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Some spectrophotometric and extraction photometric methods for the determination of uranium
were compared using pure solutions, a model sample and samples of surface waters and waste
waters; the characteristics examined included sensitivity, accuracy, repeatability, time demands
and tediousness. Among the most sensitive methods are those based on the use of triphenyl-
methane dyes in the presence of surfactants; uranium is separated from associate ions by extrac-
tion into tri-n-octylamine in an organic solvent and subsequently re-extracted into an aqueous
phase. The results compare well with those attained by using methods given in the Czechoslovak
State Standard and in the standard of the Czechoslovak Uranium Industry corporation.

Environmental protection demands associated with the mining and processing of
uranium ores call for more and more sensitive and accurate methods for the deter-
mination of uranium in surface waters and waste waters. Spectrophotometric and
extraction photometric methods are routine in conventionally equipped laboratories.
A survey of spectrophotometric methods of uranium determination can be found,
e.g., in refs1 . From among organic dyes, Arsenazo III, 2-(5-bromo-2-pyridylazo)-
-5-(diethylamino)phenol(5-Br-PADAP) and some triphenylmethane dyes, particularly
in the presence of surfactants, are the most important in this respect.

The aim of the present work was to compare spectrophotometric methods for
the determination of uranium(VI) with eriochromazurol B (refs4'6'7), chromazurol
S (ref.7) eriochromcyanine R (ref.8), 5-Br-PADAP9, the method'° and its modifica-
tion1 1, and the method according to Czechoslovak State Standard 83 0533 (ref.12),
with regard to their sensitivity, accuracy, repeatability, time demand and tediousness.

EXPERIMENTAL

Chemicals and Solutions

A standard solution of uranium in 02M-HCl (cu = 0189 mol 11) was prepared from U02C12.
.2 H20 of analytical purity (Lachema, Brno) and standardized gravimetrically via 8-hydroxy-
quinolinate. Alternatively used was a solution of uranyl chloride at a concentration of cu

42 mrnol 11 (1000 g U/I), prepared by dissolving 1000 g of uranium metal (shavings of
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uranium of nuclear grade purity) in 10 ml of concentrated hydrochloric acid containing several
drops of 30% H202, transferring the solution into a 1 000 ml volumetric flask, adding 42 ml
of concentrated HC1 and diluting to the mark with redistilled water.

Dilute uranium solutions (C< 10 jmol F1) are unstable unless uranium is bonded in stable
complexes13 17; this also applies to relatively strongly acid solutions. The cause of this is an
easy hydrolysis of uranyl solutions and, in particular, sorption of uranium on the surface of
vessels in which it is stored; this sorption is most pronounced on glass and is lower on polyethylene
and still lower on teflon13. As a result of these phenomena, the free concentration of uranium
in the sample stored decreases with time. With regard to this, dilute working solutions of uranium
were used for several days only, and the given waste water sample (as well as the model sample)
was analyzed by all the methods in the same time period from the sampling.

Eriochromazurol B (CAB), C23H6Cl2O6, was obtained by repeated precipitation of an
alkaline solution of the disodium salt (Carlo Erba, Italy) after acidification to pH 22 (2M-HCI);
the precipitate was repeatedly rinsed with 00lM-HCl. The preparation was dried in a dessicator
over solid KOH and equilibrated in air to constant weight, and the active content was checked
by elemental analysis (C, H). The chemical contained about 98% active component with respect
to the anhydrous preparation.

Chrornazurol S (CAS), C23H16C1209S.2 H20, was prepared from the trisodium salt (Geigy,
Basel) after conversion to the free acid and purifying from CAB by a combination of the precipita-
tion aid extraction procedures'8'19. The active content, as established by C, H elemental
analysis, was 89% with respect to the dihydrate.

Eriochrorneyanine R (ECR), C23Ht8O9S.2 H20, was obtained from an aqueous solution
of the trisodium salt (Lachema, Brito) by precipitation with 2M-HCI. The precipitate was filtered
out, rinsed with 2M-HCI and water, dried in a dessicator over solid KOH, and equilibrated in
air to constant weight.

The pirity of the reagents was checked chromatographically on Silufol Extra Pure (20 cm x
20 cm) foils, pre-activated for 30 mm at 110°C and deactivated for 4 h in air at room temperature.
Tn: chromatograms ware developed in DESAG chromatographic cuvettes after saturating the
compartment with vapours in the butanol—acetic acid—water 7: 1: 5 system.

Stock solutions of the triphenylmethane (TPM) dyes were prepared so that the chemicals were
dissolved in a small volume of 5M ammonia, diluted with redistilled water, adjusted with HCI to
pH 9, and diluted to volume with redistilled water.

5-Br-PADAP (5BP), C15I117BrN4O (Merck, Darmstadt), was used in solution at a concentra-
tion of Oi mmolF in 995% dimethylformamide.

Arsenazo ILL (A4), C22H18As2N4O14S2, reagent of grade purity (Lachema, Brno); a high-
-purity, chromatographically purified preparation of this reagent20 (AAR), was also employed.
Working solution of arsenazo III for the PNU method10 and its modification'1 was prepared
by dissolving 280 mg of the chemical and 50 g of oxalic acid (dihydrate) in 80 ml of fluoroboric
acid (40%), adding 80 ml of concentrated HC1, and diluting to 1 000 ml with ethanol. For the
method according to the Czechoslovak State Standardt2, 25 g of AA was dissolved in a 002M-
-NaOH solution and diluted with this solution to 1 003 ml.

Septonex (SPX), C21H44BrNO (Slovakofarma, Hiohovec), was purified by dissolving it in
20—50 ml of hot ethanol, filtering the solution, and precipitating dropwise with diethyl ether.
The surfactant separated was filtered out and dried in a dessicator in a vacuum by using CaC12.

Cetylpyridiniurn bromide (CPB), C21H38BrN (Lachema, Brno), was purified by the same
procedure as Septonex. Stock solutions of the cationic surfactants were obtained by dissolving
the chemicals in ethanol.

Triton X-103 (TNX), octylphenolpolyethylene glycol ether, (Koch—Light, U.K.), was used
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as a 2% stock solution in redistilled water; tri-n-octylamine (TOA), C24H51 N (Merck—Schu-
chardt, F.R.G.), was used as a 01M solution in benzene (freon).

Tributyl phosphate (TBF) (BDH, U.K.); the extraction mixture was prepared by mixing one
volume of TBF with two volumes of benzene (freon).

Benzene (B) of p.p. purity (Lachema, Brno); kerosene (K), b.p. 130—280°C (Slovnaft, Brati-
slava); Freon 113 (F) (Du Pont, Geneva).

Denaturated ethanol (EtOH) was distilled on a column in the presence of EDTA. The main
distillate fraction contained 43—44% water and 39—42% methanol.

Pyridine buffer (PYR) (2 mol F1) was prepared by diluting pyridine (Zakiady koksochemiczne,
Chorzow) with redistilled water and titrating to pH 60 or 56 with isothermal HC17'8 or HN034'6
(pH 50), followed by dilution to 100 ml with redistilled water.

Triethanol buffer (TEA) (1 mol F1) was prepared from a chemical of reagent grade purity
(Merck, Darmstadt) by dissolving it in water, adjusting to pH 70 with H2S04, and diluting in
a volumetric flask to the mark7. For the 5BP method9, the pH was adjusted to 8'3 with HC1O4
of reagent grade purity, and the solution was diluted to 100 ml with redistilled water.

Isothermal acids and ammonia were prepared from commercial analytical grade chemicals
by isothermal distillation in a dessicator. Redistilled water was obtained in an all-quartz distillator
(Heraeus); it was used throughout the work. Masking mixtures and other requisite chemicals
are described in detail in the respective papers which the reader has been referred to.

Model Uranium Sample

The composition of the model uranium sample is given in Table I.

Apparatus

A PHM-64 pH-meter (Radiometer, Copenhagen) equipped with a G202B glass electrode and
a K401 calomel electrode. A Super Scan 3 recording double-beam UV-VIS spectrophotometer
(Varian-Techtron, Australia); a SPEKOL spectrophotometer (Carl Zeiss, Jena); 1 cm cells.

Data Handling

The program STAT21 was employed for calculating the parameters of the calibration curves
(A cc + A0); recommended relations and methods21'22 were used for other data handling.
Sensitivity was expressed in terms of Sandell's index (in tg mF 1):

SI(A = 0-010) = IOM/c, (1)

and the limit of determination was expressed as23

Aiim <A>o+ lOs0 (2)

aiim = l04s0M/c (tg ml), (3)

where s0 is the standard deviation estimate of the blank, <A>0 is the arithmetic mean of the
observed blank absorbances (n = 10), and M is the molar mass of uranium.

The T, or T criterion (Grubbs' test) at c 005 was used for elimination of outliers22.

Principles of the Methods for the Determination of Uranium

A survey of the characteristics of the spectrophotometric and extraction photometric methods
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for the determination of uranium is given in Table II. Sample handling for all the methods was
done according to ref.10.

Determination of Dissolved Uranium

An aliquot of water analyzed is evaporated to dryness in a porcellain dish with 05 ml of concen-
trated HC1 per 25 ml of sample and with 2 ml of 30% H202. The evaporation residue is handled
specifically by the various methods.

Determination of Undissolved Uranium

A membrane filter (045 tm) with the trapped insolubles10 is transferred into a teflon beaker or
a platinum dish, and 5 ml of redistilled water, 2 ml of concentrated nitric acid and 05 ml of
sulfuric acid (1: 1) are added. After dissolution of the filter, 2 ml of concentrated hydrofluoric
acid are added and the whole is evaporated until white fumes appear; 1 ml of HF is then added
and the mixture is evaporated to dryness. The residue is wetted with 5 ml of 6M-HCI, heated
gently and transferred into a 250 ml volumetric flask. Redistilled water is added to the mark
and the solution is filtered through a dry filter. Further procedure as in the determination of dis-
solved uranium.

Details concerning the analytical methods can be found in refs4'62.

TABLE I

Composition of model uranium sample

a X
g F1

X
Mmol 1 UX QXIOU(VI) Px CX/CU(VI)

U(VI) 250 105 10 100
Th(IV) 50 02l5 02 020
Zr(IV) 50 0548 02 052
Ti(IV) 50 104 02 099
Fe3 10000 l79 400 17048
Cr3 50 0962 02 092
Al3 500 185 20 1762

Cu2 50 0787 02 075
Ni2 50 0852 02 081
Mn2 50 0910 02 087
Be2 50 5.55 02 529
CF 35000 987 1400 94000

SO 2 000 000 20 800 8 0000 19 80952

NO 50000 806 2000 76762
Citric

acid 10000 521 400 4962
Humic
acids 1700b

a Anions in the H+ or Na+ form, solution pH 258; b content corresponding to COD.
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RESULTS AND DISCUSSION

The following criteria are most significant in comparing the various analytical methods:
sensitivity, accuracy, repeatability, tediousness and time and economic demands.

Method Sensitivity

Sensitivity of the methols (molar absorptivity values) and their limits of determina-
tion can b assessed from the calibration curves. The results are given in Table III.

TABLE 11

Characteristics of the spsctrophotornetric and extraction photometric methods for the determina-
tion of uranium

Uranium separation Colouration
Method -

a b c Dye Surfactant Medium, buffer pH

CAS-B 4M-HCI TOA in O3t-HC1 CAS SPX C1, pyridine 6O
benzene

CAS-K 4M-HCI TOA in O3M-HC1 CAS SPX C1, pyridine 6O
kerosene

CAB 4M-HCI TOA in O3M-HCl CAB SPX C1, pyridine 56
benzene

ECR 4M-HCI TOA in O3M-HC1 ECR SPX C1, pyridine 56
benzene

CAS-F 4M-HC1 TOA in O3M-HCI CAS SPX SOr, TEA 7O
freon

CPB 4M-HCI TOA in O3M-HCI CAB CPB N0, pyridine 5O
benzene

5BP 4M-HCI TOA in O3M-HCI 5BP TNX C10, TEA, DMF 73
benzene

PNU 6M-HCI TBF in — AAR — TBF, benzene

PNU-AA benzene AA EtOH, water

PNU-F 6M-HCI TBF in — AAR TBF, freon
freon EtOH, water

CSS.AAd sorption on silica gel, washing AA — CH3COOH
with washing solution and water,
elution with 3M-acetic acid

a Extraction from; b extractant; C reextractant; d Czechoslovak State Standard.
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The method based on the use of chromazurol Sin the presence of Septonex (CAS-B)
is the most sensitive. Also, the limits of determination attained in the methods of
uranium determination with triphenylmethane dyes in the presence of surfactant
are considerably lower than in the methods using arsenazo III. The sensitivity and
limit of determination in the 5BP method are at the level of the PNU method. The
higher limit of determination in the PNtJ method as compared to the methods with
TPM dyes may be due to the slight turbidity of the solutions measured.

Accuracy and Repeatability of the Methods

Model uranium sample. The accuracy of the methods was compared on the results
of analyses of the model uranium sample. Each determination was performed
in 10 parallel experiments. The results are summarized in Table IV. The most accu-
rate results emerged from the analysis by the CAS-B method (+F2 rel. %). The
other methods based on the use of triphenylmethane dyes also gave good results,
which were F9 rel. % higher than the true value.

From the repeatability point of view, the methods can be arranged in the following
order (based on experiments with the model uranium sample): methods based on
the use of triphenylmethane dyes in the presence of SPX and the 5BP method, the
CAS-B method again giving the best results (S. F2 rel. %); the CPB method and
the methods using arsenazo III, i.e. the PNU method and the Czechoslovak State

TABLE III

Comparison of methods for the determination of uranium from the sensitivity point of view

Method F s(c)

1 mor1 cmt
SI

tg mF'
QIim

jg ml1

CAS-B 147 290 F 1 43Øa O016 0036
CAS-K 140 530 F 660a 0017 0037
CAB 140 440 + 650' 0017 0047
ECR 91110 700" O026 0063
CAS-F 117955 +2610" 0022 0012
CPB 111 270 + 93Øa 0023 0050
5BP 69 800 T 790c 0031 0128
PNU 68 700 + 1 220b 0035 0107
PNU-AA 37 310 570a 0067 0197
PNU-F 66 650 F 2 60011 0037 0073
CSS-AA 29 920 T 600a 0083 0258

Uranium concentration region (tmo1 1): a 084—63;05— 10; C 019—14.

Collect. Czech. Chem. Commun. (Vol. 56) (1991)



780 Janâf, Janâová, Havel:

Standard-AA method, provided somewhat poorer results (Sr = 25, 33 and 35%,
respectively).

The higher results emerging when using the PNU method can be explained in terms
of the occurrence of a turbidity in the solutions measured; this, however, was not
observed when freon was employed11. The lower results and poorer repeatability
in the Czechoslovak State Standard-AA method may be due either to a lower
sensitivity of the method or to different processes associated with the sorption and
elution at different uranium concentrations.

Surface water and waste water samples. The results of determination of uranium
in surface waters and waste waters by the various methods are given in Tables V
and VI. The tables demonstrate that well comparable analytical results from the
various methods were obtained for HA2, HA2-n and PR! samples, where the dif-
ferences between the lowest and highest concentrations were F9, 32 and 56 rel. %,
respectively. The differences were higher for the samples HAl and DR1 (11.8 and
141 rel. %, respectively); this was due to the CPB method giving exceedingly low
results. If these results are omitted, the differences between the lowest and highest
result are at a level approaching that for the PR1 sample, viz. 59 and 83 rel. %.
The average difference between the lowest and highest uranium concentrations in all
practical samples is 73 rel. %, and if the results obtained by the CPB method for

TABLE IV

Comparison of accuracy and repeatability of methods for the determination of uranium on
a model sample (MS)

Method
/\ma\X/ 1- S

igU/l
be

%
Sr
%

CAS-B 253O F 30 12 12
CAS-K 255O f 51 2O 2O
CAB 2536 p 4.3 14 17
ECR 2555 59 22 23
CAS-F 2448 32 21 13
CPB 2534 F 63 14 25
5BP 2446 j 46 22 19
PNU 2655 F 56 62 21
PNU-AA 27O6 F 122 82 4.5
PNU-F 2438 F 80 25 3.3
CSS-AA 2362 F 83 5.5 3.5

U True uranium concentration 250 jsg/I, 10 parallel determinations; b relative error.
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the HAl and DR1 samples are omitted, the average difference decreases to mere
50 reI. %. In view of the fact that the highest permitted difference between two
parallel determinations by the method according to the PNU standard must not
exceed 12 rel. % for 10—50 .tg u/i, 6 rei. % for 50— 100 j.tg U/i, 5 rel. % for 100 to

TABLE V

Comparison of methods for the determination of uranium on surface water and waste water
samples PR1 and DR1

<x> F s, tg U/I
Method

PR!" DR1"

CAS-B 353 + 09 3121 + 53
CAB 351 + 18 —

ECR 359 + 13 3049 : 7.3
CAS-F 362 12 3082 55
CPB 358 :F 16 2780 p 8•1
5BP — 3O47 + 9•7
PNU 353 + 10 3239 + 84
PNU-F 372 11 3l58 ± 85
CSS-AA 356 + 1'2 3176 92

a Calculated always from 5 parallel determinations.

TABLE VI

Comparison of methods for the determination of uranium on surface water and waste water
samples HAl and HA2

+ s, tg U/i
Method

HAl1' HA2b HA2-n"1'

CAS-B 1055 + 18 2850 46 2546 + 28
CAB 1035 :F 22 286•8 + 7•5 2508 + 40
CPB 97.4 + F5 2878 + 7•5 2510 + 28
5BP 1012 R: 20 — —

PNU 1105 :f 19 2856 + 66 2591 + 75
CSS-AA 1023 + 42 2822 + 161 2586 ± 134

a Unclissolved uranium forms; b calculated always from 5 parallel determinations.
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300 ig U/I and 4 rel. % for more than 300 tg U/i (ref.10) and the difference obtained
by us for all the methods tested was 50 rel. %, our determination can be considered
rather precise. And since the methods compared are in a sense independent (Czcho-
slovak State Standard, PNU, triphenylmethane dyes), it is reasonable to assume
that this relatively high precision also implies relative high accuracy.

The lower results by the CPB method for some samples may be due to time in-
stability of the samples: the complexes probably decompose in the presence of some
substances, e.g. humic acids. The higher results afforded for some samples by the
PNU method, on the other hand, may be due to a slight haze of the solutions or to the
presence of interfering ions such as those of Th, Zr or rare earth elements. (For
details concerning the interfering effects in the various methods see the references.)

A survey of repeatabilities of the various methods is given in Table VII. The rela-
tive standard deviations for the surface water and waste water samples document
that all of the methods except the Czechoslovak State Standard method are very
well repeatable (2.5 rel. % on average). The best repeatability was achieved with
the CAS-B method (1.8 re %), and only the Czechoslovak State Standard-AA
method exhibited a poorer repeatability (4.2 rel. %), which — as mentioned above
— can be due to its lower sensitivity or to various processes during the sorption
and elution of different uranium concentrations.

TABLE VII

Comparison of methods for the determination of uranium from the repeatability point of view

Method
Sr, %, for sample

-
<s

a

>, % -
bMS PR! DRI HAl HA2 HA2-n

CAS-B 12 26 17 F7 16 1l 18 17
CAS-K 20 — — — — — — 20
CAB 17 51 — 2! 26 F6 29 26
ECR 23 3•7 24 — — — 3.0 28
CAS-F 13 32 18 — — — 25 2!
CPB 25 4.5 29 16 26 1! 25 25
5BP 19 — 32 20 — — 26 24
PNU 2! 27 26 17 23 29 25 24
PNU-AA 4•5 — — — — — — 4.5
PNU-F 3.3 29 27 — — — 28 29
CSS-AA 35 33 29 41 5•7 52 42 4l

Average s value for the determination of uranium in C surface water and waste water samples;
b all samples analyzed.
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Tediousness and Time and Economic Demands

Tediousness and time consumption also constitute an important criterion for as-
sessing the various methods. The basic procedures of the methods, along with the
time consumption by an analysis, are summarized in Table VIII.

The most favourable from this point of view is the PNU method (as well as its
freon variant), because it includes mere four operations and an analysis takes 10 mm
only. Thus it suits best to automation for routine analyses. The methods using
TPM dyes and the 5BP method are comparably tedious and time consuming (8 opera-
tions, 15—25 mm). The most tedious and time consuming is the Czechoslovak State
Standard-AA method, which involves 9 operations and takes approximately 240 mm,
although in routine operation its time consumption is decreasing. As to the economic
demands (chemicals, instrumentation), the methods are basically comparable.

TABLE VIII

Comparison of the methods from the tediousness and time consumption points of view

Method Basic operations
Number
of ope-
rations

Time of
an analisys

mm

CAS-B
CAS-K
CAB
ECR

Evaporation residue leaching, Fe(IH)
reduction, extraction, washing, double
reextraction, colouration (4 components),
measurement

8 15—25

CAS-F Evaporation residue leaching, Fe(III)
reduction, double extraction, reextraction,
pipetting, colouration (5 components),
measurement

8 20

CPB colouration (5 components), otherwise as
in the CAS-B method

8 25

5BP colouration (6 components), otherwise as
in the CAS-B method

8 20

PNU
PNU-AA

Evaporation residue leaching, extraction,
colouration (1 component), measurement

4 10

PNU-F Colouration (2 components), otherwise as
with the PNU method

4 10

CSS-AA Column regeneration, evaporation residue
leaching, pH adjustment, sorption, double
washing, elution, colouration (6 components),
measurement

9 240

Collect. Czech. Chem. Commun. (Vol. 56) (1991)



784 Janá, Janaová, Have!

REFERENCES

1. Havel J., Sornmer L.: Folia Fac. Sci. Nat. Univ. Purk. Brun. 14, Chemia 9, Part 12(1973).
2. MalanIk V., Malát M.: Collect. Czech. Chem. Commun. 41, 42 (1976).
3. Kanick V., Have! J., Sommer L.: Collect. Czech. Chem. Commun. 45, 1525 (1980).
4. Pitlka M., Stojek B., Have! J.: Collect. Czech. Chem. Commun. 49, 1974 (1984).
5. JanáF L., Havel J., Sommer L.: Collect. Czech. Chem. Commun. 53, 1424 (1988).
6. Stojek B., Have! J., Pitlka M.: Unpublished results.
7. Janâ L., Slezáková B., Sommer L.: Talanta 36, 549 (1989).
8. JanáF L., Have! J.: Scr. Fac. Sci. Nat. Univ. Purk. Brun., in press.
9. Sommer L., amlotovâ E.: Can. J. Chem. 66, 401 (1988).

10. PNU 83 0544, Standard of the Czechoslovak Uranium Industry, Paragraphs 1— 29a, 30— 32.
Determination of Uranium in Mine Waters and Waste Waters. A. Extraction Spectrophoto-
metric Method.

11. Janá1 L., Slezâková B., Havel J.: Unpublished results.
12. SN 83 0533. Czechoslovak State Standard, Part 4, par. 1—8, 9b— 12. Radiological Analysis

of Surface Water. Determination of Uranium. A. Spectrophotometric Absorption Method
(1981).

13. Pitlka M., Havel J.: Scr. Fac. Sci. Nat. Univ. Brun. 12, Chemia 6, 265 (1982).
14. Robertson D. E.: Anal. Chim. Acta 42, 533 (1968).
15. Bezborodov A. I.: Radiokhimiya 20, 175 (1978).
16. Brits R. J. N., Smith M. C. B.: Anal. Chem. 46, 67 (1977).
17. Milkey R. G.: Anal. Chem. 56, 1800 (1984).
18. Mouková N., Kubáii V., Sommer L.: Chem. Listy 73, 1106 (1979).
19. Poilakovã N., Gotzmannovâ D., Kubáñ V., Sommer L.: Collect. Czech. Chem. Commun.

46, 354 (1981).
20. Radii V.: Private communication.
21. Sommer L., Langová M., Jambor J., Komárek J.: Teorie a praxe vybranfrh analytickfrh

metod, p. 39. StâtnI pedagogické nakladatesitvI, Prague 1978.
22. Eckschlager K., Horsâk I., Kodejl Z.: Vyhodnocovdni analytickfrh v3sledká a metod, p. 13,

21, 50, 85. SNTL, Aifa, Prague 1980.
23. ACS Committee on Environmental Improvement and Subcommittee on Environmental

Aa1ytical Chemistry: Anal. Chem. 52, 2242 (1980).

Translated by P. Adámek.

Collect. Czech. Chem. Commun. (Vol. 56) (1991)




