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A flow system based on the monosegmented flow analysis 
(MSFA) approach is described for delivery of liquid 
samples to arc/spark excitation sources commonly used in 
spectrographs. A Carl Zeiss PGS-2 spectrograph, 
previously automated in the laboratory by replacing its 
photographic plate detection system with a photodiode 
array, was employed. The sample is introduced via an 
injection port into the path to the excitation source, where 
the liquid sample plug (typically 50 pl) is passed through 
a hole drilled in a conventional graphite electrode. The 
archpark is applied to excite the sample for a 
computer-controlled time interval and the light emitted is 
integrated. After sample measurement, the electrode is 
cleaned by applying the archpark while the water stream, 
that follow the sample plug, is being pumped. About 25 
samples can be analysed per hour. The flow system was 
evaluated for determination of aluminium (3-50 mg 1-l), 
lead (5-160 mg I-l) and mixtures of hafnium (60-120 
mg 1-1) and zirconium (600-1300 mg 1-I). 
Keywords: Monosegmented pow system; arclspark excitation 
sources; spectrography; aluminium; lead; hafnium; zirconium 

Introduction 
Classical emission spectrometry, which employs an arc/spark 
source for atomization and excitation,' can be considered as the 
predecessor of the modern techniques that use ICP and dc 
plasmas as excitation ~ources .~J  The detection limits observed 
for the arc/spark source are worse than those obtained by an ICP 
or dc plasma-based instrument, mainly owing the poor 
characteristics of the arc/spark source, such as a lack of 
reproducibility and stability. However, archpark-based spec- 
trometry can still find its place in the analysis of solid samples 
such as metallic alloys. The operation of an archpark instrument 
is also less expensive and if the lack of sensitivity can be 
tolerated the technique can prove very useful. 

Old spectrographs, constructed to operate with arc/spark 
sources and to employ a photographic plate as detector, 
frequently have excellent optics and there have been a number 
of reports on approaches to update these instruments by using 
modern detectors, extending their use in routine 

Although the use of flow techniques, such as flow injection 
with ICP and dc plasma instruments has been successfully 
achieved, owing the characteristics of such sources (developed 
originally to work with liquid samples aspirated through a 
n e b u l i ~ e r ) , ~ . ~ - ~  the same is not true for the arc/spark technique. 
Most procedures reported for the analysis of metallic specimens 
present in liquid samples by classical spectrography and 
employing an arc/spark excitation source are based on the use of 
the rotating disc approach.1%*6 This is, in fact, a batch 
procedure in which the liquid sample is initially placed in a 
porcelain cuvette and a film of the liquid sample is then 

* To whom correspondence should be addressed. 

transported to the excitation source. An arc or spark excitation 
mode can be employed. Another approach employs capillary 
graphite electrodes to deliver the liquid sample by the vacuum- 
cup technique. These techniques should be also classified as 
batch procedures. 17318 

So far, no flow system seems to have been developed with the 
intention of delivering liquid samples to spectrographs that 
employ arc/spark excitation sources. Such a system could 
improve the sample throughput of automated spectrographs that 
employ arrays of solid-state sensors such as multichannel 
detectors and allow one to work with small volumes of 
sample. 

This paper describes a flow system developed to automate the 
delivery of liquid samples to arc/spark excitation sources 
commonly used with plane grating spectrographs. The perfor- 
mance of the system and the important flow and instrumental 
variables were investigated with the aim of determining 
aluminium, lead and mixtures of hafnium and zirconium in 
aqueous solution. 

Experimental 
Instrument 

A Carl Zeiss Model PGS-2 spectrograph whose automation has 
recently been described was employed.4 The instrument has a 
1024-element diode-array sensor and is fully automated. Data 
acquisition and control of the excitation source are made under 
microcomputer control through a laboratory-made computer 
in te r fa~e .~  The diode-array sensor can observe a spectral output 
window of about 18.7 nm in the first order of the diffraction 
grating (7 X 6 cm, 651 grooves mm-1, blazed at 550 nm) 
usually employed in the spectrograph. Light emitted by the 
source can be integrated for 1 4 0  s using the Peltier-cooled 
sensor array.4 

Flow System 

Fig. 1 shows the flow system proposed for liquid sample 
delivery to the excitation source of the spectrograph. PTFE 
tubing of 0.8 mm id is used throughout. The injection valve is 
shown in the sampling position. While in this position air is 
being pumped through the tubing connecting the valve to the 
graphite electrode. When moved forward, to the injection 
position, 50 pl of the sample are introduced into the air stream 
followed by an air segment of 450 pl and then by a de-ionized 
water stream that flows while the valve remains in the injection 
position. The flow pattern acquires the characteristics of a 
monosegmented flow analysis (MSFA) system in which the 
sample is carried to the detector between two air b~bb1es . l~  
When the valve is returned to collect another sample, the water 
present in the path to the electrode is removed by the air 
stream. 

In a graphite electrode, 5 cm X 0.7 cm diameter, an axial hole 
(0.6 mm diameter) is drilled and through this hole a quartz tube 
(0.4 mm id, 0.5 mm od) is fixed using epoxy cement. The PTFE 
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tube that connects the electrode to the injection valve is fitted 
directly to the end of the quartz tube, at the bottom of the 
electrode. The other end of the electrode is polished to obtain a 
flat surface. The excitation system also employs a conventional 
graphite counter electrode. The injection system has an optical 
switch that indicates to the computer when the valve is moved 
to the sample introduction position, allowing the software to 
process the necessary operations for data acquisition and 
instrument control. 

Instrument Control and Data Acquisition Procedure 

The grating of the instrument is initially positioned so that the 
wavelength window of interest, for a given analyte, is able to be 
monitored by the diode-array detector. The operations that 
follow the sample introduction are shown in the flow diagram in 
Fig. 2. At the end of the cycle the electrode is cleaned and dried, 
ready to process another sample. The most important variables 
to be optimized in the system are the time intervals: t ,  = wait- 
ing time, th = pre-heating time, ti = signal integration time, 
t f  = water flush time interval and t, = cleaning time interval. 

Data Evaluation for Quantitative Determination 

The determination of the analyte present in the aqueous solution 
introduced into the system was perfonned by using Fe or K as 
internal standard. The analytical parameter was always the ratio 
of the integrated intensities taken between a characteristic and 
intense emission line of the analyte and a line of the internal 
standard found in the same spectral window accessed by the 
array of sensors. 

The integrated intensity was obtained by summing the 
intensities of the diodes embodied by the emission lines of 
interest. The developed software allows for the selection of the 
line of interest for the analyte and that for the internal reference 
and obtains the integrated intensity and the ratio for construc- 
tion of the calibration curve and/or determination of the 
analy te. 

For the determination of mixtures of hafnium and zirconium 
the data processing takes into account the interference of 
zirconium emission (339.94 nm) in the hafnium spectral line 
(339.98 nm). The contribution of the presence of zirconium in 
the hafnium spectral line is first established by using standard 
solutions that contain only zirconium and looking for the signal 
in the hafnium emission line. The determination procedure finds 
the zirconium content of the sample and removes its contribu- 
tion (interference) from the hafnium signal. 

Graphitc 
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Fig. 1 Flow system proposed for liquid sample presentation to arc/spark 
excitation source. Values of the flow parameters are typical for the 
determinations carried out in this work. 

Reagents and Solutions 
Stock standard solutions containing 1000 mg 1-1 of Pb" and Al"' 
and 5000 mg 1-1 of Fe were prepared from the metals following 
standard procedures.20 The solutions of the Al"' and Pb'' were 
prepared in 0.1 mol 1 - 1  hydrochloric acid and nitric acid, 
respectively. A 2500 mg 1-1 potassium stock standard solution 
was prepared from dried potassium nitrate. 

Stock standard solutions of Zr and Hf were prepared from 
ZrC12-H20 and metallic hafnium, respectively. Both solutions 
were standardized by employing a recommended gravimetric 
method where hafnium and zirconium were precipitated as their 
tetramandelates 

Results and Discussion 
Optimization of the Flow System 
Initially the optimum conditions for the continuous current 
spark excitation source were found to be 500 pH, 25 pF and 6 
Q, and were about the same for all specimens studied. A slit 
aperture of 100 pm was employed and the other parameters 
were optimized. 

Fig. 3 shows the effect the water carrier flow rate on the 
intensity of the aluminium signal at 396.15 nm. Flow rates 
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(th' 5 s) 
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+ 
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4 
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Data collection 
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Electrode dried 
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I End I 
Fig. 2 Flow chart showing the sequence of operations necessary to 
perform a determination by using the proposed flow system. Time intervals 
shown are typical for the determinations performed in this work. 
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above 1 .O ml min- decrease the signal of aluminium, probably 
because the sample plug is delivered to the excitation region at 
a rate that causes a loss of energy of the source due the high 
intake of aqueous solution. The flow rate selected for sub- 
sequent experiments was 1.0 ml min-1. 

Fig. 4 shows the effect of the sample volume on the intensity 
of the aluminium signal. An integration time of 15 s is sufficient 
to maintain the excitation source switched on during the passage 
of a sample plug of up to 250 p1 at a water carrier flow rate of 
1 .O ml min- l. However, the signal decreases when the sample 
volume is increased above 50 pl. Again, the loss of energy of the 
source, caused by an excess of aqueous solution, can explain the 
observed behaviour of the signal. 

The effect of the integration time on the ratio of the integrated 
signals of A1 and Fe for a 50 pl sample volume reaches a steady 
value at integration time intervals above 7 s, as shown in Fig. 5. 
A value of 15 s was chosen because it is more effective in 
removing the metal from the electrode surface avoiding 
memory effects. Higher integration time intervals should be 
avoided in view of the increase in the dark current of the diode 
array that limits the dynamic range of the detection ~ y s t e m . ~  

The pre-heating time interval during which the excitation 
source is on, while the sample is still on the way to the electrode, 
also has some effect on the analytical signal, as shown in Fig. 6. 
A minimum of 5 s should be established for the pre-heating time 
in order to obtain the maximum signal. 

Although optimized for aluminium determination, using Fe 
as internal standard, the timing parameters were found to be the 
same for Pb, Hf and Zr. The effect of matrix modifiers has not 
been evaluated and, perhaps, the use of such substances could 
affect the time-related parameters of the flow spark/system. 
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Memory Effects 
Memory effects were observed when very concentrated solu- 
tions were processed by the flow system. This effect was 
observed when a 50 mg 1-1 Al"' solution was introduced 
followed by a low-concentration solution (3 mg 1-1) and when 
solutions containing high concentrations of Zr ( > 1000 mg 1- I )  

were introduced in order to determine a low content of Hf. To 
avoid this problem, an aqueous solution is introduced in place of 
the sample before a lower concentration sample is analysed. 

Calibration Curves for All1' and Pb" 
The calibration curves for Al"' and Pb" were obtained by 
introducing 50 p1 of standard solutions of the metals containing 
1000 mg 1-1 of Fe and K, respectively, as internal standard. A 
linear relationship between the ratio of the integrated signals 
(analyte/internal standard) and analyte concentration was 
observed and relevant statistical parameters are given in Table 
1 for calibration curves obtained by using six standard 
solutions. 

Determination of Mixtures of Hafnium and Zirconium 

The determination of Hf and Zr in mixtures is important, for 
example, in order to follow the efficiency of separation methods 
developed to obtain one of the metals in the absence of the other. 
Although the chemical properties of these elements are very 
similar, the physical properties such as neutron absorption are 
completely different. For example, zirconium used in nuclear 
applications must contain hafnium at a level below 0.1 %.23,24 
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Fig. 3 Effect of the water carrier flow rate on the integrated intensity of the 
aluminium signal at 396.15 nm. Sample volume, 50 pl; pre-heating time, 5 
s; integration time, 15 s; Al"' concentration, 50 mg 1-l. 

Fig. 4 Effect of the sample volume injected on the integrated signal for 
aluminium. Pre-heating time, 5 s; integration time, 15 s; carrier flow rate, 
1.0 ml min-l; Al"' concentration, 50 mg 1-1. 
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Fig. 5 Change in the analyte internal standard signal ratio (Al/Fe) caused 
by increasing the integration time. A minimum of 7 s is necessary to achieve 
good stability. Pre-heating time, 5 s; carrier flow rate, 1.0 ml min-1; sample 
volume, 50 pl; Al"' concentration, 50 mg 1-1. 
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Fig. 6 Behaviour of the integrated signal for aluminium in the determina- 
tion of the pre-heating time interval. Carrier flow rate, 1.0 ml min-1; 
integration time, 15 s; sample volume, 50 p1; Al"' concentration, 50 
mg 1-1. 
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Initially the spectral region possible to be monitored by the 
automated spectrograph4 was scanned, looking for intense 
emission lines of Hf and Zr. The lines at 339.20 nm for Zr and 
339.98 nm for Hf revealed some good characteristics. The Fe 
emission line at 344.06 nm was also found suitable as an 
internal reference. Further, it was observed that these lines show 
greater intensity when measured in the second order of the plane 
grating employed by the instrument. Fig. 7 shows the relevant 
emission lines obtained for both metals, observed in the second 
order of the grating. It is possible to observe that even with the 
greater resolution obtained, by looking at the second-order 
region the emission line at 339.98 nm due Hf is overlapped by 
the low-intensity emission line of Zr at 339.94 nm. Therefore, 
the direct determination of low contents of Hf in the presence of 
large excess of Zr is subject to reasonable spectral inter- 
ference. 

The proposed method for determining Zr and Hf mixtures 
where the first metal is present in large excess in relation to the 
second has three stages: (i) Hf is determined using the integrated 
intensity of its line at 339.98 nm; (ii) the interference caused by 
the Zr in the Hf emission line is determined; and (iii) the sample 
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Fig. 7 Two emission spectra obtained for solutions of hafnium and 
zirconium, containing iron as internal standard, showing some characteristic 
emission lines. 1, Zr line at 339.20 nm; 2, Hf line at 339.98 nm; 3, low- 
intensity Zr line at 339.94 nm; 4, Zr line at 343.82 nm; and 5, Fe line at 
344.06 nm used as reference. The wavelength scale is shown as it should be 
if the first order spectrum is being recorded. Zr and Hf concentrations, 70 
and 85 mg 1-1, respectively. 

is diluted 30-fold and Zr is determined by using the integrated 
intensity of its emission line at 339.20 nm. In all determinations 
the ratio between the integrated signal produced by the metal 
and that produced by a 1500 mg 1-1 solution of Fe (at 344.06 
nm) is employed. 

Table 2 shows that the ratio of the integrated signals, 
necessary to perform the three-stage determination of Hf and Zr 
mixtures, is linearly related to the concentration of Hf in Zr. 

Table 3 shows the results, taken before and after correction, 
obtained for the determination of Zr and Hf in mixtures. All 
results are presented with their relative standard deviations, 
derived from the average of four measurements. Errors as great 
as 143% can be reduced to 8.6% after correction due the spectral 
interference of Zr in Hf determination. 

Conclusion 
The use of modern multichannel detectors with computer- 
assisted spectrographs allow more reproducible and faster flow 
systems to be employed to deliver liquid samples to arc/spark 
excitation sources. The approach described here employs 
sample volumes as low as 50 pl while being capable of 
achieving the same sensitivity as reported for other batch 
sampling procedures previously applied along with ark/spark 
excitation sources. The adaptation necessary to conventional 
excitation equipment in order to work with the proposed flow 
system is very simple and inexpensive. The system proposed 
has demonstrated good performance when applied to the 
determination of Al, Pb, Hf and Zr present in aqueous solutions. 
The sample processing capability of the system (25 h-1) and the 
use of the same modified graphite electrode to perform up to 80 

Table 3 Results obtained before and after correction ( n  = 4) for the 
determination of Zr and Hf in mixtures 

Concentration found/mg 1-1 
Concentration [k RSD/relative difference (%)I 
taken/mg 1-I without correction 

Zf Hf Zr Hf 
61 1 67 619 (+2.8/+1.3) 149 (f1.9/+122) 

873 126 879 (f2.3/+0.7) 235 (+1.8/+87) 
1309 126 1332 (+2.7/+1.8) 281 (+2.4/+123) 

785 70 781 (+1.7/-0.5) 170 (f2.9/+143) 

Concentration of 
Hf found/mg 1-1 
[k RSD/relative 
difference (%)I 
after correction 
60 (f3.2/-- 10) 
64 (+4.3/-8.6) 

120 (f2.6/-4.8) 
119 (f2.1F5.5) 

Table 1 Statistical parameters for the calibration curves obtained for A1 and Pb. Sample volume, 50 yl; other parameters as in Fig. 1 

Linear Standard 
Concentration coefficient Correlation deviation 

Metal range/mg 1-' Slope k s k s coefficient of the fit 
A1 3-50 0.01 89 f 0.0003 0.040 f 0.008 0.9994 0.019 
Pb 5-160 0.0086 f 0.0001 0.035 f 0.009 0.9995 0.017 

Table 2 Statistical parameters for the calibration curves obtained for Zr and Hf in mixtures. Sample volume, 50 yl; other parameters as in Fig. 1 

Emission 
line/nm Concentration Linear Standard 
(line of range/ Slope coefficient Correlation deviation 

Metal metal) mg 1-1 f S  +-S coefficient the fit 
Zr 339.20 10-70 0.0135 0.055 0.9996 0.010 

(Zr) f 0.0002 + 0.008 
0.002 Hf 339.98 42-125 0.00415 -0.076 

(Hf) f 0.00004 f 0.029 
Zr 339.98 262- 1 5 00 0.00044 0.096 0.9997 0.003 

(Hf) f 0.00005 k 0.004 

0.9998 
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determinations are also positive aspects of the proposed 
method. So far the adjustment of the electrode position in the 
excitation source, made after each ten determinations, has been 
made manually. However, in the future a simple stepper motor 
could be used to replace the original position of the electrode 
after a certain number of determinations. 

The main achievement of the proposed flow system is in the 
inexpensive automation of spectrographs to allow liquid sample 
delivery to the arc/spark source. The limitations of such an 
excitation source, as the lack of reproducibility, are well known. 
Therefore, although the proposed flow system can improve 
some of the characteristics of the archpark system and make it 
more versatile, the sensitivity achieved is lower than that 
obtained with modern excitation sources as ICP and dc plasmas. 
On the other hand, the fact that the proposed system requires a 
very small volume of sample (50 pl) suggests its use after 
preconcentration procedures that could be used to improve the 
detection limits of the arc/spark liquid sample delivery 
system. 

The authors are grateful to Dr. J. J. R. Rohwedder for helpful 
discussions during the development of this work. C.R.B. is 
grateful to FAPESP for a research grant (92/1339-3) and 
fellowship (92/4298-6). 
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