON Continue measurement interrupted with pressed key INT
TIM Input time interval (s) between measurements, of which results are compared
with EPS value (TIM1) and time of delay (s) between injection and start of
reading a signal (TIM2)
EPS Input the maximum value of signal deviation in time interval TIM1 during
phase 1 of experiment (mV)
TMAX  Input the maximum time interval (min) for baseline stabilization
STMIM Input limiting values of concentrations of standard solutions
ACC Input of typed values of parameters
CLR Clear last typed value
INT Interrupt the program execution without changing the content of microproces-
sor registers and RAM memory
RST Initialize system; the same action turns the power supply off and on
NT
[ 1) Mk
Display o[1]2]3] [r]rakald
a|s5]e|7]| [prlustisrn
8[9]alB]| mMEPSh
C|DlE|F ACC

Fig. 3. Schematic diagram of the keyboard used.

Fig. 4. Schematic diagram of a microprocessor-controlled flow-injection measurement
(see text for further details).

Three routines are available corresponding to the three phases of flow-
injection measurements: base-line stabilization, calibration with standard
solutions, and measurement of unknown samples followed by calculation of
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results. The routines can be used for detectors exhibiting a linear relationship
between signal and concentration (amperometry, spectrophotometry) or for
detectors with logarithmic dependence on concentration (potentiometry).
Although the whole experiment is controlled by the microprocessor system,
it must be supervised by the operator. The control system informs the opera-
tor via the display about the present status, confirms accepted commands
and indicates detected errors. The operator types in the required data and
parameters related to the experiment and after each phase is complete,
decides about further action.

For the calculation of concentration C, in an unknown sample providing
signal S, (peak value), the mean S, is first calculated from several injections;
then the standard signals S, and S, closest to S, and such that S; < §, <
S, are selected. If none of the injected standards gives a smaller or larger
signal than S,, then calculation of C, is based on two standards nearest to
S,. Concentration C, is calculated from the following formulae for linear or
logarithmic dependence of signal vs. concentration, respectively:

Cx = [(C; —C1) (8 — 8,)/(Sy —8y)] + C,
log C, = [(log C; —10g C1) (81 —8,)/(S1 — 83)] + log C,

This procedure [15] requires less RAM in the system than linear regression.
Moreover, it can also be used in cases of non-linear calibration relationships.

Procedure for measurements

After the system has been initialized by pressing keys RST and KAL, the
concentration values of all the standard solutions are typed in; the values are
printed out simultaneously on the printer. Values of all parameters of the
measurement are input, preceded by pressing keys TMAX, TIM, STMIM,
EPS and PR (Table 1). Pressing key F1 then prints out all typed values; the
system requires information about the detector (1 for linear, 0 for log-
arithmic).

In phase 1 of the experiment, baseline stability is tested. The meanings of
particular parameters and phases are illustrated schematically in Fig. 4.
TMAX fixes the maximum time interval (up to 99 min), during which the
system monitors stabilization of the baseline. Within that period, at time
intervals (s) set by parameter TIM1, the system checks if changes in the base-
line signal are within the range (mV) set by parameter EPS. If a change
greater than EPS occurs in a time shorter than TIM1, the system counts the
time TIM1 from the moment when the EPS value was exceeded. When
changes in the baseline signal in time interval TIM1 are smaller than EPS,
the value of the baseline signal is shown on the LED display and printed out.
The system is then ready to start phase 2 (calibration). Standard solutions
are injected in previously programmed sequence, the present status being dis-
played. The rotary valve is turned to the injection position after the ACCEPT
key has been pressed by the operator, and returns to the filling position after
the peak top has been recognized by the system. In the algorithm used, an
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important role in obtaining satisfactory measurements is played by the value
of parameter TIM2, which sets the time interval during which the control
system does not react to the detector response. This interval is counted from
the injection time to a point on the ascending part of the peak and must be
estimated experimentally for a given manifold. Inclusion of this procedure in
the software enables any effect of accidental signal changes, that might be
recognized as peaks from injected species, to be neglected. After the injec-
tion of all standard solutions has been completed, the system signals the
beginning of phase 3 (measurements of unknown samples). When the number
of injected samples equals the value initially programmed, the result of
measurements is displayed and printed out. This completes one measurement
cycle. Using keys F1 or F3, one can return to different points of the whole run.

Solutions

A stock standard solution containing 100 mg 1! molybdenum(VI) was
prepared by dissolution of analytical-grade ammonium heptamolybdate
(POCh, Gliwice, Poland) in triple-distilled water. Less concentrated standard
solutions of molybdenum(VI) were obtained by consecutive dilution. Stan-
dard molybdenum(VI) solutions below 1 mg 1! and the carrier solutions of
potassium iodide and hydrogen peroxide in sulphuric acid were prepared
daily. All reagents used were of analytical-grade purity.

Aqueous soil extracts were prepared by vigorous shaking of 50 g of freshly
sampled greenhouse soil for 45 min with 150 ml of distilled water, followed
by filtering twice under suction.

RESULTS AND DISCUSSION

Optimization of experimental conditions

The magnitude of the flow-injection signal in a given catalytic determina-
tion with biamperometric detection depends on the polarizing voltage, the
geometry of the whole flow system including the detector, the flow rate,
injected sample volume and concentration of reagents in the carrier solutions.
Under given hydrodynamic conditions, the current intensity between the
electrodes in d.c. amperometric measurement depends on the applied voltage,
reaching a plateau. In the system used here (flow rate 2.4 ml min™ in each
channel, 6.0 mM hydrogen peroxide in 0.1 M sulphuric acid in channel B),
the current increased quickly as the applied voltage was increased from 10 to
100 mV, at which a near plateau was observed; 100 mV was therefore applied
in subsequent work.

Some parameters of the catalytic determination of molybdenum(VI) are
not affected by the detection technique used, hence parameters such as the
concentrations of strong acid in the hydrogen peroxide solution and of
potassium iodide optimized earlier by Fang and Xu [4] for spectrophoto-
metric friilode measurements were used similarly here. An increase in the
iodide concentration causes an increase in the free iodine blank, which
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Fig. 5. Effect of hydrogen peroxide concentration in 0.1 M H,SO, used in line B on peak
height for injection of 0.8 mg 1" Mo(VI) solutions. Sample volume 140 ul, flow rate
2.4 ml min™ in each channel.

Fig. 6. Effect of total flow rate on the peak height (o) and signal/noise ratio (e) for in-
jections of 0.8 mg 1! Mo(VI) solutions. Sample volume 140 ul; 6.0 mM H,0, in 0.1 M
H,SO, in line B.

increases the baseline noise. The effect of hydrogen peroxide concentration
is shown in Fig. 5. Up to about 3 mM concentration, the peak height in-
creases linearly with peroxide concentration, but above 6 mM no signifi-
cant increase was observed. That value (0.023%) was used for further meas-
urements; it is very similar to the concentration used in spectrophotometric
measurements.

The effect of flow rate is more complicated here than in spectrophoto-
metric measurements. An increase in the flow rate diminishes the residence
time of injected samples and so also decreases the degree of reaction between
hydrogen peroxide and iodide, but it also facilitates transport of the depolar-
izer to the electrode surface. The resultant signal increases monotonously
with decrease in flow rate, but baseline oscillations increase simultaneously
leading to a decrease in the S/N ratio (Fig. 6). Consideration of Fig. 6 indi-
cates that a flow rate of 2.4 ml min™ in each channel gives best results.

In flow-injection measurements, the signal magnitude can generally be
increased by enlarging the injected sample volume, the limiting factor being
the degree of attainment of equilibrium. For the manifold used and two dif-
ferent flow rates, such relationships are shown in Fig. 7. Above 250 ul,
there is only a slight increase in the peak height, therefore that sample volume
can be considered as optimal.

Typical peaks for injections of 20—200 ug 1! molybdenum(VI) solutions,
obtained under optimized conditions, are shown in Fig. 8. The linear plot of
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Fig. 7. Effect of sample volume on peak height for injection of 0.1 mg 1" Mo(VI) solu-
tion at flow rates of 1.2 (o) and 2.4 (e) ml min” (6.0 mM H,0, in 0.1 M H,SO, in
line B).

Fig. 8. A typical output for the flow-injection determination of molybdenum(VI). Con-
centrations of injected solutions are given in ug 1. Sample volume 250 ul: flow rate
2.4 ml min™; 6.0 mM H,0, in 0.1 M H,SO, in line B.

peak height vs. concentration had a correlation coefficient of 0.9989. A
linear plot was also obtained over the whole investigated range of molyb-
denum(VI) concentrations up to 1 mg 1. The detection limit was estimated
from a comparison of the signal magnitude for 10 ug 1! Mo(VI) with the
noise level, caused mainly by peristaltic pump pulsation. For S/N = 2, the
detection limit was 1.2 ug I"* Mo(VI).

Interferences

The interfering effects of heavy metal ions on molybdenum(VI) have
been considered in most papers reporting catalytic determinations of molyb-
denum. The results obtained with biamperometric detection are shown in
the third column of Table 2. Tungsten(VI) interferes because of its catalytic
effect and chromium(V1) by oxidation of iodide in acidic medium. An
equimolar amount of iron(III) does not affect the signal, but at higher con-
centrations it causes significant decrease of the signal probably as result of
catalytic decomposition of hydrogen peroxide in the presence of iron(I1l).
Adding citrate to the iodide solution decreases the tungsten(VI) interference
[3], but fluoride is more effective. Both masking agents, however, signifi-
cantly decrease the sensitivity of the molybdenum(VI) determination
(Table 2).

The use of masking agents to eliminate iron(IIl) interference, either added
to the iodide solution or pumped instead of distilled water in line A, was not
effective. This is shown for sulphosalicylic acid, as an example, in Table 3.
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TABLE 2

Error (%) in the determination of 0.1 mg 1" Mo(VI) in the presence of interfering species
with and without masking agents added to iodide solution in line C

Interferent Cone. Error (%)

addei Without With masking agent

(mgl™) masking

agent 0.001 M 0.02 M 0.01 M
g EDTA Citrate Fluoride

W(VI) 0.1 24 29 12 —1.3
V(V) 0.1 1.9 0.6 1.5 —2.6
Cr(VI) 0.1 25 24 51 46
Mn(II) 1.0 0 —2.5 0 0
Cu(Il) 1.0 —2.5 —21 —6.0 —2.6
Fe(III) 0.1 1.9 0 0 1.3

1.0 —50 —45 —39 —36

5.0 —63 —74 —51 —61
Signal? 121 123 50 60

2For 0.1 mg 1" Mo (nA).

TABLE 3

Error (%) in the determination of 0.1 mg 1" Mo(VI) in the presence of iron(1IlI) masked
with sulphosalicylic acid

Fe(III) conc. Error (%)2

-1
(mg1™) A C S
1.0 —46 —52 0]
5.0 —70 —73 —1.2

2A, 0.02 M sulphosalicylic acid used in line A (Fig. 2). C, 0.1 M sulphosalicylic acid added
to iodide solution in line C. S, 0.02 M sulphosalicylic acid added to sample solution before
injection.

Iron(III) interference can be avoided by adding the masking agent to the
sample before injection, which supports the explanation about the catalytic
role of iron(III) ions in hydrogen peroxide decomposition. The decomposi-
tion process is much faster than the slow formation of iron(IIl) complexes
in the flow stream. A similar effect to that shown in Table 3 for sulpho-
salicylate was observed for oxalate, but its presence in the sample substan-
tially decreased the sensitivity of the molybdenum(VI) determination. As
was mentioned earlier [4, 5], the chromium(VI) interference can be elimi-
nated by reducing chromium with hydrogen peroxide and evaporating to
dryness.
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TABLE 4

Results (mg 1) for molybdenum(VI) in soil extracts®

Sample Peak Manual interpretation Microprocessor result
hefht Sample Sample Sample Sample
(ua) +0.1 mgl-* Mo +0.1 mg 1 Mo

1 0.62 0.31 0.39 0.31 0.40

2 0.68 0.34 0.44 0.35 0.44

3 0.56 0.28 0.39 0.28 0.40

4 0.58 0.29 0.40 0.29 0.40

5 0.64 0.32 0.43 - 0.32 0.43

6 0.72 0.36 0.48 0.36 0.48

2Conditions: 6.0 mM hydrogen peroxide; flow rate 1.9 ml min™ in each line; sample
volume 100 ul. Parameters of microprocessor-controlled measurement: 10 injections of
standard solutions TIM1 = 10, TIM2 = 40, EPS =1, PR = 2,

Determination of molybdenum(VI) in soil extracts

As an example of application of the method, molybdenum(VI) was deter-
mined in greenhouse soil extracts. It was assumed that extraction with dis-
tilled water would not remove iron(I1I) from the soil. The possible presence
of chromium(VI) in the extracts was examined by using a spectrophoto-
metric diphenylcarbazide method. Only trace contents below 3 ug I
chromium(VI) were found. The conditions for the determination of molyb-
denum(VI) by the flow-injection method are shown in the legend to Table 4.
In this table, results obtained manually are compared to those obtained with
the microprocessor-controlled system. These results show good agreement
for both interpretations as well as satisfactory accuracy in recovery measure-
ments.

Conclusions

The biamperometric method of detection in the flow-injection catalytic
determination of molybdenum(VI) is an alternative to spectrophotometric
methods reported earlier. It offers similar sensitivity and selectivity, but has
the advantage of insensitivity to the colour of injected solutions, which can
be important for the slightly yellowish soil extracts. Flow-cell design is simple
and can be reproduced in any analytical laboratory. The method developed
illustrates the analytical advantages of flow-injection procedures; the dif-
ficult and usually time-consuming catalytic determination can be performed
at a sampling rate of 100 h™.
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SUMMARY

Dissolved aluminium in seawater and freshwater is determined by cathodic stripping
voltammetry (c.s.v.) preceded by adsorptive collection of complex ions with 1,2-
dihydroxyanthraquinone-3-sulphonic acid (DASA) on the hanging mercury drop elec-
trode. Complexation of aluminium by DASA is rapid and no waiting period or heating of
the sample is required. Optimal conditions are a DASA concentration of 105 M, a solu-
tion pH of 7.1—7.3 and an adsorption potential of —0.9 V; the c.s.v. scan is done in the
differential-pulse mode. The limit of detection is 1 nM aluminium for an adsorption time
of 45 s. The total time needed, including 5-min deaeration and a standard addition, is
10—15 min per sample. No serious interferences were found; u.v. irradiation is recom-
mended for samples containing high levels of organic materials.

The concentration of dissolved aluminium in seawater generally lies bet-
ween about 5 nM (in arctic waters [1]) and 40 nM (deep-sea Northwest
Atlantic [2]). Aluminium occurs in seawater of pH 8 predominantly in the
form of the hydroxy complexes AI(OH); and AI{OH)} [3]. Its concentra-
tion in seawater is usually determined fluorimetrically with Lumogallion [4].
Although this is a sensitive technique with a detection limit of around 2 nM
aluminium, it has the drawback that a long waiting time (12—24 h) is req-
uired for development of the fluorescence.

It is difficult to determine aluminium directly by electrochemical tech-
niques because the reduction potential of Al(III) is very negative at —1.75 V
vs. SCE, in a 0.05 M barium chloride electrolyte [5]. This is very close to the
reduction potentials of sodium, barium and potassium, so that high concen-
trations of these ions interfere with the determination of aluminium. The
reduction wave of hydrogen precedes that of aluminium, but is well separated
from it when the hydrogen ion concentration does not exceed that of alum-
inium [5]. In an electrolyte solution of 0.007 M KNO; at pH 4, it is possible
to determine aluminium at levels between 2 X 107 and 2 X 10° M by dif-
ferential pulse polarography [6]. More conveniently, aluminium can be deter-
mined polarographically after complexation with di-o-hydroxyazo dyes [7];
in presence of excess of dye, two peaks are obtained. The first (more positive)
peak is due to the unreacted dye, and the second one is related to reduction
of the dye complexed by aluminium. The half-wave potentials associated
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with these reductions are more positive than those of hydrogen or alumin-
ium itself (at —0.5 V at pH 4.5), but the limit of detection is more than
1077 M. A voltammetric method has been described which depends on the
oxidation of the aluminium complex of the dye solochrome violet RS
(SVRS) (at +0.7 V) after adsorption onto a carbon paste electrode [8],
but the sensitivity is similar to that of the direct polarographic technique.
This dye has also been used recently to determine aluminium in a cathodic
stripping voltammetric (c.s.v.) procedure in which the aluminium complex is
first adsorbed onto a hanging mercury drop electrode (HMDE) [9]. The limit
of detection by this technique is claimed to be 5.5 nM for a 10-min adsorp-
tion time; however, the method has the drawback that the slow reaction rate
of SVRS with the aluminium ion necessitates a preliminary heating of the
sample for 10 min at 90°C.

In this report, a procedure is described for determining aluminium in nat-
ural waters, including seawater, by c.s.v. of its complex with 1,2-dihydroxy-
anthraquinone-3-sulphonic acid (DASA). Advantages of the new procedure
are the fast reaction kinetics which obviate the need to heat the sample after
addition of this reagent, and a lower limit of detection of 1 nM (27 ng I'!)
aluminium after an adsorption time of 45 s. The reduction current of the
ligand, DASA, in the adsorbed complex is indicative of the dissolved alum-
inium concentration. In this aspect, the method differs from the determina-
tion by c.s.v. of other metals such as copper [10] or nickel [11] in which
the current arises from the reduction of the metal in the adsorbed complex.
This technique has recently been reviewed [12].

Several different compounds were tested for their suitability to produce a
reduction wave with aluminium; they were selected either because they had
been used before in c.s.v., or because of their known chelating properties.
The following compounds did not produce a peak with aluminium: salicyl-
hydroxamic acid, diphenylcarbazide, 1-nitroso-2-naphthol, 2-(2-bipyridyl)-
benzimidazole, dithizone, 8-quinolinol, ammonium pyrrolidinedithiocar-
bamate (APDC), chromotropic acid, pyridylazoresorcinol, pyridylazonaph-
thol, and diethylenetriaminepenta-acetic acid. An aluminium peak was ob-
tained with DASA and only the experiments with this compound are presen-
ted here.

EXPERIMENTAL

Equipment and reagents

A PAR 174A polarograph was used with a 303 static mercury drop elec-
trode (SMDE) and a Metrohm E649 magnetic stirrer. The surface area of the
HMDE was 2.8 mm?. Potentials are quoted relative to the Ag/AgCl, saturated
KCl reference electrode. Experiments involving pH measurements were done
with a manual Kemula HMDE (Metrohm) and a 20-ml polarographic cell;
pH was measured with a Metrohm 605 pH meter and a combination glass/
reference electrode, calibrated against NBS pH buffers. All experiments were
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done in a laminar flow hood to prevent contamination of equipment and
solutions with traces of aluminium.

Standard aluminium solutions were prepared by dilution of commercial
atomic absorption spectrometric standard solutions with 0.1 M hydrochloric
acid. An aqueous stock solution of 10° M DASA was prepared in double
distilled water (from quartz). The aqueous stock pH buffer solution prepared
was a 1 M solution of BES(N,N'-bis-(2-hydroxyethyl)-2-amino-ethane sul-
phonic acid) in 0.4 M sodium hydroxide (AristaR, BDH). Addition of this
buffer to give a concentration of 0.01 M in seawater produced a pH of 7.1.
Traces of metal ions present in the pH buffer were removed by treatment
with 10* M manganese dioxide followed by filtration [10]. A stock solu-
tion of 0.1 M EDTA was prepared in distilled water and adjusted to pH 7.1
by addition of sodium hydroxide.

Seawater used to optimize the experimental conditions was collected from
the Menai Straits and had a salinity of 32°/,.; it was stored in 50-1 polyethy-
lene containers and batches were u.v.-irradiated for 3 h with a 1-kW mercury
vapour lamp to destroy organic matter and then stored in quartz containers.

Procedure for the determination of aluminium in seawater

The sample (10 ml) is pipetted into the polarographic cell; 10 ul of the
BES pH buffer is added (giving pH 7.1) followed by 100 ul of 10 M DASA
stock solution, giving a working concentration of 10° M DASA. After
deaeration of the solution with inert gas (argon or nitrogen) for 5 min, the
stirrer is started, and the potentiostat is set to —0.9 V. A new mercury drop
is then extruded which signifies the beginning of the adsorption time. The
stirrer is stopped after 60 s and 10 s is allowed for the solution to become
quiescent. The differential-pulse cathodic-stripping scan is then started, at a
rate of 20 mV s7!, with a pulse height of 25 mV and a pulse time of 0.1 s.
The aluminium peak appears at —1.12 V in seawater, and —1.07 V in fresh-
water. The aluminium concentration in the sample is evaluated from a rep-
eated measurement after a standard addition.

The peak current/aluminium concentration relationship is linear up to
100 nM Al under the stated conditions with a stirred adsorption time of
1 min. The linear range can be extended by reducing the adsorption time, or
by adsorbing from unstirred solution; in the latter case, the linear range
extends up to 600 nM with a 15-s adsorption time.

Interference by high concentrations of zinc in polluted seawater (greater
than 50 nM) can be overcome by using an adsorption potential of —1.0 V
(the zinc peak is at —1.08 V in seawater), and scanning from —0.9 V. Zinc in
freshwater or seawater can also be masked by adding 10* M EDTA to the
sample prior to the measurement. Interference caused by high concentra-
tions of organic surface-active material is eliminated by u.v.-irradiation of the
acidified (pH 2.8 = 0.2) sample followed by neutralisation and buffer
addition.
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RESULTS AND DISCUSSION

Cyclic voltammetry

Cyclic voltammetric scans of 10° M DASA in seawater of pH 7.1 show
reversible reduction of free DASA (not complexed by aluminium) (Fig. 1A).
The main reduction peak appeared at —0.63 V in agreement with half-wave
potentials quoted for substituted anthraquinones [5]. The oxidation peak
potential of the reversing scan is displaced slightly (by 5 mV) from that of
the reduction peak as a result of diffusion of the reduced DASA away from
the surface of the HMDE. The peaks increase in height when the scans are
repeated because of adsorption of DASA onto the electrode. The oxidation
peak can be brought back to its original magnitude by holding the scan at
—0.8 V before scanning back. A second oxidation peak is apparent at
—0.53 V and its reduction counterpart at —0.535 V becomes apparent only
on the second scan; this second peak is presumably due to different stabili-
sation of the two quinone groups of the DASA.

In the presence of 600 nM aluminium and after stirred adsorption at
—0.9 V for 30 s, a peak related to DASA stabilised by aluminium complexa-
tion appears at —1.17 V (Fig. 1B). This reduction step is irreversible; the
returning scan reveals only a poorly defined and broad peak. This irrever-
sibility may be due to the slow formation of the DASA/Al complex, as the
reduction of DASA itself is reversible. The reduction peak does not shift in a
negative direction when the scan rate is increased to 200 or 500 mV s,
confirming that the reduction step itself is fast, and that irreversibility is due
to relatively slow complexation kinetics. Upon repeating the scan, the
reduction peak is smaller because of diffusion of the ligand and the metal
away from the electrode.

E(V)

Fig. 1. A. Cyclic voltammetry of 10° M DASA: (A) in seawater at pH 7.1 (scan rate
50 mV s7'); (B) in seawater containing 500 nM Al, preceded by 30-s stirred adsorption at
—0.9 V. In (A), scan 1 was done immediately after extrusion of a new mercury drop;scan 2
was arepeat scan on the same drop. In (B), scan 2 was a repeat scan on the same drop.
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The peak height of the DASA/AIl complex in the presence of 600 nM
aluminium does not increase when the stirred adsorption time is lengthened
from 30 s to 60 s, apparently because of saturation of the drop surface with
adsorbed free DASA and DASA/AI complex ions. The charge involved in the
reduction of the adsorbed DASA/AI] complex is only about 5 nC under these
conditions, equivalent to an adsorbed layer of 9 X 10! molecules/cm?; this
was calculated by dividing the current by nFA, where A is the surface area of
the drop, F the Faraday constant, and n the number of electrons involved in
the reduction of DASA (n = 2 [5]). The amount of DASA/Al complex ad-
sorbed onto the HMDE at maximum surface coverage is much less (100X)
than that of metal complexes with catechol, APDC, or dimethylglyoxime
[12] as a result of the competitive adsorption of free DASA. This competitive
adsorption diminishes the collection efficiency for aluminium.

Effects of the adsorption potential and solution pH

The effect of the solution pH on the peak height obtained for the alumin-
ium in seawater was investigated by using c.s.v., without the addition of
buffer. It was found that the peak height was constant at pH values between
5.7 and 8.5, whereas at lower pH values the peak rapidly diminished and dis-
appeared at pH 5.4. However, the slope of the baseline was best at neutral

Peak current(nA)

Peak current{nA)

[}

-06 -07 ~0.I8 -09 -1‘0 - -12 0 1 ; ; lA é ‘e 7l é ; 10
Adsorption potential (V) DASA concentration (lésMi

Fig. 2. The effect of varying the adsorption potential on the c.s.v. peak height for 40 nM

aluminium in seawater containing 10-* M DASA and 0.01 M BES. Conditions: scan rate

20 mV s™, pulse rate 10 s, pulse amplitude 25 mV, 1-min stirred adsorption; each scan

started from —0.9 V.

Fig. 3. The effect of varying the DASA concentration on the c.s.v. peak height obtained
for 35 nM aluminium in seawater containing 0.01 M BES buffer (pH 7.1). Each measure-
ment was preceded by 30-s stirred adsorption at —1.0 V, and each scan was started from
—0.9 V (scan rate 20 mV s, pulse rate 10 s').
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pH, and BES pH buffer, giving a pH of 7.1, was selected as it gave good
separation of the DASA/AI peak from the hydrogen wave.

The potential applied to the electrode during the period of adsorption
strongly affects the peak height obtained as shown in Fig. 2. No peak for
aluminium is visible when adsorption potentials near to or more positive
than the reduction peak for free DASA are selected (positive of —0.7 V);
under these conditions the DASA/AI peak is masked because of saturation of
the drop surface by free DASA. Greatest peak height is obtained at —0.9 V,
whereas the peak height diminishes when adsorption potentials nearer to the
DASA/Al peak (at —1.16 V) are selected.

The effects of varying the DASA concentration and the adsorption time

The peak height of the DASA/Al complex was measured by c.s.v. as a
function of the DASA concentration. It was found (Fig. 3) that the peak
height increases strongly with the DASA concentration up to about 2 X
10° M DASA. This increase reflects the increased formation of the DASA/Al
complex in solution at higher DASA concentrations. Adsorption of the
DASA/AIl complex is favoured over the adsorption of free DASA by apply-
ing an adsorption potential of —0.9 V, negative of the reduction potential of
free DASA (at —0.7 V). At DASA concentrations above 2 X 1075 M, the
background current caused by dissolved free DASA increases, which produces
a sloping baseline. The optimal DASA concentration for the determination
of aluminium in seawater is therefore 1—-2 X 10> M DASA.

801
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Fig. 4. Effect of varying the adsorption time on the c.s.v. peak height for 40 nM alumin-
ium in seawater containing 10 M DASA and 0.01 M BES.

Fig. 5. The c.s.v. peak height for the DASA/AI] complex as a function of the aluminium
concentration in u.v.-irradiated seawater containing 10> M DASA and 0.01 M BES. Each
measurement was preceded by 30-s stirred adsorption at —0.9 V: instrumental conditions
as for Fig. 2.
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With increasing collection time (at 10° M DASA in seawater containing
40 nM aluminium and from stirred solution) the adsorption of the DASA/Al
complex onto the HMDE is enhanced (Fig. 4). This increased adsorption is
non-linear as a function of collection time, as the mercury drop quickly
becomes saturated with free and complexed DASA. At adsorption times
longer than 3 min, the peak height related to aluminium decreases as a result
of an increase (and an apparent shift in the positive direction) of the hydro-
gen wave, caused by the adsorption of free DASA.

Determination of aluminium in seawater and freshwater

The optimal conditions for the determination of aluminium in water are a
neutral pH, a DASA concentration of 10~ M and an adsorption potential of
—0.9 V. The relationship of peak current to aluminium concentration is
linear up to ca. 130 nM when a stirred adsorption time of 30 s is used, as
shown in Fig. 5. (The seawater used in this experiment had been u.v.-
irradiated to remove organic material and treated with manganese dioxide to
remove trace metal contamination.) The plot is curved at higher aluminium
levels because of saturation of the drop surface. The sensitivity for low alum-
inium levels is improved by increasing the adsorption time (see Fig. 4) but
the linear range is then diminished. Thus the peak height increases linearly
with the aluminium concentration up to 60 nM when stirred adsorption is
continued up to 2 min, but it is linear to 600 nM when unstirred adsorption
for 15 s is used.

Figure 6 shows the scan obtained for 15 nM aluminium in seawater in the
presence of 10°° M DASA, 0.01 M BES buffer (pH 7.1) after a stirred ad-
sorption time of 45 s; in order to mask a small peak attributed to zinc on the
shoulder of the aluminium peak, the adsorption potential was —1.0 V,
whereas the scan was started at —0.9 V. Scans 2 and 3 (Fig. 6) represent
standard additions of 7 and 14 nM aluminium, respectively. The relative

5nA

L L L
-09 -1.0 -1 -12 -13
Potential (V)

Fig. 6. Stripping scans for aluminium in seawater containing 10° M DASA and 0.01 M
BES buffer, showing the reduction peak obtained for adsorbed DASA/Al complex. Alum-
inium concentration: (1) 15 nM; (2) 22 nM; (3) 29 nM. Conditions: scan rate 20 mV s,
pulse rate 10 s™', pulse amplitude 25 mV, adsorption potential —1.0 V, stirred adsorption
time 45 s; each scan was started at —0.9 V.
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standard deviation for the measurement of 15 nM aluminium was 2% (n = 8);
from 3 times the standard deviation, a detection limit of 1 nM aluminium
was calculated. This limit is lower than that (5.5 nM Al) obtained with solo-
chrome violet RS as chelating agent after a 10-min adsorption period [9].
The limit of detection with DASA can be decreased to about 0.4 nM by in-
creasing the adsorption time to 3 min.

Aluminium was determined repeatedly in two freshwater samples by using
the recommended c.s.v. procedure. A sample from the River Test, Hampshire,
was found to contain 35.3 £ 0.6 nM aluminium (n = 8), whereas a sample of
Liverpool tapwater contained 271 * 3 nM aluminium (n = 6). The relative
standard deviations of these determinations were 1.7 and 1.1%, respectively.
The river sample had to be irradiated prior to the determination in order to
remove interfering organic material, whereas the tapwater could be analysed
without prior treatment.

Interferences

Trace metals can interfere if, under the conditions used, they form com-
plexes with DASA which adsorb onto the HMDE and produce a peak close
to that of aluminium. The major cations, magnesium, calcium and sodium,
did not interfere, and aluminium can be determined successfully in freshwater
and seawater. No interference in the determination of 15 nM aluminium was
observed when the recommended procedure was applied after the additions
of 1077 M Cu, Fe(IIl), As, In, Se(IV), V, Cr(III) and Cr(VI), 10°® M Cd, Pb,
Ti, Sn, Sb and Mn, and 10 M Se(VI), Tl, Ge and Ga. At concentrations sev-
eral orders of magnitude higher than those occurring in seawater, peaks near
that of aluminium were produced by gallium, antimony and zinc. Of these,
only zinc was found to interfere as it may be present at enhanced levels bec-
ause of sample contamination. Interfering levels (>50 nM) of zinc in sea-
water can be masked by adsorbing at —1.0 V and initiating the scan from
—0.9 V. It was also found that addition of 10 M EDTA to freshwater com-
pletely masked 100 nM zinc without affecting the aluminium response.

Dissolved organic matter in samples can interfere by competitive com-
plexation and masking of aluminium, or by surface-active effects which can
diminish the surface area of the HMDE available for DASA/A] adsorption.
The possible interfering effects of natural chelating substances were tested
by adding EDTA to seawater and measuring aluminium by c.s.v. The DASA/
Al peak was not suppressed by up to 10 M EDTA. Possible interference by
natural organic surface-active material was tested by adding the non-ionic
surfactant Triton X-100 to the sample; the DASA/AIl peak was diminished
by 12% by 0.1 mg 1! and by 21% by 0.2 mg I"*, and was completely masked
by 1 mg I Triton X-100. Ultraviolet irradiation of samples containing high
levels of organics (estuarine samples) is therefore recommended in order to
eliminate this interference (no such interference was observed in untreated sea-
water, salinity 34.5%, collected in the English Channel). This u.v.-irradiation
should be applied after acidification of the sample to pH 2.8 + 0.2, as a loss
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of aluminium (of variable magnitude), presumably by adsorption onto the
quartz container walls, was observed when irradiation was done at the nat-

ural sample pH (pH 8).

This investigation was supported in part by a grant of the Department of
the Environment to K. M. We are grateful to Mr. J. Murphy for preparation
of the drawings and to Ms. S. Perry for typing of the manuscript.
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SUMMARY

A sensitive stripping voltammetric procedure for quantifying thorium is described. The
chelate of thorium with the azo dye Mordant Blue 9 is adsorbed on the hanging mercury
drop electrode, and the reduction current of the accumulated chelate is measured during
a negative-going potential scan. Cyclic voltammetry is used to characterize the interfacial
and redox behaviors. The effects of pH, dye concentration and accumulation potential
are discussed. The detection limit is 4 X 10-'®* M (4-min accumulation), a linear current-
concentration relationship is observed up to 1.3 X 10-7 M, and the relative standard devia-
tion (at the 6 X 10* M level) is 3.1%. Possible interferences by trace metals and organic
surfactants are investigated. Simultaneous quantitation of thorium and nickel is illustrated.

Because of the importance of thorium, highly sensitive methods are required
for its determination in various matrices. Neutron activation methods [1],
mass spectrometry [2], and x-ray fluorescence spectrometry [3] have been
used recently, but these techniques require costly instrumentation. Because
of the extremely negative reduction potential of thorium, its polarographic
wave is masked by the large hydrogen evolution background current [4]. As
a result, no attempts have been made to measure thorium by direct polaro-
graphy, or by the more sensitive method of stripping voltammetry [5]. Early
studies indicated, however, that thorium forms a polarographically-active
chelate with the dihydroxyazo dye solochrome violet RS {6, 7]. A distinct
reduction wave was obtained when thorium ions were added to the dye-
containing solution. The height of this wave was proportional to the thorium
concentration; a limit of detection of 6 X 10 M thorium was reported.

This paper describes a very sensitive stripping voltammetric procedure for
trace determination of thorium. Low levels of certain metal ions can be quan-
tified by using accumulation of their appropriate complexes at an electrode
and stripping voltammetry of the surface species [8}. Chelating agents such as
dimethylglyoxime [9, 10], catechol {11—13], and dihydroxyazo dyes [14,
15], have been used for trace quantitation of nickel [9], cobalt [10],
vanadium [11], uranium [12}, iron [13], aluminum [14] and titanium
[15]. As a result of these efforts, the scope of stripping voltammetry has

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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been extended. The current work demonstrates that a similar approach
based on the formation of a thorium chelate with the dihydroxyazo dye
Mordant Blue 9 (Color Index 14855) can be exploited for trace quantitation
of thorium. The results of an investigation into the adsorptive stripping
behavior of the thorium/Mordant Blue 9 chelate, are described in the follow
ing sections.

EXPERIMENTAL

The equipment used to obtain the voltammograms, a PAR 264A voltam
metric analyzer with a PAR 303 static mercury drop electrode, was describec
in detail earlier {14, 15]. All solutions were prepared from double-distillec
water. A 1000 mg 1! thorium stock solution (atomic absorption standard
Aldrich) was diluted as required for calibration and standard additions
Dihydroxyazo dyes were purchased from Aldrich; a 10 M stock solution of
Mordant Blue 9 [C.I. 14855; 6-(5-chloro-2-hydroxy-4-sulfophenylazo)-5
hydroxy-1-naphthalenesulfonic acid, disodium salt] was prepared daily
Supporting electrolyte was 0.05 M acetate buffer (pH 6.5).

The procedure used was similar to that reported previously [14], excep!
for the use of a 2 X 10° M Mordant Blue 9 solution and a preconcentratior
potential of —0.36 V. The chelate was formed at room temperature, with the
solution stirred for 2 min.

RESULTS AND DISCUSSION

Interfacial and redox behaviors

Figure 1 shows voltammograms for acetate buffer solution (pH 6.5) con
taining 2 X 10 M Mordant Blue 9 before (A) and after (B) adding 50 ug1™
of thorium. Stirring the dye-containing solution for 60 s, while holding the
electrode at —0.18 V, prior to the scan (A, scan 1) results in two cathodic
peaks (at —0.33 V and —0.44 V) associated with the reduction of the adsorbed
dye. No peaks are observed upon scanning in the positive direction. Subse
quent scans result in disappearance of the first peak and sharp decrease of
the second peak, indicating rapid desorption of the dye from the surface
When the same experiment is repeated in the presence of 50 ug 1™ thorium
(B), an additional peak, associated with the reduction of the adsorbed metal
chelate, is observed at —0.51 V (on the tail of the free-dye peak). Also
observed is a slight decrease of the free-dye peaks. When a potential of
—0.36 V was applied during the stirring period, only a single cathodic peak
from reduction of the adsorbed chelate is observed (C). This peak is larger
than the chelate peak obtained following accumulation at —0.18 V, presum-
ably because of reduced competition by the free dye for surface sites. The
reduction of metal chelates of azo dyes is known to proceed at the azo link-
age [16, 17]; the shift in peak potential, compared to the free dye, is attri-
buted to the involvement of the azo group in the coordination. When
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Fig. 1. Repetitive cyclic voltammograms obtained after 60-s stirring: (A, B) at —0.18 V;
(C) at —0.36 V. (A) 2 X 10-°* M Mordant Blue 9; (B, C) as (A) after addition of 50 pg 1!
thorium. Electrolyte, acetate buffer (pH 6.5); scan rate, 50 mV s™*.

50 ug 17! thorium, 2 X 10 M Mordant Blue 9 were stirred at —0.36 V,
maximum surface coverage was observed after 60 s. The maximum charge
calculated by integration of the area under the chelate peak (‘‘cut and weigh”’
method), was found to be 0.161 uC. This value corresponds to an adsorbed
layer of 2.0 X 107!! mol cm™. Because of the mixed adsorbed layer, the area
occupied by a single chelate molecule cannot be estimated. The effect of
potential scan rate on the chelate peak current and potential was evaluated
at maximum adsorption density. A plot of log (peak current) vs. log (scan
rate) was linear, with a slope of 0.89, over the 10—200 mV s™* range. A slope
of 1.00 is expected for an ideal reaction of surface species. The peak poten-
tial shifted 170 mV in the negative direction when the scan rate was increased
from 10 to 500 mV s™'. A plot of peak potential vs. log scan rate was linear
with a slope of 10, over the 20—200 mV s™! range (correlation coefficient,
1.000).

The interfacial behavior of the thorium/Mordant Blue 9 chelate can be
utilized for effective preconcentration, prior to the voltammetric measure-
ment. As a result, trace levels of thorium can be quantified by means of
adsorptive stripping voltammetry. For example, Fig. 2 shows linear scan
voltammograms for 8 ug 17! (3.4 X 10™® M) thorium, in the presence of
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Fig. 2. Linear scan voltammograms for 8 ug 17! thorium after different preconcentration
times: (a) 0; (b) 30; (c) 60 s. Preconcentration at —0.36 V with 400 rpm stirring. Inset are
current vs. preconcentration time plots: (A) 8 ug 1~ Th; (B) 14 pg1-' Th. Conditions: 2 »
10-° M Mordant Blue 9; otherwise as for Fig. 1.

2 X 10 M Mordant Blue 9, after different preconcentration times. The
chelate stripping peaks are well defined, with peak potential at —0.48 V and
peak half-width of 59 mV. A rapid increase of the chelate peak is observec
with increasing preconcentration time, indicating an enhancement of the
chelate concentration on the mercury surface. For example, a 60-s precon
centration period resulted in an 18-fold enhancement of the peak, comparec
to the response without preconcentration (compare curves a and c). Af
thorium concentrations of 8 and 14 ug 17!, plots of current vs. preconcentra
tion time (Fig. 2) show that the current is independent of preconcentratior
time at times longer than 90 s (upon achieving adsorption equilibrium). As ir
conventional stripping voltammetry, a trade-off between sensitivity and speec
is required to optimize the preconcentration time. Times of 30 s and 300
suffice for convenient quantitation of thorium at the 10 and 1 ug 1™ levels
respectively.

Preliminary experiments were done with various complexing ligands anc
supporting electrolytes in order to examine their utility for the quantitatior
of thorium by adsorptive stripping voltammetry. The azo dyes eriochrom
black T (Mordant Black 11) and solochrome violet RS did not yield the
desired response in solutions such as acetate buffer, sodium hydroxide
sodium tartrate, PIPES, ammonium chloride, potassium nitrate, or ammon
ium acetate. No response was observed in acidic or basic PIPES solution
containing catechol. In contrast, Mordant Blue 9 yielded a well definec
stripping response in thorium-containing acetate buffer solutions, but not i
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sodium tartrate, PIPES or ammonium chloride. Accordingly, the following
experiments were done with acetate buffer solutions containing Mordant
Blue 9.

Figure 3 shows the effect of various conditions on the thorium-chelate
stripping response. The solution pH strongly affects the chelate peak
(Fig. 3A); the peak was larger over the pH 6.0—7.5 range, with maximum
adsorption at about pH 6.5. A 90-mV negative shift of the peak potential
was observed on increasing the pH from 5.5 to 8.0 (not shown). The peak
increased with the Mordant Blue 9 concentration to about 1 X 10° M
(Fig. 3B). According to Turnham [6], the azo dye/thorium ratio in such
chelates is 2:1. To assure thorium chelation over the entire submicromolar
level of interest, a Mordant Blue 9 concentration of 2 X 10® M was used in
all subsequent work. When the preconcentration potential was changed
(Fig. 3C), the peak height increased slowly on changing the potential over
the 0.0 to —0.25 V range; under these conditions the chelate peak appeared
as a small shoulder of the free dye peak. The highest chelate peak was observed
after accumulation at —0.35 V, but a preconcentration potential of —0.36 V
offered improved signal/background characteristics (particularly with respect
to the preceding free dye peak) and was used throughout. The potential
dependence of adsorption was also evaluated from electrocapillary studies.
Both the dye and subsequent thorium additions decreased the surface tension
(drop time) of the DME, particularly over the 0.1 to —0.4 V range, with the
largest decrease around the potential of zero charge (ca. —0.25 V).

Other parameters affecting the response include the mass transport during
the preconcentration step and stripping mode during the measurement step.
For example, a stirring rate of 400 rpm resulted in a 2.8-fold enhancement of
the response, compared to that obtained in a quiescent solution (15 ug 1™
thorium, 1-min preconcentration). Such mass-transport control indicates a
fast rate of chelate adsorption. The linear-scan stripping mode offered
improved signal/background characteristics relative to the differential pulse
waveform. The latter yielded a broad peak (half-width of 71 mV) at a poten-
tial of —0.47 V. As a result of its response characteristics and speed advan-
tage, the linear scan mode was preferred.
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Fig. 3. Effects on the adsorptive stripping current: (A) pH; (B) Mordant Blue 9 concentra-
tion; (C) preconcentration potential. Thorium concentration, 20 pg 17*; other conditions
as in Fig. 2, except that in (A) the preconcentration potential was adjusted to 0.15 V
more negative than the chelate peak potential (because of the shift in peak potential with
the pH).
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Response characteristics

Figure 4 shows voltammograms obtained after increasing the thorium con-
centration in 5 ug 1! (2.2 X 1078 M) steps. Well defined stripping peaks are
observed. These five measurements were part of seven concentration incre-
ments, up to 35 ug 1™!. Figure 4 (inset) shows the effect of different precon-
centration periods. With preconcentration for 30 s and 60 s, the response is
linear up to 30 and 20 ug1™* (1.3 X 1077 and 8.6 X 108 M), respectively. The
sensitivity then decreases as full surface coverage is approached. The slopes
of the initial linear portions were 2.49 + 0.05 (B) and 4.20 + 0.63 (C) nA
1 ug™ with intercepts of —1.26 + 1.11 (B) and —3.49 + 0.86 (C) nA and
correlation coefficients of 0.999 (B, C). With shorter preconcentration times
and/or unstirred solutions, saturation of the drop surface occurs at higher
thorium levels, i.e., the linear range is extended.

Because of the effective accumulation of the thorium/Mordant Blue 9
chelate, very low detection limits were obtained following short preconcen-
tration times. The detectability was estimated from measurements of 2 ug 1™
(8.6 X 107 M) thorium, after 4-min preconcentration (other conditions as in
Fig. 2). The limit of detection, calculated from 3 times the noise, was found
to be 0.1 ugl™! (4 X 107'° M). This value means that in the 10 ml of solution
used, 1 ng of thorium can be detected. Ten successive measurements of
15 ug 17! thorium yielded a mean peak current of 60 nA, a range of 58—65 nA,
and a relative standard deviation of 3.1% (conditions as in Fig. 2c¢).
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Fig. 4. Stripping voltammograms obtained for solutions of increasing thorium concentra-
tion in the range 5—25 ug I-' (a—e). Preconcentration for 60 s; other conditions as in
Fig. 2. Also shown are calibration plots for different accumulation times: (A) 0 s; (B) 30 s;
(C)60s.
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Interferences

Interferences can be caused by metal ions that form reducible or nonreduc-
ible chelates with Mordant Blue 9. These may affect the thorium chelate
response via an overlapping peak or may compete for adsorptive sites, Com-
petition for surface sites can be caused also by organic surfactants. Such
interfering effects were evaluated. No interferences were observed from
Cu(II), Hg(1I), Cd(11), Bi(IIT), Mn(II), Se(IV), Pb(II), Ni(II), Ca(Il), or Ba(II).
A slight decrease of the thorium stripping peak was observed in the presence
of Fe(Ill) and Sb(IIl); Zn(I1) caused a slight increase of the chelate response.
Such changes did not affect the thorium quantitation. In contrast, a large
overlapping response was observed in the presence of Ti(IV), AL(III), Ga(IIT)
and U(IV). Hence, a separation step would be required in the presence of
these metals. Such steps are common also to other methods for quantifying
thorium [2, 3].

Additions of nickel(II) or iron(III) to thorium-containing solutions resulted
in the appearance of new peaks (at —0.66 V and —0.59 V, respectively),
associated with the reduction of the corresponding chelates with Mordant
Blue 9. As a result, it is possible to quantify Th and Ni or Th and Fe(III)
simultaneously in mixtures. For example, Fig. 5 shows adsorptive stripping
voltammograms for 10 ug 1™ thorium solutions containing increasing levels
of nickel. The thorium response is not affected, while a well-defined concen-
tration dependence is observed for nickel. The two chelate peaks were separ-
ated by 180 mV.

Interferences by organic surfactants were tested with model compounds,
gelatin and dodecyl sodium sulfate. The 10 ug 17! thorium peak first increased

l-tonA

s C

o

5 b

(8]

a J\J\J

-04 -07 -1.0
Potenttal (V)

Fig. 5. Simultaneous adsorptive—stripping measurement of thorium and nickel: (a) 10 ug
17 thorium; (b) as (a) after addition of 10 ug 1! nickel; (c) as (b) after addition of 10 ug
17! nickel. Conditions as in Fig. 2(c).
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(by about 50% and 10%) on addition of 2 and 4 mg 17! gelatin, respectively.
Further additions of gelatin caused a gradual and slow decrease of the chelate
response, e.g., by about 30% and 50% in the presence of 100 and 200 mg 17,
respectively. The anionic surfactant, dodecyl sodium sulfate, caused marked
reductions in the peak height, by about 30% and 80% at 2 and 4 mg 17! levels,
respectively. Although the standard-additions procedure can be used for
quantitation when the extent of peak depression is independent of the metal
concentration, it is advisable to treat samples containing high levels of such
surfactants by u.v. irradiation.

This work was supported in part by the National Institutes of Health (Grant
No. GM 30913-03).
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SUMMARY

Pattern recognition of the level-1 type is applied to collisionally-activated-decomposi-
tion (c.a.d.) mass spectra of eight isomeric C,H,, alkylbenzenes. Principal component
analysis is used for data compression. Only masses with a relative intensity above a vari-
able threshold are selected; no autoscaling is used. Various criteria for deducing the num-
ber of factors are compared; because of the error structure, the 3s-misfit and chi-squared
criteria are most suitable. The principal components technique produces three factors de-
scribing four different groups of c.a.d. mass spectra, those corresponding to n-propyl-,
isopropyl-, ethylmethyl- and trimethyl-benzene molecular ions.

Since the early days of organic mass spectrometry, visual pattern recogni-
tion has been applied to extract information [1]. The analytical power of
mass spectrometry has since been expanded by tremendous improvements in
instrumentation, including gas chromatography/mass spectrometry, and by
the use of dedicated computers. Two more recent techniques, tandem mass
spectrometry (m.s./m.s.}) [2] and computerized pattern recognition [3],
have also assisted in the expansion of the analytical possibilities of mass spec-
trometry.

The aim of this study was to assess the analytical power of the combination
of m.s./m.s. and computerized pattern recognition. The example used here
involves the eight isomeric CoH;, alkylbenzenes which have very similar mass
spectra [4]. The m.s./m.s. technique applied was the constant parent ion
scan. By collisionally activated decomposition (c.a.d.), a mass spectrum is
obtained which is composed solely of daughter ions arising from the selected
parent ion, in this case CoHj,. To establish the number of significantly differ-
ent spectra, pattern recognition was applied. Pattern recognition is often de-
fined as the classification of observations into groups. As the goal of this
study was to classify the c.a.d. mass spectra into eight predefined groups,
(i.e., the isomers), the problem can be classified as level-1 pattern recognition

2Present address: Servier International Research Institute, 27 rue du Pont, 92202 Neuilly
S-Seine, France.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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[5]. As the similarities between the c.a.d. mass spectra were not predictable,
an assumption that the spectra can be classified into eight groups can lead to
meaningless results [6]. Therefore, prior to classification, data compression
is needed. This can best be done with principal components analysis (PCA)
[7], in which all the measured intensities (the manifest variables) are con-
sidered as a dependent set. Their variation can be described by fewer princi-
pal components (latent variables). Thus PCA reduces the dimensionality of
the observations. Another major feature is that the scores of the spectra on
the components are not correlated, which facilitates decisions about which
spectra are significantly different [8].

The data to be entered in PCA are the measured intensities at nominal
masses which are not scaled. This is valid because all the intensities are mea-
sured on the same scale relative to a common standard [7]. Mathematically,
this corresponds to a PCA of the ‘“‘covariance about the origin’’ matrix, which
is constructed from the raw data. Because each nominal mass represents a
unique ionic formula, alkylbenzenes are especially appropriate as an example.

EXPERIMENTAL

Instrumentation and samples

Mass spectral data were obtained with a Kratos MS9/50 double-focussing
mass spectrometer under the following conditions: ion source temperature,
400 K; trap current, 300 uA; accelerating voltage, 8 kV; electron energy,
70 eV. Samples were introduced either through an all-glass heated inlet system
or through a direct insertion probe, both at a temperature of 400 K. The col-
lision cell, built to a design of Maquestiau et al. [9], was situated near the focal
point of the first field free region. Air was used as collision gas. The pressure
of the collision gas, as measured in the introduction line by a MKS baratron
type 170 capacitance manometer, was 0.036 torr. This attenuated the main
beam intensity to ca. 35% of its original value. The c.a.d. spectra were re-
corded by using the B/E linked scan technique as described previously [10].

Calculations were done on an IBM 3083 mainframe computer by using
SAS software (Version 5 edition; Statistical Analysis Systems Institute, Cary,
NC) or by special programs written in APL, which is an interactive program-
ming language especially suitable for matrix calculations (IBM, New York).

All compounds were commercial samples. Their purity, checked by n.m.r.
and gas chromatography was >96%.

Principal component analysis

In PCA [8, 11}, the data are assumed to have multivariate norma! distri-
bution with correlated variable scores; orthogonal rotation produces new
variables, which are called principal components and are sorted in order of
descending variance. The observations have uncorrelated scares on the princi-
pal components. In matrix notation, this is equivalent to

X =YL" (1)
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where the T superscript denotes the transpose of the matrix, X is the data
matrix, Y the score matrix and L the loading matrix. In both X and Y, each
row is an observation. Each column of L is a normalized principal compon-
ent with unit length. The principal components are the eigenvectors of the
matrix of product moment coefficients. As the mass spectral intensities are
not ‘“‘autoscaled” to mean zero and unit variance here, that matrix takes the
form of a “covariance about the origin” matrix, S:

S=XTX/n (2)

where n denotes the number of degrees of freedom, which is here equivalent
to the number of observations, N. Eigenvectors are iteratively calculated in
order of descending eigenvalue (i.e., variance). The scores of the observations
are calculated from Y = XL,

As the data are correlated, the true number of eigenvectors is less than the
number of variables, m, or the number of observations, N, whichever is
smaller. To obtain stable estimates of the true dimensionality of the data, N
should exceed m, and probably even exceed 3m. But, because of experimen-
tal error, m eigenvectors are obtained [11]. In order to separate noise from
structural information, the list of eigenvectors must be truncated. The first
part (i.e., the primary set) consists of vectors with large eigenvalues describing
structural information. The remainder (i.e., the secondary set) consists of
vectors with nearly equal small eigenvalues describing noise. It is inevitable
that some of the noise will mix into the primary set. Among the several cri-
teria that exist to decide on p, the number of eigenvectors belonging to the
primary set [11], the following are used here: (1) real error function, RE;
(2) imbedded error function, IE; (3) factor indicator function, IND; (4) scree
test; (5) 3s misfit; (6) chi-squared.

RE, IE and IND. Malinowski [12] established a Pythagorean relationship
between the raw data, the data reproduced from the factors, and the “real”
data, without experimental error. The real error (RE) estimates the differ-
ence between the raw and real data. It is composed of two terms: imbedded
error, IE, and extracted error, XE. The latter estimates the difference between
the data reproduced from the factors and the real data. In this study, the co-
variance matrix is divided by the number of its degrees of freedom (Eqn. 2),
thus the RE and IE functions are given by

RE = [(residual variance)/(m — p)]'/?
IE = [p(residual variance)/m(m — p)] ">

For the correct number of factors, agreement is expected between RE and
an experimental estimate of the real error, while IE should reach a minimum
value. Because PCA exaggerates the non-uniformity of error, this minimum
may not be well defined. The factor indicator function (IND), defined as
IND = RE/(m — p)?, has a more pronounced minimum. Both the IE and IND
functions can be used to test the suitability of factor analysis for the data in-
volved. An increase of both IE and IND with increasing p which starts at
p = 1 denotes that factor analysis is not appropriate for the case tested.
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Scree test. When an increasing number of factors is used, the residual vari-
ance should first drop sharply and then level off in passing from the primary
to the secondary set.

3s misfit, chi-squared. If the last (m — p) columns from both Y and L are
deleted, the data can be reproduced with p eigenvectors by using Eqn. 1. The
difference between the measured and reproduced data can be related to the
standard deviation per measurement. Reproduced data values for which this
relative difference exceeds 3 are regarded as misfits. If p eigenvectors are suf-
ficient, the residuals are entirely due to experimental error. Given a normal
distribution for the experimental error, only 0.27% misfits are expected.

Alternatively, a chi-squared value can be calculated by summation of the
squared differences between raw and reproduced data divided by the standard
deviation per measurement [ 13]. This value is then compared to the expected
value which is (N — p)(m — p). For more or fewer than the true number of
factors, the calculated value will be, respectively, less than or greater than
expected. The cross-over point gives an estimate of p.

RESULTS AND DISCUSSION

The data set consisted of c.a.d. spectra of molecular ions of the eight iso-
meric CoH,, alkylbenzenes listed in Table 1. Duplicate spectra were obtained
and the procedure was repeated after several months, giving a total of
32 spectra. All spectra exhibited non-zero intensities for the same array of
masses. Spectra of isomers 2—8 showed only slight differences; common fea-
tures were a base peak at m/z 105, and other major peaks at m/z 119, 91,
103 and 77. Isomer 1 gave a base peak at m/z 91 and other peaks at m/z 105
and 78. As mass spectral intensities are the result of competing fragmentation
processes, differences in relative intensity between various masses are impor-
tant; and peaks with a low overall intensity have little weight in the PCA.
Both these features favour the neglect of intensities below a certain threshold.
When correctly applied, this will not reduce the true dimensionality of the
data, whereas incorporation of small intensities would simply increase the
error variance. Therefore, only masses with an overall average intensity of at
least 1.5% of the total daughter ion current (TDIC) were selected. These
masses are listed in Table 2.

TABLE 1

The eight isomeric C,H,, alkylbenzenes examined

Isomer Name Isomer Name

1 n-Propylbenzene 5 1-Ethyl-4-methylbenzene
2 Isopropylbenzene 6 1,2,3-Trimethylbenzene
3 1-Ethyl-2-methylbenzene 7 1,2,4-Trimethylbenzene
4 1-Ethyl-3-methylbenzene 8 1,3,5-Trimethylbenzene
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TABLE 2

Average intensity and standard deviation for ten selected masses

m/z  Intensity? Intensity Standard mjz  Intensity® Intensity Standard

(%TDIC) deviation? (%TDIC) deviation?
119 28 6.8 3.2 103 20 4.8 2.8
117 15 3.8 2.1 91 49 14.0 5.7
115 13 3.2 2.5 79 6 1.5 1.4
105 184 44.2 21.1 78 7 1.9 1.8
104 15 3.8 2.3 77 16 3.8 3.3

2 Arbitrary units.

Evaluation of the number of factors

Equation 2 was used to calculate the ‘“‘covariance about the origin’’ matrix.
The eigenvector solution produced the eigenvalues listed in Table 3. The
number of factors has to be deduced by using the criteria discussed in the
Experimental section.

The RE function. Table 2 gives the experimental estimate of the real error,
i.e., the average standard deviation of the ten selected masses, which is 4.62.
The value of RE closest to 4.62 is that obtained with two factors, 5.64, while
three factors yield a RE of 2.12 (Table 3); thus two factors are present.

The IE function. The IE function also decreases when an increasing num-
ber of factors is used. Values obtained with three and four factors, however,
are nearly equal, and the values level off for more than five factors. This indi-
cates that the data are suitable for factor analysis, although no conclusion
concerning the number of factors is possible.

The IND function. This function reaches a minimum for five factors but
this minimum is very close to the values obtained for three and four factors.
There is a sharp decrease from n = 1 to n = 3. Therefore, the data matrix is
suitable for factor analysis but the number of factors remains uncertain.

Scree test. If the residual percent variance for zero factors is'made equal

TABLE 3

Eigenvector solution of the 32 x 10 data matrix

D Eigenvalue Residual RE IE 100 x 3s Chi-squared

IND misfit Cale. Exp.
1 41857.22 4719.30 22.90 7.24 28.27 35 5360.84 279
2 4464.71 254.59 5.64 2.52 8.81 27 925.62 240
3 223.27 31.32 2.12 1.16 4.32 0 187.91 203
4 16.95 14.37 1.55 0.98 4.30 0 80.54 168
5 9.54 4.83 0.98 0.70 3.93 0 30.34 135
6 2.36 2.47 0.79 0.61 4,91 0 18.87 104
7 1.09 1.37 0.68 0.57 7.52 0 10.67 75
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to the total variance, 46577, then the residual variance decreases by 90% for
each successive extra eigenvector up to three factors. The fourth causes only
a decrease of 50%. Therefore the number of factors is three.

The 3s misfit. The standard deviation is assumed to be constant through-
out a data column and is taken from Table 2. As the data matrix contains
320 measurements an average of 0.27% X 320 = 0.86 misfits is to be ex-
pected, provided that the true number of factors is used for reproduction.
Three factors cause zero misfits, so three must be the true number of factors.

The chi-squared test. The cross-over point lies between p = 2 and p = 3.
Agreement between the calculated and experimental factors is far better for
three factors.

It is concluded from the 3s-misfit and chi-squared criteria that three fac-
tors are present. The behaviour of the IE, RE and IND functions is not in
agreement with three factors, but this can be accounted for by the structure
of the measurement error. A principal component analysis of error can be
done by first subtracting the average spectrum per isomer from the raw data.
Then the pooled covariance matrix of error is calculated with Eqn. 2, with
32 — 8 as the number of degrees of freedom, because eight means were cal-
culated (p. 137 [8]). The eigenvalues obtained from the error covariance
matrix are presented in Table 4. The 3s-misfit and chi-squared criteria obvi-
ously do not apply here. The steady decrease of the IE function shows the
data to be suitable for factor analysis. Not surprisingly, one factor estimates
the RE to be less than the experimental estimate. Both the residual variance
and IE criteria suggest the number of factors to be two or three. This is sur-
prising because the number of factors present in a random error matrix
equals the number of variables, which is ten here. It is concluded that the
measurement errors are not random but highly correlated. Moreover, the
dependence structure described by the factors is similar to that of the spec-
tral data. The first error factor, PC1 error, is listed in Table 5 together with
the three primary data factors, PC1, PC2 and PC3. From Table 5, it is clear
that the PC1 error and PC1l are much the same. Thus it is concluded that
PC1 also describes error and so the RE criterion failed to indicate the true
number of factors.

TABLE 4

Eigenvalues resulting from PCA of error covariance

p Eigenvalue Residual RE 1IE 100 x IND
1 476.74 51.61 2.39 0.76 2.96
2 31.48 20.13 1.59 0.71 2.48
3 10.30 9.83 1.18 0.65 2.42
4 3.63 6.20 1.02 0.64 2.82
5 3.45 2.74 0.74 0.52 2.96
6 1.24 1.50 0.61 0.48 3.83
7 0.66 0.84 0.61 0.48 3.83
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TABLE 5

Three eigenvectors of the 32 X 10 data matrix and one error vector

m/z PC1 PC2 PC3 PC1 error
119 0.14 0.01 0.94 0.08
117 0.08 0.03 0.17 0.07
115 0.06 0.03 0.19 0.08
105 0.96 —0.17 —0.17 0.97
104 0.08 0.01 —0.02 0.08
103 0.10 0.01 0.08 0.10
91 0.16 0.98 —0.05 0.13
79 0.03 0.00 0.03 0.04
78 0.03 0.04 —0.01 0.05
77 0.08 0.02 0.08 0.11

When a p factor model is considered, the error already accounted for by
the first p — 1 factors should be deleted from the experimental estimate. As
m/z 105 produces most of both the PC1 error and PC1, the RE criterion can
be improved by taking the average standard deviation of only nine masses,
excluding m/z 105, as the experimental estimate of the real error. The value
thus obtained is 2.78. Exclusion of m/z 91 as well (because this ion produces
most of PC2) yields a value of 2.42. Both values are much closer to that of
RE for p = 3, which is 2.12.

The fact that the error space is two- or three-dimensional explains the
minimum of IND for p = 5. The steady decrease of the IE function can be
explained by the existence of systematic or random errors, which may arise
from the correction procedure that subtracts spontaneous metastable inten-
sities from collisionally activated intensities [10]. Such spontaneous pro-
cesses exist for few masses but include the base peak; inevitably, they contain
a small component from collisionally-activated decomposition [14]. Omission
of the correction procedure, however, will introduce other systematic errors.

The application of a threshold intensity for data selection assumes that
the minor peaks do not contain extra information or, in terms of PCA, do
not increase the true dimensionality of the data. To test this assumption, the
threshold was lowered to 1.0% TDIC. Sixteen masses were then selected, i.e.,
those listed in Table 2 plus m/z 118, 102, 89, 65, 63 and 51. Eigenvalues
obtained for this 32 X 16 data matrix are listed in Table 6. The experimental
estimate of the real error, with the exclusion of m/z 105 and 91, is now 1.99.
Again the number of primary factors is three, as indicated by the cross-over
in the chi-squared test and the decrease of misfits to four, with 0.0027 X 512
= 1.38 misfits expected. The composition of the primary eigenvectors is
essentially the same. The loadings in Table 4 are still valid, except for one
0.01 shift. Additional loadings for m/z 118, 102, 89, 65, 63 and 51 do not
exceed 0.05. Given that an increase in the size of the data matrix tends to
increase the number of primary factors [6], the application of a threshold
intensity is valid.
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TABLE 6

Eigenvector solution of the 32 x 16 data matrix

D Eigenvalue Residual RE IE 100 x 3s Chi-squared
IND misfit P
Cale. Exp.
1 41980.11 4745.97 17.79 4.45 7.91 50 5875.76 465
2 4476.95 269.02 4.38 1.55 2.24 36 1232.67 420
3 225.20 43.82 1.84 0.79 1.09 4 422.16 377
4 19.07 24.75 1.44 0.72 1.00 4 277.40 336
5 14.07 10.68 0.99 0.55 0.81 4 171.02 297
6 5.35 5.33 0.73 0.45 0.73 0 83.70 260
7 1.47 3.86 0.65 0.43 0.81 0 75.10 225

Distinction between spectra

The above discussion proves that PCA is appropriate for the problem and
that the number of factors is three. The scores of the 32 spectra on these
three factors are plotted in Fig. 1. Four well separated groups are present,
representing the c.a.d. mass spectra of n-propyl-, isopropyl-, ethylmethyl-
and trimethyl-benzene molecular ions. Within the last two groups, ring
isomers are not separated.

As the scores are either high or nearly zero, rotation of factors [11, 15] is
not needed to facilitate interpretation of differences between groups of
spectra. The range of scores of isomers 2—8 on PC1 and that of isomer 1 on
PC2 is rather broad. This confirms the suggestion that the primary factors
describe error as well as structural information. Principal component 1 de-
scribes a spectrum typical of isomers 2—8 as well as differences in daughter-
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Fig. 1. Plot of scores on principal components 1 and 2 calculated from the 32 x 10 data
matrix: (A) PC1 and 2; (B) PC2 and 3. Spectra are represented by the following symbols:
(w) n-propylbenzene; (4 ) isopropylbenzene; (2) ethylmethylbenzene; (o) trimethylbenzene,



203

ion yield at a given intensity of the molecular ion. An analogy holds for
isomer 1 and PC2, whereas PC3 describes differences between the spectra of
isomers 2, 3—5 and 6—8. Inspection of the loadings in Table 5 indicates that,
in the order 2 > 3—5 > 6—8, the intensity of the ion with m/z 105 decreases
whereas the intensities of the m/z 119, 117 and 115 ions increase. In mass
spectrometric terms, PC3 describes the preference for loss of a methyl radical
rather than loss of H* followed by loss of one or two hydrogen molecules. The
differences between isomers 1 and 2—8 described by PCl1 and PC2 are
obvious. Incorporation of isomer 1 into the data set, however, did not ob-
scure the differences between isomers 2—8. This is not true for PCA of auto-
scaled data because this method is very sensitive to inhomogeneities in the
data [8].

Conclusions

It is concluded that the information in the mass spectral intensities have
been used optimally. The c.a.d. method is capable of recognizing different
alkyl groups attached to an aromatic nucleus, but it cannot recognize the
ring isomers. The difficulty in recognizing different alkylbenzenes on the
basis of their 70-eV electron-impact mass spectra is probably due to ineffi-
cient use of these spectra. Therefore, the principal components technique
was applied to such spectra obtained from isomers 1—8. This produced five
groups of different mass spectra related to isomers 1, 2, 3—5, 6 and 7, and
8. The electron-impact method in conjunction with PCA is thus capable of
recognizing different alkyl groups, even distinguishing isomer 8 from its ring
isomers 6 and 7. The use of PCA can provide insight into small but signifi-
cant differences between spectra and is to be recommended in mass spec-
trometry as a means of setting the limits of different techniques.

REFERENCES

1 A. Hood and M. J. O'Neal, in J. D. Waldron (Ed.), Advances in Mass Spectrometry,
Pergamon Press, London, 1959, p. 175.

2 F. W. McLafferty (Ed.), Tandem Mass Spectrometry, Wiley, New York, 1983.

3 D. L. Massart, A. Dijkstra and L. Kaufmann, Evaluation and Optimization of Labora-
tory Methods and Analytical Procedures, Elsevier, Amsterdam, 1978, Chap. 16.

4 K. Biemann, Mass Spectrometry, McGraw-Hill, New York, 1962, p. 151.

5 C. Albano, W. Dunn III, U. Edlund, E. Johansson, B. Nordén, M. Sjostrom and S. Wold,
Anal. Chim. Acta, 103 (1978) 429.

6 S. Wold, C. Albano, W. J. Dunn III, U. Edlund, K. Esbensen, P. Geladi, S. Hellberg,
E. Johansson, W. Lindberg and M. Sjostrom, in B. R. Kowalski (Ed.), Chemometrics,
Mathematics and Statistics in Chemistry, D. Reidel, Dordrecht, 1984, pp. 89, 26.

7 R. W. Rozett and E. McLaughlin Petersen, Anal. Chem., 47 (1975) 1301.

8 D. F. Morrison, Multivariate Statistical Methods, 2nd edn., McGraw-Hill, New York,
1976.

9 A. Maquestiau, Y.van Haverbeke, C. de Meyer, R. Flammang and J. Perlaux, Bull. Soc.
Chim. Belg., 85 (1976) 69.

10 M. W. E. M. van Tilborg and J. van Thuijl, Org. Mass Spectrom., 18 (1983) 331.
11 E. R. Malinowski and D. G. Howery, Factor Analysis in Chemistry, Wiley, New York,
1980.



204

12 E. R. Malinowski, Anal. Chem., 49 (1977) 612.

13 M. S. Bartlett, Br. J. Psychol., Stat. Sect., 3 (1950) 77.

14 J. E. Szulejko and M. M, Bursey, Org. Mass Spectrom., 20 (1985) 374.

15 R. W. Rozett and E. M. McLaughlin Petersen, Anal. Chem., 47 (1975) 2377; 48
(1976) 817.



Analytica Chimica Acta, 188 (1986) 205—217
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

COMPUTERIZED SYSTEM WITH A HARD-WIRED DATA-ACQUISITION
UNIT FOR POTENTIOMETRIC STRIPPING ANALYSIS

BOY HQYER, HANS JORGEN SKOV and LARS KRYGER*

Department of Chemistry, Aarhus University, Langelandsgade 140, 8000 Aarhus C
(Denmark)

(Received 24th March 1986)

SUMMARY

The system comprises an electrochemical module interfaced to and controlled by an
Apple-Ile microcomputer. A high data-acquisition rate (660 kHz) is achieved by equipping
the electrochemical module with a separate memory which is updated in hardware during
recording of the stripping step. When a preset cut-off potential is exceeded, data acquisi-
tion is automatically terminated, and potentiostatic conditions are resumed. The electro-
chemical module also contains facilities for instrumental control. The controlling program
for the microcomputer is written in assembler code, which can be linked to BASIC routines
if necessary. Examples are given to illustrate the advantages of fast data acquisition in
improving detection limits and reducing deposition times.

During recent years, potentiometric stripping analysis (p.s.a.) [1, 2] or
chemical stripping analysis [3] have been widely studied for both new appli-
cations and instrumentation. The technique involves potentiostatic deposition
of trace analytes on a working electrode, followed by stripping via chemical
re-oxidation, the potential/time behaviour of the working electrode being
monitored at open circuit. With a mercury-film electrode, traces of cad-
mium(II), copper(ll), lead(II) and thallium(I) can be determined in a wide
variety of materials and media [4—8]. In p.s.a., the quantitative signal is the
duration of the re-oxidation process, i.e., the time during which the electrode
potential remains near the conditional redox potential of the analyte con-
cerned. Under properly defined hydrodynamic conditions, the stripping time
is proportional to the analyte concentration and the attainable sensitivity
may be limited by the time resolution with which the stripping signal can be
recorded. Early instruments for p.s.a. [2] were based on analog recording of
the potential/time signal on an x-¢ recorder which did not allow accurate mea-
surement of signals lasting for <0.5 s. The introduction of microcomputers
[6, 9—11] fordatalogging and experimental control marked a major advance
for the technique, particuarly when fast computerized data acquisition of
the stripping signal was provided [6, 10]. With this facility, the deposition
times required are considerably reduced, and non-dearated samples can often
be analyzed directly. The computer also facilitates reproducible termination
of the stripping phase and resumption of potentiostatic control at a pre-
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206

selected potential, so that oxidation of the electrode material itself by strong
oxidants can be avoided. In addition, computerized instrumentation allows
implementation of multiple-scanning techniques [6, 12].

In this paper, a computerized instrument for p.s.a. is described which is an
improvement over previous instruments in two ways. First, the commonly
available Apple-Ile microcomputer is used for experimental control; this has
its own operating system supporting a file system, and storage and retrieval
of programs and data are rapid, without the need for a larger computer.
Further, a large information base of software and literature is available [13],
which is valuable for programming. Secondly, the electrochemical module is
hard-wired in order to improve the time resolution in the recording of strip-
ping transients. In earlier computerized potentiometric stripping instruments,
the maximum data-acquisition frequency is dictated by the execution time
of the program loop which handles input, storage and comparison of poten-
tials. In the instrument described here, the signal recording and the check for
overrun of the cut-off potential are implemented in hardware. After data
acquisition has been completed, the recorded signal is transferred to the
microcomputer. In this manner, a maximum data-acquisition rate of 660 kHz
can be achieved.

The data-acquisition scheme is based on the multi-channel method [6], in
which the potential axis is divided into intervals of equal width; each of these
intervals is assigned to a location in the data memory. During the stripping
phase, the electrode potential is monitored at constant frequency; if a poten-
tial reading falls within a given interval, the count in the corresponding
memory location is incremented by one. In this manner, the number of clock
counts accumulated while the cell voltage is fixed at each potential interval
is recorded as a function of the electrode potential, and in the resulting
potentiogram, the re-oxidation of an amalgamated analyte appears as a peak
at the conditional redox potential of that analyte. This mode of data acquisi-
tion is particularly suitable for signal averaging and subtraction of background
signals.

In computerized p.s.a., if the analog stripping transient is sufficiently re-
producible, digitization can limit the precision obtained. If t, denotes
the duration of the primary signal, {; the sampling interval and N, the
number of counts obtained, then f, = Nt + e, with je | < t;, where ¢ is
the error introduced by the discrete sampling. The same relation holds for
the capacitance background signal: t,, = Nyt, + ey, with |e,| < t;. Both N,
and N, are proportional to the sampling rate and so inversely proportional to
ts, assuming that ¢, is considerably shorter than ¢, and t,,, which must always
be fulfilled in practice. For the background-corrected net signal, one obtains
th = t, —t, = (N, — Np)ts + e,, with |e,| < 2t,. The relative error caused by
the digital time measurement is then |e,i/t, < 2/(N, —Ny). Thus, if the net
signal contains only a low number of counts, say N, — Ny, = 20, a substantial
gain in precision can be obtained by increasing the sampling rate, but if N, —
N, is large, the analytical signal is already well resolved, and no noticeable
improvement in precision is achieved.
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EXPERIMENTAL

Hardware

A block diagram of the hardware is shown in Fig. 1.

Microcomputer. An Apple-Ile computer with 64 kbyte of RAM and a
BASIC interpreter resident in ROM was used. The CPU is a Synertek 6502B
microprocessor, running at a clock rate of 1 MHz; this CPU contains five
eight-bit registers (one accumulator, two index registers, a stack pointer and
a status register) and the data and address busses are 8 and 16 bits wide, re-
spectively. Peripheral devices are interfaced by seven expansion slots in which
all data, address and control signals are accessible. Programs and data can be
displayed as text or as high-resolution graphics, on screen or on a matrix
printer. Two floppy-disk drives provide storage of programs and data; they
are controlled by the Apple disk-operating system (DOS version 3.3) which
occupies 10.5 kbyte of RAM.

Data communication with electrochemical module. The microcomputer
communicates with the electrochemical module through an optical fiber link
at a transmission rate of 0.5 Mbit s. The data transmission is supervised by
two fiber-link controllers; one is connected to an expansion slot in the
Apple-Iie and the other is built into the electrochemical module. In the con-
struction of the electrochemical module, an internal bus compatible with a
Motorola 68000 microprocessor was used; this necessitated a bus converter
between the eight-bit data bus of the Apple and the sixteen-bit data bus of
the electrochemical device. For data transference from the Apple, two data
bytes are placed in the fiber-link controller by connecting to two successive
memory locations in the I/O memory of the Apple. Then, data bytes are
transferred to the electrochemical module together with an eight-bit address
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Fig. 1. Block diagram of the hardware configuration.
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code which selects the destination device of the data (see Fig. 1). Functions
not requiring data transfer (e.g., action of the clock) are activated similarly
but without data bytes, whereas the address code is still used for device and
function selection; only one write operation is needed. When the Apple re-
ceives data from the electrochemical device, the sixteen-bit word is placed
in two successive memory locations in the I/O memory allocated to the
fiber-link controller, from which the Apple can read and process the data.

The I/O addresses associated with the fiber-link controller are composed
of a most significant byte selecting the appropriate expansion slot, while the
least significant byte is the above address code used for device and function
selection within the electrochemical module. The address code is subdivided
into three fields, a three-bit device code, a three-bit function code, and one
bit indicating whether data are sent to or read from the device in question.
The least significant bit of the address code is used by the fiber-link controller
to signal the transfer of data to the electrochemical device.

The data-transmission protocol is implemented by means of two status
bits: ready send and ready receive. When the Apple-Ile is transferring infor-
mation to the electrochemical module, the ready-send bit is pulled low for
approximately 40 us, whereafter the fiber link is again ready for transmission.
The ready-receive bit is set when information is pending from the electro-
chemical module and indicates to the Apple whether the data requested has
been transmitted. The ready-receive bit is also set when a clock pulse is re-
ceived from the electrochemical module and when a stripping step ends, thus
prompting further action from the computer. This status bit is reset by any
read operation in the I/O memory associated with the fiber-link controller.

Electrochemical module. This module consists of several devices, each of
which is described in detail below. All devices and functions under computer
control are listed in Table 1. The device controller decodes the address signals
output by the Apple-Ile, selects the appropriate device, and generates all
signals necessary to synchronize the devices in the module. The D/A con-
verter unit consists of two identical D/ A converters (+2 V range, 12-bit resolu-
tion). The output of D/A 1 (Fig. 1) is fed to the potentiostat and fixes the
cell potential during potentiostatic control. D/A 2 sets the cut-off potential,
at which recording of the stripping signal is interrupted. The output of D/A 2
is fed to a comparator together with the cell voltage so that a switch in the
relative polarity of these two potentials can be detected. The resulting con-
trol signal stops the A/D conversion in the data-acquisition module and re-
establishes potentiostatic control of the cell by closure of the electronic
switch S (Fig. 1). Also, the ready-receive status bit is set.

The programmable clock has a base frequency of 10 MHz. The clock
period can be set with 16-bit resolution in two ranges: 0.1—6553.5 us and
1—65535 us. During recording of the stripping signal, the clock is used to
trigger the A/D conversion in the data-acquisition module. When the electro-
chemical module is not in the stripping mode, the clock pulses are available
for the computer through the ready-receive bit, and can be used for other
purposes, e.g., timing of the periods with potentiostatic control of the cell.
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TABLE 1

Functions under computer control in the electrochemical module

Device Function Description

no. no.

0 0 Stop sending clock pulses to Apple

0 1 Start sending clock pulses to Apple

1 0 Set plating potential (D/A 1), within a range of 2 V
1 1 Set cut-of potential (D/A 2), within a range of 2V
2 0 Set on/off switches for peripheral devices

2 0 Read test inputs

3 0 Set clock frequency in units of 0.1 us

3 1 Set clock frequency in units of 1 us

4 0 Read data from RAM address

4 0 Write data to RAM address

5 0 Select RAM address for subsequent read/write operation
6 0 Stop data acquisition

6 1 Start recording of primary signal

6 2 Start recording of background signal

Peripheral devices such as valves, stirrer motors and autosamplers can be
controlled by means of ten on/off relays. Further, five test inputs sensitive
to short-circuiting are available for monitoring the state of peripheral devices.

The data-acquisition unit (Fig. 2) comprises two identical 16-bit adders (A
and B), an A/D converter (C) and a RAM module with 8K of 16-bit words
(D). The A/D converter is of the successive approximation type (Burr-Brown
ADC 803) with 12-bit resolution (2 V) and a conversion time of 1.5 us. In
order to obtain equally fast updating of the RAM, the devices involved were
supplemented with circuits allowing them to take control of the system data
bus. When the A/D converter has taken a reading of the cell potential, the
resulting binary number is simply the address of the RAM location which
corresponds to the potential interval in which the reading falls. The data
word in the memory cell is then transferred to the adder B, in which it is
incremented by one. Subsequently, control of the data bus is transferred to
the adder which writes the word back into the memory cell. This updating
process lasts approximately 1 us, and can thus be completed within the dura-
tion of the A/D conversion cycle.

A. C.
ADDER A/D

N
1
B.

r ADDER RAM ADDRESS

U
RAM DATA 2x4K RAM | D.

ngUJ )>—|I>U>

Fig. 2. Schematic diagram of the data-acquisition unit. See text for explanation.



210

The stripping signal is recorded with 1-mV resolution (2 V), and the
RAM can hold two signals simultaneously. The primary signal and the back-
ground signal can thus be recorded in rapid succession, and the computer
need not read off the external memory between the scans.

The RAM can also be accessed directly by the computer. In practice, this
situation occurs when the memory is zeroed before the recording of a strip-
ping signal, and when the recorded signal is read into the Apple memory.
First, adder A (Fig. 2) is loaded with the appropriate address, and in the sub-
sequent read/write operation, the data word in the memory cell is transferred
to the Apple-Ile or vice versa. The use of an adder for selecting the RAM
address allows a useful auto-increment feature, so that the following read/
write operation in the RAM will take place automatically in the following
memory cell.

Apart from the potentiostat proper, the potentiostat unit comprises analog
and digital meters for monitoring cell current and voltage. In order to mini-
mize noise pick-up in the wires leading to the electrochemical cell, a pre-
amplifier was built into a small box which can be placed close to the cell.
Also, alow-pass filter with cut-off frequencies from 10 to 1000 Hz is provided
for noise filtering.

Software

Programming considerations. The microcomputer program for experimen-
tal control and data handling was written in assembler code. Generally, the
commercially available high-level languages (BASIC, PASCAL, etc.) do not
provide routines for rapid I/O of data to/from experimental devices, and
such specialized assembler routines are needed anyway. Owing to the rela-
tively low computing power of the 6502B microprocessor, the gain in execu-
tion speed by programming in assembler is valuable when repetitive opera-
tions on large numbers of data are required. Moreover, assembler programming
provides more efficient use of the computer memory which can be a decisive
advantage given the limited RAM of the Apple-Ile.

Because standard subroutines for keyboard input and screen output are
available in the Monitor ROM, as described in the Apple-Ile manual, assem-
bler-coded programs need not be written from scratch. Also, many algorithms
for number-base conversions, arithmetic operations, sorting of data, etc. are
available for the 6502 microprocessor. In the program system described
below, all such routines were taken from Scanlon [14].

Owing to the architecture of the 6502 microprocessor, the first 256 loca-
tions (page zero) of the Apple memory are particularly important. All
6502 instructions with an effective address on page zero occupy less memory
and are executed about 30% faster than the corresponding instruction with
an effective address anywhere else. Also, the indirect addressing modes of
the 6502 must necessarily use page zero. In order to exploit these advantages,
24 consecutive page-zero locations are used extensively as scratch-pad loca-
tions throughout the assembler program; this also compensated for the low
number of data registers in the 6502.
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Programme description. The assembler-coded program is composed of a
command interpreter, a general part for display and reduction of data, and a
part which controls the electrochemical device. The most important com-
mands are listed in Table 2.

The command interpreter accepts three-letter mnemonic commands,
optionally followed by numerical arguments. After extensive error checking
of the input line, program control is then transferred to the relevant sub-
routine. Some commands allow expected numerical arguments to be omitted,
in which case the previous values are used as defaults. In this manner, fre-
quent retyping of the same arguments is avoided. Although the Apple-Ile has
no function keys, this feature was implemented by intercepting the first
character on a new input line with the single-character input routine. The

TABLE 2

Summary of commands for p.s.a. control program

Group Mnemonic Parameters  Function
General VID Direct subsequent text output to video
monitor
HCO Direct subsequent text output to printer
TXT? Display Apple text page
Graphical DIS Display signal on graphics page
display
EXP2-P nl, n2 Display and expand channels nl—n2 of
signal on graphics page
AScC? Enable autoscaling of signal
LSF2 Lock scale factor to current value
SCF X Set scale factor to X
CLR Clear graphics page
Cursor system POS Write out cursor position as (x,y)
SCR n Move cursor to channel n
CuT Use channel no. of cursor as limit in integra-
tion window 1
Data handling BFn? Select data buffer n as default for subsequent
commands
LST nl, n2 List contents of channels n1—n2
SMnP nl, n2 Set limits of integration window n to chan-
nels nl and n2; write out sum
ADD n Add channels n at a time
MAV n Perform n-point moving average smoothing
of data
Parameter RPA n Display value of parameter n
handling
SPA n, X Set parameter n to X
PLS List all parameters
Other PRT nl, n2 Print channels n1—n2 as histogram on matrix
printer
RUN Start p.s.a. experiment

2Command also implemented as function key. PExpected parameters may be omitted.
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commands most frequently used were assigned a digit from 0 to 9, and so
could be invoked by a single keystroke. Similarly, the cursor (see below) can
be moved by pressing the left- or right-arrow keys of the computer.

Experimental data are stored in three data buffers, each holding 1024 two-
byte signed integers. Because the electrochemical module records the poten-
tiograms with 1-mV resolution, the size of the data buffers corresponds to a
maximum potential range of 1.024 V, which is usually sufficient. If a larger
potential range is required, the buffers can easily be expanded.

Recorded potentiograms can be displayed as histograms on the high-
resolution graphics page (280 X 160 points), leaving four text lines at the
bottom of the screen. The command DIS displays the entire signal, while
smaller sections can be inspected by means of the EXP command. If the
number of channels to be displayed exceeds 280, channel addition is per-
formed; conversely, each channel can be expanded to several columns on the
display if the number of channels needed is a fraction of 280. Vertically, the
signal can be scaled automatically, or the scale factor can be set manually.
With the PRT command, signals can be printed in histogram form on the
matrix printer with higher resolution than the video screen permits.

On the video display, single channels of the potentiograms can be inspected
by means of a cursor which appears as a small vertical bar above the signal.
Also, the cursor can be used to set integration windows in conjunction with
the CUT command. The cursor is moved through the data buffer with the
left- and right-arrow keys of the Apple-ile, while the SCR command transfers
the cursor to a specific channel.

The program part that communicates with the electrochemical module
was written as a hierarchical structure. At the lowest level, a set of subroutines
performs basic tasks to control the electrochemical device. These routines,
which use information stored in the parameter list (see below) are summarized
in Table 3. On the next level, each routine performs a sequence of operations
by several calls to the fundamental subroutines. For example, the routine
POTTIME first sets the cell potential and clock rate used for the timing of
the experiment. Then the CCOUNT waiting routine, in which the computer

TABLE 3

Summary of fundamental assembler-coded routines used in the control of the electro-
chemical module

Subroutine Function

ZERO Clears memory in electrochemical module

CSS Sets the clock frequency used by the Apple-Ile for timing of the
experiment

SPRATE Sets data acquisition rate in p.s.a.

POTSET Sets plating and cut-off potential

CCOUNT Waiting routine counting of a specified number of clock pulses

MEMREAD Reads a specified part of the recorded signal into the Apple memory
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counts a specified number of clock pulses, is entered. Likewise, a STRIP
routine sets the parameters for recording of the stripping potentiogram (data-
acquisition rate and cut-off potential) after which the signal is recorded.
Owing to this hierarchical structure, the main programme for experimental
control becomes very short, and can easily be understood and altered by any-
one without detailed knowledge of the program system. Table 4 shows the
core of the simple program, in which a primary and a background p.s.a. signal
are recorded, following a pre-electrolysis and a background electrolysis
period, respectively. The routine POTTIME assumes that the cell potential to
be set and the duration of the potential step are stored as two consecutive
parameters in the list of experimental variables, and the Y-register must hold
the index number of the first parameter. Thus, at the first call of POTTIME
in Table 4, parameter 20 holds cell potential, while the next parameter con-
tains the time count. The incorporation of a new potential/time step in the
experiment then requires only two further lines in the assembler program.
Recording of a stripping signal needs only two statements; first, the X-register
is loaded with O or 1, indicating whether the main or background signal is to
be recorded, and then the STRIP routine is called.

All arguments for the routines controlling the electrochemical module are
stored in the parameter list, which consists of 128 signed two-byte integers.
Parameter lists for different experimental conditions can rapidly be retrieved
from floppy disk, and single parameters can be displayed and modified with
the RPA and SPA commands. A hardcopy of all parameters is obtained with
the PLS command in conjunction with the HCO command. This proved to
be a useful feature in the documentation of experiments.

When repetitive measurements with identical instrumental parameters are
needed, operation of the apparatus can be further simplified by the use of
command files. The sequence of commands normally typed on the keyboard
during the experiment is stored in a text file, which can then be executed
with a single command line. Apart from the obvious automation advantage,
this approach improves the reproducibility of timing and reduces the risk of
typing error.

TABLE 4

Core of assembler program for a simple p.s.a. experiment

Instruction Comments

LDY 20 Perform pre-electrolysis step

JSR POTTIME

LDX 0 Record primary p.s.a. signal

JSR STRIP

LDY 22 Perform background electrolysis step
JSR POTTIME

LDX 1 Record background p.s.a. signal

JSR STRIP
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Generally, the assembler program performs integer calculations up to the
level of the four basic arithmetic operations. Computations involving floating-
point operations are too tedious to program in assembler code, and high-level
languages are preferable. The assembler program can be incorporated effici-
ently as a subroutine in a program written in the built-in BASIC language of
the Apple-lle, because the language interpreter is present in a ROM. The
built-in BASIC version is satisfactory for low-volume numerical calculations,
but execution speed becomes a limiting factor if major computations are
needed between experiments. A substantial gain in execution speed can be
obtained by compiling the BASIC programs; several suitable compilers are
available [15]. The combination of a language interpreter in ROM and a
compiler for the same language proved useful for editing and debugging pro-
grams before compilation. Also, the compiled programs take advantage of
machine-code routines in the interpreter ROM, thus reducing the size of the
system library required at run-time.

Electrochemical procedures

A rotating glassy carbon electrode (Metrohm 628-50) at 1500 rpm was
used. Solutions were prepared from triply distilled water and Suprapur
(Merck) chemicals.

The base electrolyte for the model experiments was a non-deaerated 1.3 X
107 M acetate buffer prepared from sodium acetate and hydrochloric acid.

The fly-ash sample was decomposed and dissolved as previously described
[7]; 2.5 ml of decomposed ash was diluted to 17.5 ml with water and
adjusted to pH 4.8 with solid sodium acetate, and 50 ul of 2 X 102 M mer-
cury(II) acetate was added. Sample solutions were not deaerated prior to
measurements. The mercury film was plated onto the glassy carbon electrode
in situ. The overlap of the thallium and lead peaks was negligible when a very
thin mercury film was used. Consequently, the mercury film was renewed
between determinations. A masking agent for lead (e.g., EDTA) was then
unnecessary.

RESULTS AND DISCUSSION

To demonstrate the practical utility of the apparatus, thallium was deter-
mined in a certified coal fly ash (NBS SRM 1633a). This sample was chosen
partly because of the low analyte concentration, and partly because of the
very high content of oxidants in the decomposed ash (mainly iron(III), from
9.4% w/w iron in the fly ash), which causes rapid stripping of the amalgamated
analytes. The thallium content of the coal fly ash was determined by stan-
dard addition to six subsamples drawn from the same decomposition solu-
tion. No significant blank value for thallium was observed. Figure 3 shows a
typical stripping potentiogram of the digested ash. The thallium concentration
found (5.6 + 0.5 ug g™') is in good agreement with the certified value (5.7 *
0.2 ug g). The thallium content of the NBS fly ash was previously deter-
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Fig. 3. Stripping potentiograms for a dissolved coal fly ash sample (NBS SRM 1633a).
The thallium concentration in the sample solution is 8.1 ng g™. Electrolysis for 1 min at
—900 mV vs. SCE; data-acquisition rate 660 kHz; channel width 8 mV. (A) Primary signal;
(B) capacitance background signal; (C) background-corrected net signal.

mined at a data-acquisition frequency of 5 kHz. Accurate results were ob-
tained [7], but a plating period of 8 min was needed to obtain sufficient
sensitivity. In contrast, with the high data-acquisition rate of the present
apparatus, a well-resolved thallium signal was obtained after only 1 min of
pre-electrolysis.

In order to assess the improvement in sensitivity accruing from this high
data-acquisition rate, model experiments with a buffer solution were con-
ducted. The effect of the data-acquisition rate on the signal quality is illus-
trated in Fig. 4 for a solution containing 0.2 ng g™ lead(II). Clearly, faster
data acquisition improves the definition of the signal when short stripping
transients are recorded. Alternatively, the increased rate can be utilized to
maintain precision at shorter electrolysis times. From Fig. 5, the detection
limit (taken as the concentration for which the relative standard deviation of
the background corrected signal was 0.50) after 60 s of pre-electrolysis can
be estimated as 0.1 ng g™! lead(II) or cadmium(Il). The stripping time vs.

b
A B C D

Signal

NN

-600 520 -600 520 -600 520 -600 -520

E(mV vs. SCE})
Fig. 4. Effect of data-acquisition rate on the signal quality in p.s.a. Potentiograms were re-
corded in a solution containing 0.2 ng g lead(II) with pre-electrolysis at —900 mV vs.
SCE for 30 s. Channel width 8 mV. The data-acquisition rate and the number of clock
counts obtained during recording of the signal were: (A) 44.4 kHz, 19; (B) 88.5 kHz, 45;
(C) 345 kHz, 147; (D) 660 kHz, 261.
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Fig. 5. Relative standard deviation of background-corrected signals (n = 10) as a function
of analyte concentration: (X) lead; (©) cadmium. Pre-electrolysis for 60 s at —900 mV vs.
SCE; data-acquisition rate 660 kHz.

concentration relation remained linear even in this range; with 60 s of pre-
electrolysis, the correlation coefficients were 0.998 and 0.999 for lead(II) and
cadmium(II), respectively, for concentrations in the range 0.1—1.6 ng g..

The use of fast data acquisition in p.s.a. does not, of course, affect the
analog signal and other factors can influence the precision ultimately ob-
tained. Figure 6 illustrates the typical quality of signals near the detection
limit. Although fast data acquisition improves the definition of the analytical
signal, it does not change the signal/background ratio and so the background-
subtraction procedure remains critical. The capacitance signal recorded after
a short electrolysis period generally provides a good fit to the background
function in the primary signal but, with small signals, the precision will obvi-
ously be reduced. However, the background signal in p.s.a. is caused mainly
by a well-defined and reproducible physicochemical process rather than ran-
dom noise. Consequently, if the capacitance signal is not distorted (e.g., by
surfactants), the background curve lends itself to curve-fitting techniques.

In p.s.a., the amalgamated analytes are re-oxidized by transport of oxi-
dizing agent to the working electrode. Small fluctuations in the transport
rate cannot be avoided, but the effect on the analytical signal will tend to
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Fig. 6. P.s.a. signals obtained for a solution containing 0.4 ng g! cadmium(II) and 0.4 ng
g! lead(Il) with pre-electrolysis for 60 s at —900 mV vs. SCE (data-acquisition rate
660 kHz; channel width 8 mV): (A) primary signal; (B) background-corrected signal.



217

cancel out if the stripping time is long compared with the time scale of the
fluctuations. When short stripping transients are detected, short-term varia-
tions in the transport of oxidant become an important source of imprecision.
Stripping in stationary solutions should thus be avoided because diffusion-
controlled transport is sensitive to random convection, e.g., caused mechani-
cal disturbances [16]. A reproducible hydrodynamic pattern can be obtained
around the working electrode when stripping is done under convective condi-
tions. In batch p.s.a., this is best achieved with a high-precision rotating disk
electrode; in flow p.s.a., cells must be designed with regard to elimination of
turbulent conditions [17].

With short stripping transients, the analytical signal becomes more sensitive
to electrical noise because the period over which the noise is averaged (i.e.,
the stripping time) is shorter, and so possible interfering noise is extended
towards higher frequencies. Some precautions against electrical noise were
taken in the design of the described apparatus (e.g., keeping the signal pre-
amplifier close to the cell), but enclosing the cell in a Faraday cage might
improve matters further.

The above results show that advantages can be gained by using data-
acquisition rates as high as 660 kHz. Although it would be possible, at
moderate cost, to produce an even faster data-acquisition unit for p.s.a., this
would be of limited utility until the factors limiting the reproducibility of
the analog stripping transient have been optimized.

The authors are indebted to J. K. Christensen for assistance with the pre-
paration of the coal fly ash samples. A research fellowship (B. H.) from the
Danish Technical Research Council (16-3499. K-810) is gratefully acknow-
ledged.
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SUMMARY

A computer procedure is presented for deriving classification rules automatically from
a given set of i.r. spectra. The percentage of peaks belonging to a cluster within a set of
spectra is used as a measure to train classification rules and define families of spectra. The
algorithm obtains information from the fingerprint region of the i.r. spectra and is tested
for natural products in different ways. The information is used for fast preliminary inter-
pretation of spectra and the search time is decreased considerably. The study is based on
the SPEKTREN information system of the German Cancer Research Center.

The rapid development of infrared (i.r.) techniques in recent years has
produced wider interest in i.r. spectroscopy and various major and minor
data collections with ““‘full”” spectroscopic information are already available
or are being created. As the interpretation of an entire spectrum is usually
difficult, computer methods have been devised to aid in the evaluation of i.r.
spectral data. Library-search systems [1—5] are well established for the iden-
tification of i.r. spectra and function successfully provided that the unknown
spectrum is in the data file. Substructural information for an unknown com-
pound is often available by means of a substructure-abundance histogram for
the best hits of a match. Nevertheless, the time required to search through a
large data file can be prohibitively long [6]. Therefore it is desirable to
develop new approaches to automatic interpretation of ir. information:
both pattern recognition [7—12] and rule-based algorithms [13—18] have
been investigated with respect to spectral interpretations and classifications.
Most of this work was done on functional groups and relatively small mole-
cules. This traditional application of i.r. spectroscopy is often successful by
visual examination alone. Therefore, it is of interest to develop methods
which also evaluate the fingerprint region of the spectrum and thus provide
quick and automatic classification of chemically similar skeletons. This could
be used for preliminary interpretation of series of spectra.

The development of classification rules should be automatic, because rule
finding is often the most laborious and time-consuming step in the classifica-
tion procedure. Yet the rule trainer must be able to follow any single step.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Both possibilities can help to condense spectral information for new inter-
pretation rules. No special statistical model was used in this attempt. The
main idea was to condense spectral and structural information from a data
bank in order to attain a new quality. In an attempt to reach this goal, the
problem arose of how structural similarity is encoded by the corresponding
set of spectra and vice versa.

EXPERIMENTAL

This study is based on the i.r. data bank of the SPEKTREN information
system of the German Cancer Research Center. The data bank currently con-
tains about 2500 spectra of organic molecules and natural products which
were recorded with a dispersive i.r. spectrometer. The peak positions are
automatically calculated from a digitized spectrum with 1 point per wave-
number and stored together with structural information on the molecule
(e.g., chemical name, connection table, HOSE code) for each spectrum. The
SPEKTREN retrieval system allows the user to define sets of molecules by
chemical names, HOSE code, molecular formula or library search runs. For
the investigation presented here, only the 1600 solid compounds recorded in
potassium bromide were used. The wavenumber range investigated was
1700—300 cm™.

Investigation of band distributions

Sets containing spectra of compounds with similar skeletons (Fig. 1) were
generated. For each set, the distribution of all bands of the corresponding
spectra was calculated. For many sets, the band distribution observed was far
from uniform (e.g., estrans, Fig. 2), but most of the bands were bundled
within the range of wavenumbers considered. It was assumed that such a set
of similar skeletons could readily be encoded by the sequence of the more
powerful bundles of bands called clusters. Therefore, the clusters had to be
detected in order to verify the assumption.

Definition of clusters

Because of their varying broadness, the bundles of bands determine a
variable raster within the wavenumber range considered; this raster consists
of an alternating sequence of regions with high and low spectral information
content.

An algorithm was developed in order to find such a raster. It is based on
the concept of bundles and clusters (see Table 1) and is similar to the proce-
dure described earlier [18]. An example is shown in Fig. 3. The upper and
lower limits of the detected clusters are stored together with the number of
bands which comprise the corresponding cluster (see Fig. 4). The differences
in the number and the density of bands comprising the clusters are described
by a measure called the cluster weight (see Table 1). This quantity connects
the amount and the density of spectral information within a cluster. The
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Fig. 1. Structures I—XI of the skeletons considered.

percentage of bands which belong to a cluster is taken as the measure of
spectral similarity and is designated PDB (percentage of detected bands).

Classification procedure

A cluster sequence score is calculated for each spectrum and each cluster
sequence. Essentially, this score consists of the number of bands which lie
within a cluster, with addition of the respective cluster weights (see Table 1).
The scores for all the sets of spectra used are calculated and a hit list of sets
is generated. The spectrum is considered correctly classified if the set of
spectra to which the spectrum belongs is at the top of a hit list of descending
scores.

RESULTS

Classification

Table 2 shows the results of the classification for the eleven groups of
spectra involved in this test. The numbers in column 1 refer to the skeletons
given in Fig. 1. Classification is nearly always successful for sets with a PDB
>50%. Most such spectra are well represented by the cluster sequence of
their respective group (completeness of information) and rather badly
encoded by sequences of other groups (exclusiveness of information). These
observations lead to the following definitions: (1) a set of spectra shows
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Fig. 2. Band distributions for two sets of compounds. The dashed horizontal line corre-
sponds to uniform distribution (noise; see Table 1). For many sets of spectra, the distri-
bution of bands differs greatly from uniform distribution, as in the set for estrans. For
amino acids, band distribution is much more uniform.

similarity if its PDB is larger than a certain percentage (e.g., 50%) and is then
called a group; (2) a group of spectra is called a family if the corresponding
compounds have similar skeletons.

Training sets of spectra

The PDB can be used to search sets of spectra for subsets which constitute
a group, or to reject mismatches from a set in order to attain a family. The
procedure is based on rejection of spectra with relatively low scores and
evaluation of the PDB for the remainder. As shown in the last column of
Table 3, the PDB can collapse: no group can be found by this method. In
contrast, the PDB for a sequence of subsets with steroids increases from 45%
to 60%. The remaining 33 spectra form a group after the set has been trained.
The result of classification training sets is shown in Table 3.

Defining new sets of spectra

The training procedure for sets of spectra can also be used to generate
semi-automatically new groups of spectra from a data bank. A set comprising,
for example, the 30 best-matched spectra of a library search can be treated
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TABLE 1
Definitions
Term Definition
1 Noise NB/WRD2
2 Bundle Group of nearby bands, the number of which is greater than
that expected for uniform distribution.
3 Cluster A bundle is called a cluster if the number of bands which
belong to it is
(A) >30% of the number of compounds which are
members of the corresponding set, or
(B) >1.5 times the expected value for uniform distribu-
4 Percentage of tion.
detected bands (PDB) Percentage of those bands which belong to a cluster sequence.
5 Cluster weight (CW)P (NBC/NSP) x (NBC/EXPECT)"2,
6 Cluster sequence Sum of the weights of all matched clusters (with regard of
score (CSS) multiple matchings) multiplied by the percentage of hits.

2NB is the number of all bands within the considered range which are part of a set of
spectra, WRD is the width of its range of elevation. "NBC is the number of bands within a
cluster. NSP is the number of spectra within the corresponding set. EXPECT is the num-
ber of bands to be expected within the cluster underlying uniform distribution.

10 sequence of bundles

- n —

number of bands
o

1 1

1

= 3 S -

I T

A1l distribution of bands
— ——~ density of the corresponding uniform distribution
I bounds of the bundles or clusters

(i i
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w
|
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wavenumber

Fig. 3. Detection of bundles and clusters (part of the wavenumber range).
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Fig. 4. Result of a cluster analysis (set of estrans): (A) positions and limits of the clusters
and number of bands within each cluster; (B) distribution of bands (resolution is 1 point
per 4 wavenumbers).

TABLE 2

Cluster analysis and classification of compounds on which the analysis depends

Set of Number of Number of correctly PDB
compounds? compounds classified compounds (%)
I 22 21 54
II 39 38 72
1 15 15 69
v 44 44 54
v 217 27 53
VI 58 40 45
Vil ‘ 11 11 65
VIII 30 28 60
IX 30 20 45
X 22 21 61
X1 28 0 18
aSee Fig. 1.

in the way described above. Figure 5 describes graphically how this proce-
dure functions. If a group of spectra can be extracted from the data bank,
the spectroscopist has to decide whether it indeed represents a meaningful
family of spectra. The family number VII was generated in this way.

Completeness and unambiguity of information

In order to test the completeness of information of the classification rules,
training sets were created randomly from the existing groups of spectra and
classification rules were derived as described above. Then the remaining test
spectra were classified with these rules. The results are given in Table 4.
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TABLE 3

Cluster analysis and classification of compounds after training

Set of Number of Number of correctly PDB
compounds? compounds classified compounds (%)
I 19 19 63
11 33 33 75
I 15 15 69
v 39 38 54
v 21 19 53
VI 33 33 60
VI 11 11 65
VIII 27 27 61
IX 24 18 50
X 19 19 61
XI 0 - —
2See Fig. 1.

Depending on the group of spectra, 70% of the test compounds were classi-
fied correctly. In more than 90% of the cases, the ‘“‘correct” set is in position
1, 2 or 3 on the hit list (last columns). Several spectra of unknown com-
pounds could also be classified. These observations suggest that the bands
related to a skeleton are well represented within the respective cluster
sequence.

In order to test unambiguity of the information compressed in a cluster
sequence, the number of hits and the scores were calculated for all spectra in
the data bank. Only a few spectra were found which exhibited scores similar
to those of members of a particular family but which did not belong to that
family.

Conclusion

The concept of clusters proved to be quite efficient for both classification
of compounds and for the generation of groups of spectra. It should be
emphasized that earlier attempts with constant rasters produced unsatisfac-
tory results compared with those described above. The semi-automatic proce-
dure for generating sets of spectra by a library search, and subsequent training
to form a group of spectra is shown to be helpful in condensing spectral
information to provide better knowledge about the skeleton region of i.r.
spectra.

The algorithm was developed mainly to obtain information from the
skeleton region of an ir. spectrum and was tested on natural products, so
that further investigations of other regions of an i.r. spectrum and other cate-
gories of compounds are required.

The algorithm can be used interactively for preliminary interpretation of
series of spectra; it needed less than one second of computing time for the
eleven families of compounds examined here.



226

10— 1st step: 30 spectra — PDB=52% — CSS for the initial spectrum=0.89

number of spectro

[=]

number of spectra

number of spectra

1077 1gst (7th) step: 12 spectro — PDB=68% — CSS for the initial spectrum=0.92

do not remove spectra remaining spectro: 12
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histogram for the dlstrlbutlon of scores
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Fig. 5. Procedure for generating a group of spectra semi-automatically as follows. (1)
Choose an initial spectrum and search for identity through the i.r. data base. (2) Store
the n (e.g., 30) best-matched spectra. (3) Train the classification rule on this set; to do
this, specify the cluster sequence, evaluate the CSS (cluster sequence score) for all spectra,
and then remove spectra which have low CSS with respect to the others. Stop, if the CSS
of the initial spectrum decreases remarkably, or if the PDB collapses, or if the number of
the remaining spectra is <10, or if the PDB and all scores of the remaining spectra are
high. Else go to 3. As a result, a group of 12 spectra was found, eleven of them represent
compounds containing structure VII and one of them structure X, The 18 spectra removed
do not represent compounds containing structure VII.
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TABLE 4

Classification of ‘“‘unknown’ compounds (generally ‘“unknown” compounds were obtained
by excluding them randomly from the sets before training)

Set of Number of Number of Number of Second or

compounds? compounds new correctly third
taken for compounds classified scored
analysis compounds

I 11 11 7 4

11 19 19 15 2

it 11 4 4 -

v 22 22 22 —

\' 13 12 3 4

Vi 24 23 16 7

VII 8 3 3 —

VIII 15 15 9 3

IX 24 18 15 3

X 11 11 7 3

2See Fig. 1.
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SUMMARY

Gaseous ionic alkyllead species (in the ng Pb m range) are collected from air by
absorption in water, After extraction into n-hexane, they are propylated or butylated and
quantified by gas chromatography/electrothermal atomic absorption spectrometry. Inter-
ference from inorganic lead compounds and aerosol-phase alkyllead compounds is entirely
absent, whilst that from tetraalkyliead compounds is small and generally negligible. This
method allows the unequivocal identification of gaseous ionic alkyllead species in the
atmosphere,

The determination of organic lead compounds in the atmosphere, arising
from the world-wide use of tetraalkyllead (TAL) as gasoline additives and
possibly from the natural alkylation of inorganic lead, has attracted much
attention in recent years. Considerable advances in the determination of the
various compounds have been made since the first practical method for the
determination of total organic lead in air was reported by Snyder and
Henderson in 1961 [1].

To date, two differing methodologies have been developed for this pur-
pose. First, those utilizing iodine monochloride as an absorbing reagent
followed by a selective extraction procedure and determination by atomic
absorption spectrometry (a.a.s.) which gives a measure of the total gas-phase
alkyllead in the sample (see, e.g. [2, 3]). Secondly, those based upon a
chromatographic separation followed by an element-specific detector,
which allows the determination of each tetraalkyllead compound in the
sample. Several such methods have been reported based either on collection
and preconcentration of the analytes on a porous polymer at ambient tem-
perature (see, e.g. [4, 5]) or by cryogenic trapping at —80°C or lower (see,
e.g. [6-9]).

Although it has been postulated that tetraalkyllead (R4Pb) decomposes in
the environment to give inorganic lead according to the following simplified
scheme:

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers BV,
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R.Pb - R;Pb* - R,Pb** - Pb**

neither of the methodologies outlined above allows the determination of the
suggested ionic alkyllead intermediate products. Whilst these species have
been identified in aqueous samples (e.g., by spectrophotometry [10] or
anodic stripping voltammetry {11]), no attempt had been made to identify
them in the atmosphere. However, their presence in the atmosphere has been
inferred from indirect evidence obtained from comparative studies based on
simultaneous sampling with a species-specific gas chromatographic (g.c./a.a.s.)
method and a non-specific (iodine monochloride) method [12, 13]. In an
earlier study [5], it was found that the TAL concentration at a rural site was
invariably lower than the total gas-phase organic lead concentration during a
50-day sampling period. It was postulated that this difference in concentra-
tions (with a minimum of ca. 1 ng Pb m™ for these samples) was due to the
presence of some other (non-TAL) alkyllead species in the gas phase which
would be detected by the iodine monochloride method but not by the TAL-
specific g.c./a.a.s. method. It was suggested that the excess (non-TAL) alky!-
lead is probably trialkyllead or dialkyllead or both in the gas phase, arising
from the decomposition of TAL in the atmosphere. Aerosol-associated alkyl-
lead compounds can be separated by filtration and determined separately
[13].

Concurrent with the development of these methods for the determination
of tetraalkyllead in the atmosphere, a method for the determination of ionic
organic lead species in aqueous and biological samples was reported [14]. In
this elegant method, the ionic alkyllead species are extracted into an organic
solvent with sodium diethyldithiocarbamate (NaDDC) followed by butyla-
tion to form the tetraalkyl derivatives of the ionic compounds. These deriva-
tives are then amenable to analysis by g.c./a.a.s. This method has been modi-
fied in our laboratories where the use of benzene is discouraged [15] and has
recently been refined to give better chromatographic separation and a faster
procedure by using a propylating (rather than a butylating) Grignard reagent
[16].

Once a suitable derivatization and analytical technique had been developed
for the ionic alkyllead species, it became feasible to develop a method for
their collection and quantification in air samples [17]. This paper describes
the technique in detail.

EXPERIMENTAL

Chemicals and instrumentation

Pure tetramethyllead (TML), pure tetraethyllead (TEL) and a mixed solu-
tion containing all five tetraalkyllead compounds in diisopropyl ether, to-
gether with the chloride salts of trimethyllead (TriML), triethyllead (TriEL),
dimethyllead (DiML) and diethyllead (DiEL) were kindly supplied by the
Associated Octel Company (Ellesmere Port, Great Britain). They were all
stored in the dark at 4°C and handled according to the Company’s safety
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instructions. Propylmagnesium chloride (Aldrich) and butylmagnesium chlo-
ride (Alfa Products) were used. All other chemicals were from BDH.

The g.c./a.a.s. system used was described in detail elsewhere [5], and is
based on the system developed by Ebdon et al. [18]. Briefly, a Perkin-Elmer
F17 gas chromatograph with aglass column (1 m long, 6-mm o.d., 2-mm i.d.)
containing 3% OV-101 on Gaschrom-Q was interfaced with an Evans Elec-
troselenium 240 Mk. 2 flame atomic absorption spectrometer by a 1/16-in.
o.d. stainless-steel transfer line heated to 150°C. The g.c. eluate was mixed
with hydrogen and fed info a ceramic tube of recrystallized alumina (150 mm
long, 14-mm o.d., 9-mm i.d.) suspended in the air/acetylene flame along the
light path. As an alternative to the flame-heated ceramic tube, an electro-
thermal atomization cell can be used, with enhanced resolution and sensitivity
[16].

Procedures

Generation of ionic alkyllead vapour. For the development work described,
it was necessary to generate an air stream containing the ionic alkyllead
species in the gas phase. This was done with the vapour generator shown in
Fig. 1. A small quantity (ca. 0.1 g) of the solid alkyllead salt (TriALCl) was
placed in a stainless-steel tube with glass wool plugs at each end. Charcoal-
filtered air was pumped through the tube and the output was filtered through
a 0.45-um pore diameter Millipore membrane placed in a stainless-steel holder
with a teflon gasket. Charcoal-filtered secondary diluent air was added and
the resultant air stream was sampled with use of another pump.

The total gas-phase lead content of the filtered output of the generator
was quantified by bubbling it through iodine monochloride solution followed
by a.a.s. measurement [3]. The volatility of the salts was found to be much
higher than expected and high vapour concentrations were found at ambient
temperatures (e.g., 450 ug m™ for TriML with no secondary diluent air).

Flow requlator Water bath Filter

R NP
L JEE /H

Gdm3 min?

1am min’
-—
ICL bubbler

Activated
Carbon Filter

Fig. 1. Vapour generator for ionic tri- and di-alkyllead species.
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Subsequently, the tube containing the salt was immersed in a ice/water slush
bath and ten times the amount of diluent air shown in the figure was used.
In this way, low vapour concentrations were achievable, approaching the
same order of magnitude as those expected in polluted ambient air.

The alkyllead produced by the generator was also sampled by use of a
cryogenic trap. This was a glass U-tube (20 cm long, 1 cm diameter) con-
taining 2-mm glass beads and immersed in a liquid nitrogen/ethanol slush
bath at —130°C. The collection efficiency of the trap was evaluated by plac-
ing an iodine monochloride bubbler after it. Provided that sufficient time
was allowed for the trap to cool to the slush bath temperature before samp-
ling began (ca. 1 min), then no alkyllead was found to pass through the trap.
The efficiency of removal of the ionic lead species and TML and TEL from
spiked glass beads (using the method detailed below) was found to be quan-
titative. After sampling, the trap was removed from the slush bath, 10 cm3
of deionized double-distilled water and 2.5 ¢m® of n-hexane were carefully
added and the trap was allowed to warm to room temperature. The beads
and liquid were transferred to a glass tube and 1.5 g of sodium chloride and
1.5 em?® of aqueous 0.1 M NaDDC were added. The tube was mechanically
shaken for 30 min and the contents were transferred to a glass separating
funnel which had a teflon tap. The organic phase was removed, the ionic
alkyllead compounds were butylated or propylated as previously described
[15, 16] and used for g.c./a.a.s.

This method showed that the gas-phase output of lead from the vapour
generator was not exclusively as the ionic alkyllead species; the analogous
tetraalkyl compound was also produced. For example, TriML solid produced
both TriML and TML in the gas-phase. This may be explained by dispropor-
tionation reactions [19]. This production of TAL had to be taken into
account in calculating the collection efficiency of the method described
below because TAL interfered slightly.

Generation of tetraalkyllead vapour. A pre-requisite to any method for
the sampling of gas-phase TriAL or DiAL in air is that any TAL present in
the air should not interfere. For this reason, a constant-temperature diffu-
sion cell, shown in Fig. 2, was used to generate low concentrations of TML
and TEL vapour in an air stream. For some experiments, charcoal-filtered
secondary diluent air was added to the air stream and samples were taken
with a separate pump in the same manner as shown in Fig. 1.

Collection efficiency tests. Two 125-cm® gas bubblers were modified by
extending their central tubes to within 2—3 mm of the base of the bottles
with 0.5-mm capillary tubing. The bubblers were charged with 80 cm® of
deionized double-distilled water and connected in series. A third bubbler
containing 80 ¢m® of 0.1 M iodine monochloride solution was connected in
series behind these. The output of the alkyllead vapour generator was sampled
by drawing a known volume of air (as determined by a GAP rotameter and
stopwatch) through the sampling train. This was repeated three times using
fresh solutions for each of the four alkyllead salts. After sampling was
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Fig. 2. Vapour generator for tetraalkyllead.

completed, any alkyllead present in the iodine monochloride solution was
selectively extracted by dithizone in carbon tetrachloride in the presence of
EDTA, back-extracted into 1% nitric acid/1% hydrogen peroxide and analysed
by graphite-furnace a.a.s. [3]. The contents of the two water bubblers were
combined, transferred to a 250-cm? glass bottle and extracted, alkylated and
examined by g.c./a.a.s. [15].

Sampling of ambient air. Air was drawn at 1—5 dm® min~ through two
modified 125-cm® gas bubblers in series, each charged with 80 cm® of de-
ionized double-distilled water and preceded by a 0.45-um membrane filter.
Upon completion of sampling (24—48 h), the contents of the bubblers were
combined, extracted and processed as above by the propylation procedure
[16]. All sampling was done in the dark or in darkened bottles and exposure
of prepared samples to light was kept to a minimum.

RESULTS AND DISCUSSION

Interference from TAL

The recoveries of TML and TEL vapours obtained by the various proce-
dures are shown in Table 1. Less than 4% of the TML and less than 1% of the
TEL bubbled through the water was recovered. Furthermore, in all cases it
was found not as TAL but as the alkylated trialkyl derivative. Given the
aqueous solubility of TAL (15 ug dm= for TML and ca. 0.3 ug dm™ for TEL
at 30°C) {19], it was expected that some TAL would be recovered as such.
However, decomposition to TriAL must have occurred, either during samp-
ling or storage, and any remaining TAL was removed in the air stream or by
adsorption on the bottle walls. This indicates that interference from any
TAL present in the air sample is slight, and is negligible in most ambient air
sampling applications.
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TABLE 1

Recovery of tetraalkyllead vapour by absorption in water

Method of Concentration in air (ng dm=)2

analysis TML TEL

Iodine monochloride 3.5 199 16 320

Cryogenic trap/ 3.5 190 16 303
g.c./a.as.

Water/butylation/ 0.14 7.2 <d.lp 1.0
g.c./a.a.s.

Recovery in water (%) 4.0 3.7 <0.1 0.3

2All values are the mean of three determinations with two absorption bottles used in
series. ®? Detection limit (absolute d.l. = 30 pg Pb).

Recovery of ionic alkyllead compounds

Table 2 shows the collection efficiencies for the gas-phase ionic alkyllead
species from water. These were calculated after allowance had been made for
the known extraction and propylation efficiencies for the various compounds
from aqueous solutions [16]. Whilst butylation is an acceptable derivatiza-
tion method for the TriAL compounds with similar near-quantitative effi-
ciencies to those obtained by propylation, it proved an unsatisfactory method
for DiAL. Butylation efficiencies of only 29 + 4% (DiML) and 21 * 5%
(DiEL) were found compared with propylation efficiencies of 95 + 10%
(DiML) and 98 = 12% (DiEL).

Collection efficiencies for the various compounds range from 79% for
TriML to 46% for DiEL. The corresponding detection limits for the various
compounds in air depend on the absolute detection limits of the detector
used. These are shown in Table 3. It can be seen that g.c./flame a.a.s. [5] has
rather modest detection limits, especially for the butylated DiAL compounds,
giving detection limits in air ranging from 0.25 ng Pb m= for TriML to 8.7 ng
Pb m= for DiEL, based on a 5-m® air sample. However, improvements are
obtained when propylation is used for derivatization, followed by g.c./elec-
trothermal a.a.s. [16]. A further improvement can be achieved by concen-
trating the propylated extract from 5 cm? to 0.5 cm?® by slowly purging with
nitrogen (80% recovery) [16]. Detection limits in air of 0.06—0.44 ng Pb m~
are then obtained (for TriML and DiEL, respectively).

The efficiency of collection of the compounds in water at various ionic
alkyllead vapour concentrations was investigated by adding varying amounts
of diluent air to the vapour generator. The results are given in Table 2. For
TriML, concentrations of 260 and 230 ng Pb m = gave collection efficiencies
of 79 and 76%, respectively. Decreasing the concentration of TriML to 0.1 ng
Pb m= did not affect the collection efficiency. Similarly, decreasing the
TriEL, DiML and DiEL concentrations did not significantly alter the collec-
tion efficiency for these compounds.
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TABLE 2

Collection efficiencies of ionic alkyllead vapours by water

Species TriML TriEL DiML DiEL

Vapour concn. (ngPbm=?) 260 230 0.1 550 150 3 2100 270 7 2700 260 20
Efficiency (%)2 79 176 79 75 67 69 67 66 65 46 48 45

3Calculated after allowing for non-quantitative recovery and propylation efficiencies
(TriML 104%, TriEL 100%, DiIML 95%, DiEL 98%, [15]). Each value is the mean of three
determinations.

TABLE 3

Detection limits for alkyllead chlorides by different methods

Method Detection limit?
TriML TriEL DiML DiEL
G.c./flame a.a.s. 0.025 0.044 0.210 0.500
after butylation
Corresponding 0.25 0.47 2.75 8.7
d.l. in air
G.c./electrothermal a.a.s. 0.02 0.05 0.03 0.08

after propylation and
N, concentration

Corresponding 0.06 0.17 0.13 0.44
d.l in air

aDetection limit is defined as 3 X standard deviation of the noise. The absolute limits are
given as ng Pb; the limits for air are given as ng Pb m~3, based on a 5-m? air sample with a
50-ul injection.

Sample storage and loss

Loss of the various TriAL and DiAL compounds during sampling was
investigated by spiking water with known amounts of the chlorides. Carbon-
filtered air was bubbled through the solutions at 2 dm?® min~!, the rate normally
used for air sampling. After passage of ca. 3 m> of air, the solutions were
analysed. No loss of alkyllead was observed. Similarly, spiked solutions of
TriAL and DiAL (50 ng Pb dm™3), which correspond to an air concentration
of 1 ng Pb m~ for a 5-m? air sample were found to be stable when stored in
the dark for 72 h.

The possible redistribution of alkyl groups between compounds during
sampling and storage was investigated by spiking water with known amounts
of TriML and TriEL chlorides. Carbon-filtered air (3 m® at 2 dm® min) was
bubbled through the water in the dark and the solution then analysed. No
evidence of the formation of mixed alkyllead compounds was seen in the
resultant chromatogram.
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Results of ambient air sampling

Some results from sampling at a background urban roof-top site in
Colchester are listed in Table 4, which includes results for TAL obtained
simultaneously. The only compound to appear in all samples is tetramethyl-
lead. The TAL composition of these samples and inorganic lead levels are
more typical of rural than urban sites [5]. Trialkyllead and dialkyllead
species are rather variable both in relative and absolute concentrations, but
clearly may comprise an appreciable proportion of total gas phase alkyllead.

Conclusions

Collection from the atmosphere of gas-phase ionic alkyllead compounds
was achieved by bubbling filtered air through water. Collection efficiencies
of 46—79% were found for the various compounds. The subsequent extrac-
tion and alkylation followed by g.c./a.a.s. allows their simultaneous, specific
determination. Whilst the collection efficiencies found are not quantitative,
this method appears to be the only one presently available which allows the
gaseous ionic alkyllead species to be determined in an air sample. If the
samples are propylated, concentrated by purging with nitrogen, and examined
by g.c./electrothermal a.a.s., then the method is very sensitive, allowing these
species to be determined in ambient air. Both inorganic lead and solid-phase
alkyllead species are excluded from the determination by the use of a highly
efficient particle filter. Gas-phase tetraalkyllead compounds give a slight
interference (<4%).

The fact that variations in ionic alkyllead vapour concentrations do not
significantly alter their collection efficiencies in water indicates that the
method is suitable for the collection of the species from the ambient atmo-
sphere. The techniques described have been successfully applied to a variety
of atmospheric samples.

The Natural Environment Research Council is thanked for provision of a
research studentship (to C.N.H.). The staff of the Associated Octel Co.,
Ellesmere Port are thanked for helpful discussions and the provision of
chemicals.
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SUMMARY

The sulfide podand (an open-chain neutral multidentate ligand with six sulfur donor
atoms) 1,12-di-2-thienyl-2,5,8,11-tetrathiadodecane (TTD) was synthesized. Its extracting
properties were examined with 1,2-dichloroethane and 4-methylpentan-2-one as solvents.
The reagent showed high selectivity for silver(I) and copper(I) ions; mercury(II) was ex-
tracted (ca. 97%) under certain conditions. Extraction of silver(I) was studied in detail
with "MAg tracer. Log D values >2 were obtained for the range from pH 6 (with per-
chlorate as counter-ion) to 2 M perchloric acid or 6 M nitric acid. The ratio of Ag:TTD in
the complex was 1:1, Silver could be back-extracted with 4—6 M hydrochloric acid.

Polythioethers are neutral sulfur-containing reagents. Both bidentate
[1—4] and polydentate cyclic [3, 5—10] thioethers have been used for the
extraction of soft metal ions. Cyclic ligands (with S, O or N donor atoms)
belong to the class of reagents which form so-called host-guest complexes
with metal ions. In Vogtle and Weber’s classification and nomenclature of
“host’’ ligands [11, 12], coronands (monocyclic ligands), cryptands (bi- and
poly-cyclic) and podands (their acyclic, open-chain analogs) are distinguished.
Podands have some advantages over cyclic compounds: they are easier to
synthesize, their structure is more flexible and their complexation rate is
greater. It has been observed that the macrocyclic ligand containing four
thioether donor atoms forms only a slightly more stable complex with
nickel(II) in nitromethane than does the corresponding open-chain ligand
[13]. Thus the large macrocyclic effect occurring in the cyclic vs. acyclic
tetramine complexes in aqueous solution [14] was not found in that case.
Spherical wrapping of podands around a metal ion [11, 12] (confirmed by
x-ray structural analysis of crystalline complexes) creates a pseudocavity
similar to that possessed by cyclic compounds such as crown ethers. Rigid
donor terminal groups bearing donor centres facilitate complex formation
with these pseudocyclic species and increase the stability constants (the
effect being called the ‘“‘terminal groups concept”).

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Here a new reagent is presented, the podand 1,12-di-2-thieny!-2,5,8,11-
tetrathiadodecane containing six sulfur donor atoms. Its extracting abilities
towards a group of metal ions, mainly silver, are described.

EXPERIMENTAL

Synthesis of 1,12-di-2-thienyl-2,5,8,11-tetrathiadodecane

The 1,12-di-2-thienyl-2,5-8,11-tetrathiadodecane (TTD) was prepared from
1,4,7,10-tetrathiadecane [15] and 2-chloromethylthiophene [16]. The reac-
tion proceeded in a catalytic two-phase system [17] as follows: 2-chloro-
methylthiophene (72.9 g, 0.55 mol) was added dropwise during 10 min to an
efficiently stirred mixture of 1,4,7,10-tetrathiadecane (53.6 g, 0.25 mol),
aqueous 50% (w/v) sodium hydroxide (600 ml), tetrabutylammonium bro-
mide (8.1 g, 0.025 mol) and toluene (1000 ml). Slight cooling was necessary
to keep the temperature below 25°C. After the addition was complete, stir-
ring was continued for 1 h. Then the mixture was diluted with water, the
organic layer was separated and the aqueous phase was extracted with 100 ml
of toluene. The combined toluene extracts were washed with water and dried
with sodium sulfate. Evaporation of solvent (under reduced pressure) and
two recrystallizations from a 1:3 tetrachloromethane/hexane mixture gave
1,12-di-2-thienyl-2,5,8,11-tetrathiadodecane (yield 60—64%). The product
had m.p. 50.8—51.6°. The 'H-n.m.r. (60 MHz, CDCl;, § in ppm) data were:
2.74 (12 H, s); 4.03 (4H, s); 6.96—7.54 (6H, m). Elemental data: caled. for
C,6H,,S6, 47.25% C, 5.45% H, 47.3% S; found 46.8% C, 5.3% H, 47.45% S.

I
S S S S S S

Reagents and equipment

The solutions of 1,12-di-2-thienyl-2,5,8,11-tetrathiadodecane (TTD) used
were 1 X 1073 M, prepared in 1,2-dichloroethane or methyl isobutyl ketone
(MIBK). 1,2-Dichloroethane was shaken three times with 2 M potassium
hydroxide and distilled water [8], dried with molecular sieves and distilled.

The radioactive tracers '°™Ag (as silver nitrate in 1 M nitric acid) and
19THg were produced by the ORIPI (Swierk near Warsaw). The total silver
and mercury concentrations in the initial solutions were adjusted without
taking into account the isotope concentrations (ca. 108 M). Stock solutions
of silver and mercury (1 X 102 M) were prepared from silver nitrate and
mercury sulfate dissolved in nitric acid. Stock solutions of other ions (1 mg
ml™?) were prepared from the appropriate sulfates or nitrates. Sodium per-
chlorate was recrystallized twice from distilled water. Other reagents were of
analytical purity.

A Nal(Tl) scintillation detector was used to measure the activity of the
HomAs and !°’Hg isotopes. A Pye-Unicam SP90 Series 2 atomic absorption
spectrometer was used for the determination of other metal ions.
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Procedures

Extraction of silver and mercury. An aqueous solution containing 1 X
107 M silver(I), an appropriate volume of 1™Ag solution (or 5 X 10° M
mercury(Il) and '°’Hg) and any other reagents required was prepared. Buffer
solutions (pH 3—6) were made with 1 M acetic acid and 1 M sodium acetate.
In some experiments, the ionic strength was kept at 0.3 with sodium sulfate.
An aliquot (10 ml) of this solution was shaken with a solution (10 ml) of the
TTD in 1,2-dichloroethane or MIBK for 5 min and then allowed to stand for
15 min. After phase separation, 2-ml portions of each phase were transferred
to polyethylene ampoules and the isotope activity was measured.

The pH of the aqueous phase after extraction was measured when re-
quired. Distribution coefficients were evaluated as a mean from the results of
duplicate experiments. The isotope balance, checked for each experiment,
ranged from 96 to 104% (any exceptions are mentioned below).

Extraction of other ions. These experiments were done in the same way.
The concentration of test ion was 10 ug ml™. In order to obtain copper(I)
ion, an appropriate amount of hydroxylammonium sulfate was added to give
a 0.1 M solution. After separation, the aqueous phase was transferred to a
beaker and evaporated to a small volume; 2 ml of concentrated nitric acid
was added, the contents were evaporated again and the solution was diluted
to 10 ml with water. The metal ion was quantified by atomic absorption
spectrometry.

RESULTS AND DISCUSSION

Extraction of various ions with TTD

The TTD reagent is easily soluble in 1,2-dichloroethane, MIBK and tolu-
ene. The absorption spectrum of 5 X 10° M TTD in 1,2-dichloroethane,
which gives a molar absorptivity of 1.7 X 10* 1 mol™? em™ at 238 nm, does
not show any changes when the solution is equilibrated with 0.1 M perchloric
acid, acetate buffer solution pH 4.7, or 0.1 M sodium hydroxide. Storage for
2 weeks does not alter the solution, as judged by the spectra.

Extractions were studied for various ‘“‘soft’” metal ions, i.e., Ag(I), Cu(I),
Hg(1I) and Cd(ll), as well as intermediate ions, i.e., Cu(Il), Ni(II), Co(II),
Zn(II) and Pb(II), and ‘“hard” Fe(III) ions, according to Pearson’s classifica-
tion [18]. In these experiments, two solutions (pH 4.7 with perchlorate as
counter-ion, and 1 M perchloric acid) were extracted with TTD in 1,2-di-
chloroethane or MIBK. Results are summarized in Table 1.

Silver(I) are extracted very well under the two sets of conditions tested (I
and II). Extraction of mercury(II) is relatively good only in 1 M perchloric
acid medium. The percentage extraction of mercury(II) separated under I
and II conditions does not depend on the time of extraction in the range
2—15 min. Copper(I) is separated quantitatively at pH 4.7, but in 1 M per-
chloric acid no extraction was observed probably because copper(II) was not
reduced to copper(I)in that solution. Extraction of cadmium(II) (also “soft”
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TABLE 1

Extraction of metal ions with TTD under different conditions

Metal Extraction (%) Metal Extraction (%)
ion Ia I ion I# I
Hg(1I) 21.8 96.9 Ni(II) 2.0 0

48.8¢ — Co(II) 2.0 0
Cu(l) 99.5 0 Zn(II) 1.0 0
Ag(I) 99.0 99.2 Ph(II) 1.0 0
Cddr1) 0.5 0 Fe(III) 1.0 —
Cu(II) 1.0 0

2Conditions: pH 4.7, 2 x 10 M NaClO,, 1 X 10> M TTD in 1,2-dichloroethane. ?Condi-
tions: 1 M HCIO,, 1 X 10 M TTD in MIBK. ¢2 x 10* M sodium perchiorate.

but with a low value of softness parameter [19]), as well as intermediate and
“hard’ metal ions is negligible or zero. The relationship observed here for
TTD between the extractability of ions and their assignment to the various
Pearson classes agrees with the results obtained for the cyclic thiacrown,
1,4,8,11-tetrathiacyclotetradecane [8].

Extraction of silver in various pH and acid concentrations

The values of the distribution coefficient for silver (under the conditions
with pH 4.7, 2 X 10 M perchlorate, 1 X 10° M TTD in 1,2-dichloroethane)
did not depend on the time of shaking in the range 2—20 min, so extraction
for 5 min was used.

Extraction of silver from the following aqueous phases was examined:
acetate-buffered solutions of pH 3—6 containing perchlorate as counter-ion,
and sulfuric (with perchlorate), perchloric and nitric acid solutions. The
values of the distribution coefficients for silver obtained with TTD in 1,2-
dichloroethane, MIBK and toluene are summarized in Fig. 1. The range of
acidity in which extraction was high was very wide. The best results (log D
2 2, E =2 99.0%) were achieved in the case of MIBK at pH 2—6 (with 2 X
1072 M perchlorate present) and in 0.1—1 M perchloric acid; with 1,2-di-
chloroethane, best results were obtained with solutions containing 0.1—2 M
perchloric acid or 1-—6 M nitric acid. Toluene was not a suitable solvent. In-
crease in the sulfuric acid concentration caused decreased silver extraction
and !'%™Ag isotope balance (to 90% in 3 M sulfuric acid). For concentrations
of nitric acid exceeding 6 M or perchloric acid exceeding 2 M, the solutions
of TTD in 1,2-dichloroethane and MIBK became yellow, probably because of
reagent oxidation. The extraction of silver from nitric acid with TTD in
MIBK gave inferior results (curve 3, Fig. 1), compared to extractions in the
presence of perchlorate or small concentration of perchloric acid (curves 1
and 4, Fig. 1). As is shown in Table 2, the addition of perchlorate or per-
chloric acid did not improve the extractions sufficiently.
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log D

acid
concentration, N

Fig. 1. Plots of log D vs. pH and acid concentration for silver. Media for extractions with
1 X 10 M TTD in MIBK: (1) 2 X 107* M NaClO,, acetic buffers; (2) 2 x 10* M NaClO,,
H,80,; (3) HNO,; (4) HC10,. Media for extractions with 1 x 10~* M TTD in 1,2-dichloro-
ethane: (5) 2 X 10 M NaClO,, acetic buffer; (6) HNO,; (7) HCIO,.

Fig. 2. Effect of initial TTD concentration in MIBK on log D for silver: (1) 1 M HCIO;
(2) 2 M HNO.,.

TABLE 2

Extraction of silver from nitric acid/sodium perchlorate or nitric acid/perchloric acid with
1x 10 M TTD in MIBK

HNO, NaClO, log D HNO, HCIO, log D
M) (M) (M) (M)

1 - 1.66 2 0.1 1.87
1 0.01 1.64 2 1 1.98
2 - 1.80 - 1 2.09

The value of log D for silver extracted from 2 M nitric acid with 1X 10° M
TTD in MIBK was independent of silver concentration in the range 107—
10 M silver(I). For 1 X 10~ M silver, a change in the initial TTD concentra-
tion, Cy, in MIBK from 5 X 10™ to 5 X 10 M had no influence on the log D
for silver separated from 1 M perchloric acid or 2 M nitric acid (Fig. 2).

Equilibrium study of the extraction of silver with TTD and perchlorate

In order to examine the composition of the ion-associate of silver with
TTD and perchlorate extracted into 1,2-dichloroethane or MIBK, plots of
log D vs. log [L], and log D vs. log [ClO;] were prepared (Figs. 3 and 4);
here [L], and [CIO;] denote equilibrium concentration of TTD in organic
phase and ClO; in aqueous phase, respectively.
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Fig. 3. Plots of log D for silver vs. log [L],. Solvent: (1) 1,2-dichloroethane; (2) MIBK;
(3) MIBK, ionic strength 0.3 M; (4) toluene. Conditions: 2 x 10> M NaClO, in all cases;
0.2 M acetate buffer pH 4.7 for curves 1, 2 and 4, and 0.02 M for curve 3.

Fig. 4. Plots of log D for silver vs. log [C1O;]: (1)1 x 10* M TTD in MIBK, 0.02 M ace-
tate buffer, ionic strength 0.3M;(2) 1 X 10-* M TTD in 1,2-dichloroethane, 0.2 M acetate
buffer.

As can be seen in Fig. 3, slopes of ca. 1 were obtained for both solvents,
indicating that Ag:TTD = 1:1 in the cation complex. The experiments done
to confirm the amounts of perchlorate counter-ion in the ion-associate
(Fig. 4) did not give the expected effect of diminishing the log D value with
decreased of perchlorate concentration. Possibly both acetate and perchlorate
can act as counter-ions. The extractions done without perchlorate, but other-
wise under the conditions used for Fig. 4, gave log D values of 1.2 and 0.7
for 1,2-dichloroethane and MIBK, respectively; however, the isotope balance
did not then exceed 90%.

Back-extraction
The results of back-extraction of silver from the organic solutions by
hydrochloric acid solutions are shown in Table 3.

Conclusion

The sulfide podand examined here, an open-chain ligand possessing four
thioether groups and two thiophene-sulfur atoms providing further coordina-
tion, gave highly selective extractions of silver and mercury ions. Reagents of
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TABLE 3

Percentage back-extraction (R, %) of silver with different concentrations of hydrochloric
acid for a shaking time of 5 min

Extraction R (%) for different HCI concs.

conditions 1M iM 6 M

I 95.3 98.4 98.5
98.3¢

1> 96.8

2Conditions: 0.5 M HCIO,, 1 x 10-°* M TTD in MIBK. PConditions: 1 M HNO,,1 x 107 M
TTD in 1,2-dichloroethane. ¢15-min shaking time.

this type may be suitable for other purposes, offering equivalents to the thia-
crown compounds. The podands are much more economic to prepare.

This work was supported by the Scientific Programme M.R. 1.32.
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SUMMARY

A method is described for the determination of alkyllead in air with activated carbon
as adsorbent. The main factor affecting the adsorption capacity of the activated carbon
for alkyllead was the concentration of hydrocarbons in the sampled air, as these were
also adsorbed. Particulate inorganic lead was collected on a membrane filter in front of
the adsorbent. The alkyllead was extracted from the adsorbent into hot nitric acid, and
the concentration determined by electrothermal atomic absorption spectrometry. The
detection limit was 0.002 ug Pb m~® (sample volume 1 m?), and precision was 9.5% r.s.d.
at 2.1 ug Pb m~ alkyllead. The method was used to monitor exposure of gasoline tank
truck drivers to alkyllead. During the filling of tank trucks with leaded gasoline, alkyllead
concentrations from 1 to 750 ug Pb m~® were found in the drivers’ breathing zone, but
most were well below the Norwegian TLV of 75 ug Pb m-3,

Alkyllead compounds, added to increase the octane rating of gasoline,
have long been a source of air pollution, particularly in working areas where
gasoline is produced and handled. The different methods used for the collec-
tion of alkyllead compounds in air and for the determination of the concen-
tration, have been reviewed thoroughly by De Jonghe and Adams [1]. One
procedure commonly used is the trapping of the alkyllead compounds in a
reactive solution of iodine monochloride in hydrochloric acid. Another makes
use of various types of solids in narrow columns but the adsorption capacity
is low at ambient temperatures, thus the adsorbents must be cooled to liquid
air temperature. The disadvantage of this technique is that the adsorbent
rapidly becomes clogged by ice forming from condensed water from the air.
The trapping technique has the advantage of being non-destructive, and the
concentrations of the five commonest tetraalkyllead compounds can be
determined by gas chromatography; but the sampling equipment is compli-
cated, and therefore this method is not widely used for routine work.

Although well established as an adsorbent for organic compounds in air,
activated carbon has been used relatively little for alkyllead compounds.

3Present address: Norwegian Forest Research Institute, Box 61, N-1432 As-NLH.

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.
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Snyder [2] reported that the high lead content of the carbon caused diffi-
culties in monitoring alkyllead compounds in air. However, for monitoring
occupational exposure to alkyllead compounds [3, 4], the problem can be
avoided by using an organic solvent to extract the alkyllead from the acti-
vated carbon. As the threshold limits for alkyllead compounds refer to total
lead (as alkyllead) present in the work atmosphere, speciation of the alkyl-
lead compounds is of secondary interest. This paper is concerned with a
method suitable for the determination of the total concentration of alkyllead
in the work environment, and the application of this method to the monitor-
ing of occupational exposure. Electrothermal atomic absorption spectrometry
(a.a.s.) is used to quantify lead.

EXPERIMENTAL

Reagents

Commercial adsorbent tubes (SKC, Pittsburgh, PA), packed with either
activated carbon or the synthetic adsorbent XAD-4 were used. In the front
and back sections were 100 mg and 50 mg of adsorbent, respectively. Acti-
vated carbon (Fluka) was ground and the 0.6—1.2-mm fraction was boiled
with 65% nitric acid for 1 h, four times successively. The carbon was then
washed with demineralized water, air-dried and reactivated in air at 450°C
for 30 min. The anti-knock agents tetramethyllead (TML) and tetraethyllead
(TEL) (Ethyl Corporation, Baton Rouge, LA) were dissolved in 53% xylene/
18% heptane which also contained 1,2-dibromoethane and 1,2-dichloroethane
as scavengers. All gas mixtures were prepared shortly before use by injecting
these alkyllead standards or gasoline into a 10-1 high-pressure gas container
filled with compressed pure nitrogen to a pressure of about 100—150 atm.

Apparatus

The Perkin-Elmer (PE) 5000 atomic absorption spectrometers used were
equipped with a PE HGA 500 graphite furnace, an AS-40 autosampler, PR-10
printers, model 56 recorders and standard flame atomizer. The 283.3-nm
lead resonahce line was used with deuterium background correction for the
measurements with the graphite furnace. Pyrolytically coated graphite tubes
and L’vov platforms (Perkin-Elmer) were used.

For the determination of the absorption capacity and breakthrough time
for the adsorption tubes, a manifold was built in which up to ten tubes could
be exposed simultaneously to a gas mixture. At fixed time intervals, single
tubes were removed and the amounts of alkyllead in the front and back
sections were determined. The breakthrough time was calculated from the
breakthrough curves.

Procedure for the determination of alkyllead
A cellulose acetate filter (0.80-um pore size; Millipore AAWG) in a Milli-
pore filter holder was placed in front of the adsorption tube which was
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connected to the pump. For the determination of alkyllead in air near tanks
being filled with gasoline, a flow rate of 0.2 ml min™ and sample volumes
less than 10 1 proved to be useful, whereas the sample volumes had to be less
than 0.2 1 for saturated gasoline vapour. Exposed tubes were capped imme-
diately and refrigerated until further treatment. The cellulose acetate filter
was dissolved in 2.0 ml of 65% nitric acid (p.a.) by digestion at 70°C for 1 h,
and the solution was diluted to 10 ml with demineralized water. The front
and back sections of the adsorption tube were each placed in 0.4 m! of 65%
nitric acid (p.a.) at 70°C for 30 min. Each extract was diluted to 2.0 ml with
demineralized water. If the amount of alkyllead adsorbed was above 100 ng,
the sample was further diluted. The lead in the extracts was determined by
electrothermal a.a.s. (as in Table 1); the best precision and recovery were
obtained with the L’vov platform. All extraction equipment was soaked in
dilute nitric acid before use. The results were corrected for the volume of
activated carbon in the solution.

If the amount of lead found in the back section of a tube was less than
10% of the amount found in the front section (i.e., breakthrough value
<10%), the data were accepted. For breakthrough values between 10 and
25%, the results were considered “‘minimum values’’; and above 25%, the
data were discarded.

RESULTS AND DISCUSSION

Investigations of activated carbon as adsorbent

Adsorption capacity. In addition to the commercial SKC tubes containing
activated carbon or XAD-4, activated carbon from Fluka (washed with hot
nitric acid or heated in an argon atmosphere to 2200°C to reduce the lead
concentrations) was tested. For most of these tests, a hydrocarbon concen-
tration of ca. 1000 mg m~ was used (300 ppm calculated as hexane),

TABLE 1

Temperature program for graphite-furnace a.a.s. of lead in the nitric acid extracts of the
absorbent

Wall atomization? _ L’vov platform?
Ramp Hold Temp. Internal Ramp Hold Temp. Internal
gas flow gas flow

Dry 5 25 130 300 — — — —
Dry 1 5 200 300 10 30 300 300
Ash 1 15 500 300 1 15 500 300
Atomize 1 5 2200 20 0 5 2000 20
Clean 1 1 2500 200 0 2 2500 300
Cool — — — — 0 20 25 300

2Ramp and hold given in seconds, temperature in ° C, and internal gas flow in ml min™.
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corresponding to that found in the vicinity of tanks while they are being
filled with gasoline [5].

The data listed in Table 2 show that the adsorption capacity of the acid-
washed reactivated carbon (Fluka) for alkyllead was very high, while that for
the SKC carbon was somewhat lower but acceptable. The acid-washing/
reactivation of the Fluka carbon had a positive effect, as is evident from the
much shorter 1% breakthrough time of the untreated Fluka carbon. In con-
trast, the heating treatment significantly reduced the absorption capacity of
the Fluka carbon, The SKC XAD-4 was also found to be unsuitable as an
adsorbent for alkyllead under the conditions used in these experiments.

Breakthrough time, hydrocarbon concentration and flow rate. The break-
through time for the alkyllead compounds depends on the hydrocarbon con-
centrations because both types of compounds are adsorbed. The relationship
between 1% breakthrough time (¢,) and hydrocarbon concentration (C) for
tests IIT and IV in Table 2 was found to be defined by: log t, = 5.1 — 0.81 log
C. The derived slope is close to that found for a number of hydrocarbons
[6], and confirms the influence of the hydrocarbon concentration on the
breakthrough time.

The relation for 1% breakthrough time (¢,) and flow (F) for tests I, IT and
III in Table 1 was found to be: log ¢, = 1.4 — 1.24 log F (r = —0.999). The
breakthrough time is inversely proportional to the flow, in agreement with
gas adsorption theory [7].

Co-adsorption effects and breakthrough volume. The effect of co-adsorp-
tion of hydrocarbons was investigated by measuring the distribution of
adsorbed alkyllead between the front and back sections of SKC tubes, with
increasing volume of samples containing high concentrations of hydrocarbons.
As can be seen in Fig. 1, with sample volumes exceeding 50 1, some of the
alkyllead on the front section migrates to the back section, which results in
significant breakthrough losses.

To examine breakthrough volumes, standards containing TML and TEL
were injected into the front section of SKC tubes and 150 1 of filtered air
was pumped through. There was no redistribution of the compounds from
the front to the back section. In preliminary tests, no redistribution of TML
itself occurred even with 5000 1 of air, This confirms that the migration des-
cribed above was caused by the co-adsorption of the hydrocarbons. There-
fore, breakthrough losses will be small under normal sampling conditions but
may be significant if the hydrocarbon concentration is high. Similar tests
were done with the SKC XAD-4 adsorbent; more than 95% of the added
TML was lost from the front section of the tube after 150 1 of air had passed,
whereas the less volatile TEL was completely retained on the front section.

Recovery of alkyllead from activated carbon. The front sections of SKC
activated carbon tubes were spiked with alkyllead by injecting standard solu-
tions of both TML and TEL and by injecting gasoline containing TML and
TEL. Up to 50 ul of gasoline was injected, corresponding to about 38 mg of
hydrocarbons or, according to the results listed in Table 2, saturation of the
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Fig. 1. The amount of alkyllead adsorbed in an SKC tube with increasing sample volume,
The experimental conditions were the same as for test III, Table 1. () Front section;
(2) back section; (a) front plus back section; (———) total amount of alkyllead passed
through the tube.

front section by hydrocarbons. The spiked tubes were stored at both 4 and
25°C for up to 10 weeks, These were no losses of alkyllead and no migration
even at that time. Recovery of the alkyllead was between 95 and 105% for
all tubes.

While TML was quantitatively desorbed by ethanol, propanol, isobutanol
or methyl isobutyl ketone, TEL was not, indicating that some of the TEL
may have decomposed on the adsorbent to alkyllead salts or to inorganic
lead. Therefore, the desorption method of choice was not by means of
organic solvents but by extraction and decomposition of the adsorbed alkyl-
lead as described in the experimental section. The recovery of both TML and
TEL from spiked tubes was between 98 and 102%.

Lead contamination in the activated carbon. Table 3 shows that the blank
values were between b and 15 ng of lead per 100 mg of adsorbent for SKC
tubes. Because of these large variations in the blank, the detection limit
obtainable was high. Methods for reducing the lead content of the carbon
were investigated. Boiling the adsorbent in nitric acid (as described under
Experimental) reduced the concentration of extractable lead significantly
and made the concentration more reproducible; the detection limit decreased
by about one order of magnitude (Table 3).

Filter collection efficiency. For sampling of particulate matter in air,
0.80-um pore-size cellulose acetate membrane filters were used. This type of
filter was tested by placing a second filter of pore size 0.22 um behind the
first in the same cartridge. The filters were used for sampling particulate lead
in a parking garage where the inorganic lead concentration in the air was in
the range 1—10 ug Pb m™. For sampling periods of 12—24 h at 100 1 h™,
the maximum breakthrough of inorganic particulate lead to the second filter
was 0.02—0.04%. The alkyllead concentration in air is usually more than 1%
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TABLE 3

Lead extractable from two types of activated carbon adsorbents and detection limits of
the method

Type of activated carbon Extractable lead? Detection limit? (ug Pb m-?)
(ng Pb/100 mg ads.) 11 1000 1
Mean S.d.

SKC (untreated) 10.4 4.2 13 0.013

Fluka (acid-washed) 2.6 0.6 1.8 0.002

2Front sections (100 mg) were extracted with 0.4 ml of nitric acid as in the procedure for
determination of alkyllead (see Experimental). Data are the means of 10 determinations.
bThe detection limit is calculated as 3 times the standard deviation of the blank value
divided by the sample volume (1 1 or 1000 1).

of that of inorganic particulate lead, thus possible contamination of the
adsorbent by breakthrough of particulate lead is negligible.

Precision of the method. At an alkyllead concentration of 2.1 ugPb m=3, a
total precision of 9.5% relative standard deviation (n = 10) was obtained for
the method including sampling, extraction and a.a.s. determination.

Alkyllead in working environments

The exposure of tank truck drivers to alkyllead was investigated at a
central gasoline storage plant in Oslo. While the tanks were being filled, which
normally takes 20—30 min, air was sampled in the breathing zone through
pumps worn by the drivers, and also directly over the tank opening. The
results of these measurements are shown in Table 4. Three were above the
Norwegian alkyllead TLV of 75 ug Pb m™. The alkyllead concentration in
the gasoline vapour forced out of the tank during filling was from 100 to
500 times above the TLV. During the same experiment, hydrocarbons in the
air were collected on additional activated carbon tubes and determined
(Table 4). In the determination of alkyllead in saturated gasoline vapour, the
tubes were quickly saturated by hydrocarbons (breakthrough 50%, concen-
tration for alkanes given only to indicate a minimum level), and significant
breakthrough of alkyllead also occurred.

Conclusion

The adsorption capacity of activated carbon for alkyllead (and hydro-
carbons) is high, and the adsorption tubes are easily coupled to standard
sampling equipment. The hydrocarbon concentrations in most samples are
not high enough to cause significant breakthrough losses for sample volumes
below 10 1. For samples in which the hydrocarbon concentrations are above
1000 ppm, as in undiluted gasoline vapour, breakthrough may occur at
volumes below 0.2 1.

The method described was developed for monitoring occupational expo-
sure to alkyllead compounds. It is sensitive enough for the determination of
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TABLE 4

Determination of alkyllead, inorganic lead and hydrocarbons in the air while tank trucks
were being filled with gasoline at Sjurs¢ya, Oslo (June 1983)

Sample Alkyllead Particulate lead Benzene? Toluene? Total alkaned!
(vgPbm=)  (ugPbm7) (ppm) (ppm) (ppm)
Pumps worn 113 26 - - —
by drivers?P 764 <2.0 — — —
30 6.2 — — —
43 <2.0 5.4 4.2 126
116 3.1 14 9.6 214
37 43 5.4 4.5 115
<2.0 6.6 0.1 0.1 10
14 6.9 5.1 6.9 137
2.7 10 1.2 1.5 44
5.8 4.2 3.0 3.3 85
5.9 <1.2 1.2 2.3 50
<4.0 0.8 0.3 0.5 4
13 <27 6.5 7.3 102
13 <1.7 2.3 2.1 89
Pumps over 3200(30%) 3 — — —
tank opening® 36300(20%) 100 - - —
18800(25%) 280 -— — —
18700(20%) 95 3090(30%) 2190(12%) 14400(50¢
21900(21%) <44 2980(25%) 2460(13%) 25100(509
3690(6%) <3 1950(9%) 1780(3%) 34000(509
[TLV 75 50 5 75 -]

2Benzene, toluene and alkanes were determined by gas chromatography as described by
Fjeldstad and Holterman [5]. PSample volume 2—6 1 at 0.2 ml min~. ¢Sample volume
0.2 1at 0.2 ml min~', The numbers in parentheses are breakthrough values.

alkyllead concentrations in air below 1 ug Pb m=. For such samples, the
hydrocarbon concentrations are low, thus it is possible to sample at least
1000 1 with small risk of breakthrough losses. The method has been applied
with good results to the determination of alkyllead concentrations in urban
and non-urban air at different locations in Oslo, as discussed elsewhere [8].
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Summary. The system consists of an AT-cut quartz piezoelectric crystal, oscillator and
frequency counter. The surface of the palladium-plated electrodes is oxidized anodically,
and anti-Candida antibody is immobilized onto the surface. The crystal sensor is dipped
into Candida suspension and the surface mass increase, caused by immuno-adsorption of
Candida, is measured by the decrease in the resonant frequency of the crystal. The fre-
quency shift is correlated with C. albicans concentration in the range 105—5 X 10° cells
cm™, The crystal sensor showed no response to Saccharomyces cerevisiae.

The determination of Candida albicans has become important in clinical
analysis [1—3]; C. albicans is found in the human body even under normal
conditions, but an increase in cell population can induce infection and disease.
Presently, C. albicans is conventionally assayed by visual inspection of anti-
body-antigen (Candida species) aggregate formation. This method, however,
requires technical skill, is time-consuming and gives only a semiquantitative
assessment of the C. albicans concentration. Matsuoka et al. [4] showed that
a potentiometric method could be applied to a C. albicans immunoassay. In
this method, the negatively charged C. albicans is adsorbed onto an antibody-
bound membrane, inducing a considerable change in the membrane potential
(linear in the range 10*—5 X 105 cells cm~®). Another immunoassay based on
an electric pulse technique was also proposed and applied to the C. albicans
immunoassay (linear in the range 10’—6 X 107 cells cm™) {5]. This communi-
cation reports the development of a new technigque based on piezoelectric
crystals, the piezoelectric immuno sensor.

Piezoelectric sensors are based on the measurement of small mass changes
on the surface of a piezoelectric crystal caused by the specific adsorption of
molecules onto a specially modified surface [6, 7]. The relationship between
surface mass change, Am (g), resonant frequency, F (Hz) and frequency
change (AF), is given by the Sauebrey equation: AF/F = —Am/Apt, where A
is the crystal area covered by the adsorbed materials (cm?), p is the density

0003-2670/86/$03.50 © 1986 Elsevier Science Publishers B.V.



258

of the quartz (g cm™) and ¢ is the thickness of the uncoated crystal (cm).
Piezoelectric crystals have been applied to the detection of water in gases,
several organic compounds in air [8--10] and traces of metals in solution
[11, 12]. Clinical applications include a surface acoustic-wave device for the
detection of Human IgG [13].

In this study, piezoelectric immuno crystals, coated with immobilized
anti-Candida antibody, are applied to the immunoassay of C. albicans. This
appears to be the first reported application of piezoelectric crystals to the
determination of micro-organism concentration. The feasibility of the sensor
for the detection of C. albicans is described.

Experimental

Apparatus and materials. The piezoelectric crystals used were AT-cut
quartz, 8 mm X 8 mm X 0.18 mm, with a basic resonant frequency of 9 MHz
(Seiko Electronic Components, and Yakumo Tsushin Kogyo). Silver elec-
trodes were formed on the crystal by vacuum deposition and were plated
with palladium. The palladium electrodes were treated by anodic oxidation
at +1.4 V vs. Ag/AgCl in 0.5 M sodium hydroxide. The silver electrodes were
also coated with silicon dioxide by a sputtering technique. An oscillator
circuit was constructed from a TTL-IC SN7400 [12] and the crystal fre-
quency was monitored with a universal counter (Iwatsu SC7201).

Anti-Candida antibody (Candida check no. 4) was obtained from Iatoron
Laboratories (Tokyo). Candida albicans was cultured in a medium containing
glucose (2%), peptone (2%) and yeast extract (1%) at pH 7.0 for 48 h at
30°C. The cells were collected and suspended in phosphate buffer (pH 7.0,
0.05 M) after being washed twice with distilled water.

Immobilization of antibody. Electrodes were treated with y-aminopropyl-
triethoxysilane (APTES) (2% in acetone) for 1 h at 25°C. They were air-dried
and the resonant frequency of the crystal was measured (F;). The electrodes
were placed in aqueous glutaraldehyde (5%, pH 7.0) for 3 h. Anti-Candida
antibody was immobilized on the electrodes via the surface aldehyde groups
by dipping into the antibody preparation (10 mg protein cm™) for 30 min.
The unreacted aldehyde was then blocked with 0.1 M glycine. Prior to use,
sensors were rinsed with 0.5 M sodium chloride to remove any effect resulting
from non-specific adsorption.

Assay of C. albicans. The treated piezoelectric crystals were dipped in the
microbial suspension for 30 min to allow reaction to occur between the
immobilized antibody and the microbe. The crystals were then rinsed with
0.5 M sodium chloride and water and dried in air. The resonant frequency,
F,, was measured. The frequency difference AF = F, — F, was calculated.

Cell number was measured, for comparison, with a hemacytometer.
Microbes adsorbed onto the electrodes were labelled with 4,6-diamidino-2-
phenylindole dihydrochloride and observed by fluorescence microscopy
[14].
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Results and discussion

Effect of surface-modification procedure on the density of adsorbed cells.
A prerequisite for the electrode surface is that it should be chemically stable
during the measurement process, and that a high density of antibody should
be immobilized onto it. Therefore, four surfaces were assessed for their cell-
binding ability, as shown in Table 1. Silver does not possess long-term stability
in aqueous environment, so the electrodes were either plated with palladium
or sputtered with silicon dioxide. Of the four electrode pretreatments, pal-
ladium anodically oxidized at +1.4 V vs. Ag/AgCl adsorbed the most C. albi-
cans cells (3.7 X 107 cells cm™?). The anodic oxidation peak of the palladium
electrode was confirmed by cyclic voltammetry. This reaction can be con-
sidered as follows [15] :

Pd + 20H™ = Pd(OH,) + 2¢”

Thus it is likely that the anodically oxidized palladium electrode has a more
highly hydroxylated surface than untreated palladium. Consequently, a larger
number of antibodies was immobilized on the anodically oxidized surface
when y-APTES and glutaraldehyde were used. The silicon dioxide surface also
adsorbed a large number of C. albicans cells but its surface was not stable
during oscillation, causing the measured resonant frequency gradually to in-
crease. Based on these results, all further experiments were done with anodi-
cally oxidized palladium as the surface material.

Relationship between antigen-antibody reaction time and the frequency
change. Figure 1 shows the relationship between antigen-antibody reaction
time and the resonant frequency change. After the piezoelectric crystal sensor
had been dipped into the microbe suspension, the sensor was dried in air and
the resonant frequency was measured; F, became stable within 5 min. The
change in resonant frequency (AF) increased with increasing immersion time.
The frequency change caused by the immobilization of antibody was ca.
150 Hz. The antibody molecular weight is ca. 15 000 daltons, thus 150 Hz
corresponds, according to the Sauebrey equation, to about 9 X 10! adsorbed
antibody molecules. Afte