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Sanunq-The history of the development of analytical chemistry in the Soviet Union is briefly outlined. 
Organizations co-ordinating research in this field, and the leading scientific centres, are indicated. 
Achievements in various analytical techniques are reviewed. Analytical services in some branches of the 
economy, and the analysis of most important materials are considered. Major publications are pointed 
out and international contacts of Soviet experts are discussed. 

The assay of ores and noble metals has been practised 
in Russia for many centuries. In all probability, the 
first assay laboratories appeared there in the 16th 
century and the analysts made use of an assay 
balance. The description of the assaying procedures 
may be found in a number of manuals dating back 
to the 18th century, e.g., in G. V. de Guennin’s 
“Description of Works in the Ural and Siberia”. 

The first treatises on analytical ‘chemistry also 
appeared in the 18th century. The famous Russian 
scientist M. V. Lomonosov (1711-1765) used weigh- 
ing of initial and fmal reaction products system- 
atically; he experimentally confirmed the law of con- 
servation of matter (1756), which had been stated 
in general form by philosophers in antiquity. 
Lomonosov established the first chemical laboratory 
in Russia (1748) and used a microscope for chemical 
studies two years before MarkgriX. Unfortunately, 
not all of his remarkable achievements were known 
outside the country. V. I. Klementyev, Lomonosov’s 
student, wrote a thesis “On Increase in Weight of 
Some Metals on Precipitation” in 1754. He dissolved 
a certain amount of iron or copper in a certain 
amount of nitric acid, precipitated the metal with an 
alkali and separated the precipitate, which he dried 
and weighed. This method was thus completely based 
on weighing before and after the reaction. 

T. E. Lovitz (1757-1804), a naturalized German 
who had lived in St. Petersburg since childhood, 
initiated the microcrystalloscopic method. He under- 
took a microscopic study of crystals of many salts 
and proposed using the shape of crystals for salt 
identification. Lovitz reported this work in the St. 
Petersburg Academy of Sciences in 1798; the paper 
was published in 1804 and was entitled “Demonstra- 
tion of a New Way to Test Salts”. The studies on the 
form of crystals for analytical purposes were fur- 
thered by the prominent crystallographer E. S. Fed- 
orov (1853-1919). 

V. M. Severgin (1765-1826), a chemist and miner- 
alogist, determined concentrations of solutions by 
comparing the intensity of their colour with that of 
solutions containing definite amounts of the analyte. 
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This was essentially the calorimetric technique. He 
also wrote several manuals on assaying and testing of 
mineral waters and drugs. In the 19th century Aca- 
demician G. I. Hess (1802-l 880), known as one of the 
founders of thermochemistry, Professor K. K. Klaus 
(1756-l 864) from Kazan’, who discovered ruthenium 
in 1844, and A. A. Voskresensky (18091880), who 
determined the composition of quinone and under- 
took the analysis of the coals of the Donetsk basin, 
were the leading analytical chemists of the day. 
Discovery of the Periodic Law by D. I. Mendeleev 
(18341907) and the theory of the structure of or- 
ganic compounds developed by A. M. Butlerov 
(1828-l 886) were major advances in the development 
of chemistry. 

In the 18th century analytical chemistry was intro- 
duced into the curriculum of St. Petersburg Mining 
School (later Mining Institute) founded in 1773. 
Students were taught fire assay and other techniques. 
V. M. Severgin was on the statI of this school; the 
department of chemistry there was set up in 1808. 
From 1832 to 1850 the department was chaired by 
G. I. Hess, who introduced qualitative and quan- 
titative analysis into the syllabus. In 1849 Hess’s 
student N. A. Ivanov published a textbook “Basics of 
Analytical Chemistry”. The chair of analytical chem- 
istry in the Mining Institute was most likely estab- 
lished in 1899, and was headed by the prominent 
chemist N. S. Kumakov. In Moscow University, 
founded in 1755, analytical chemistry was taught at 
the Medical Faculty. The chair was held by A. A. 
Iovsky from 1827. His book “Chemical Equations 
with the Descriptions of Various Methods to Deter- 
mine Chemical Substances Quantitatively” was pub- 
lished in the same year. At the Physico-Mathematical 
Faculty a course of analytical chemistry was taught 
from 1861. In 1867 a division of analytical and 
organic chemistry was created and the chair of anal- 
ytical chemistry in 1929. In St. Petersburg University 
(founded in 1819) the course of inorganic and anal- 
ytical chemistry was given by A. A. Voskresensky 
from 1839. Some time between 1867 and 1886 the 
department of technological and analytical chemistry 
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was formed and was headed by N. A. Menshutkin. 
An independent chair was created as late as in 
1947. 

Some of the first textbooks on analytical chemistry 
have already been mentioned. Of later textbooks the 
most popular was Menshutkin’s “Analytical Chem- 
istry”, the first edition of which was printed in 1871. 
The book ran into 16 editions and was translated and 
published in Germany, the U.S.A. and Great Britain. 

Among the scientific advances in this period several 
deserve special mention. M. I. Ilyinsky discovered 
the reaction of nitrosonaphthols with cobalt in the 
188Os, and F. F. Beilstein used electrolysis for the 
separation of metals. In 1903 M. S. Tsvet suggested 
chromatography, a contribution which is very well 
known. L. A. Chugaev discovered the selective reac- 
tion of nickel with dimethylglyoxime in 1905, and 
later developed the theory of chelate formation; he 
demonstrated, in particular, that 5- and 6-member 
cycles are the most stable. 

After the October Socialist Revolution of 1917 a 
great number of research and educational centres 
was established. Extensive research in the field of 
analytical chemistry was initiated in a number of new 
institutes, the Institute of Reagents, Radium Insti- 
tute, Institute for the Study of Platinum and other 
Precious Metals among them. Production of ana- 
lytical equipment, reagents and standard reference 
materials was organized, and training of analytical 
chemists was stepped up. 

Professor N. A. Tananaev of Kiev Polytechnicurn 
proposed a drop-test technique simultaneously with 
F. Feigl. Thin-layer chromatography was first de- 
scribed by two scientists from the town of Kharkov, 
N. A. Ismailov and M. S. Shreiber, in 1938. Plasma 
sources for atomic-emission analysis were proposed 
in the 1940s; the ICP method originated from an 
article published in the USSR in 1942. Vast experi- 
ence has been accumulated in the analysis of mineral 
raw materials and metals (I. P. Alimarin et al.). 

After World War II, the analysis of nuclear and 
electronic materials became an important objective of 
applied analytical chemistry. A. K. Babko and his 
colleagues in the Ukraine initiated the investigation 
and subsequent analytical application of various 
mixed-ligand complexes. The theory of the effects of 
organic analytical reagents has been consistently de- 
veloped by many researchers, V. I. Kuznetsov, L. M. 
Kulberg and S. B. Savvin in particular. Many highly 
sensitive and selective reagents have been synthesized: 
dipicrylamine (N. S. Poluektov, 1935), thoron (V. I. 
Kuznetsov, 1942), stilbazo (V. I. Kuznetsov, 1950), 
beryllon II (A. M. Lukin, 1950), diantipyrylmethane 
(S. I. Gusev, 1950), lumogallion (A. M. Lukin, 1960), 
arsenazo III (S. B. Savvin, 1959), sulphochlorophenol 
S (S. B. Savvin, 1964), picramine E. (Yu. M. Dedkov, 
1970) and others. B. V. L’vov was the first to apply 
electrothermal atomization in atomic-absorption 
spectrometry. Later he was awarded the Talanta gold 
medal for this work. 

The development of analytical chemistry has 
significantly promoted scientific and technological 
progress. It has helped solve the problems of ana- 
lytical monitoring in industry and contributed to 
technological advance in the production of new ma- 
terials and substances. Some analytical techniques 
such as methods of separation and preconcentration 
have been introduced on an industrial scale. 

CO-ORDINATING ORGANIZATIONS 

Analytical chemists work under the auspices of the 
Scientific Council for Analytical Chemistry of the 
USSR Academy of Sciences. The system of scientific 
councils was formed in the Academy in the 1960s. 
The councils were set up as public bodies designed to 
provide guidance and co-ordinate fundamental re- 
search on a national scale, regardless of departmental 
chains-of-command. The importance of the councils 
was considerably augmented by the government 
decision to entrust the Academy of Sciences with 
complete authority over the problems of control and 
co-ordination of fundamental research in the coun- 
try. The network of scientific councils that had been 
established by that time proved to be the tool for 
implementation of these goals. Many councils func- 
tioned as interdepartmental bodies of experts and 
maintained close ties with related ministries and 
offices. They were cognizant of the situation in vari- 
ous branches of the economy and thus proved to be 
in a position to provide guidelines for co-ordinated 
research. The Scientific Council for Analytical Chem- 
istry was one of these. 

An analytical chemistry commission dealing 
mainly with the problems of platinum metals was set 
up in Leningrad as early as the 1920s. It was affiliated 
to one of the institutes of the Academy. Before World 
War II it was renamed the Committee of Analytical 
Chemistry. In 1939 this committee sponsored the 1st 
All-Union conference on analytical chemistry. After 
the war the committee worked under the auspices of 
the V. I. Vemadsky Institute of Geochemistry and 
Analytical Chemistry, organized in 1947. It was 
headed by Academician A. P. Vinogradov, who was 
later elected vice-president of the Academy. The 
scope of the Committee’s activities had been consid- 
erably broadened by that time and it provided guid- 
ance for many branches of analytical chemistry. Such 
distinguished scholars as Academicians I. P. Alimarin 
and I. V. Tananaev, Corresponding Member D. I. 
Ryabchikov, Academician of the Ukrainian Acad- 
emy A. K. Babko, and others were active on the 
Committee. The Committee issued its own publica- 
tions. In the early 60s the Committee was reorganized 
into the Scientific Council for Analytical Chemistry 
of the Academy of Sciences. Since that time it has 
been chaired by I. P. Alimarin. 

The scope and importance of the Council have 
grown continuously. Prominent analytical chemists 
of the All-Union and Republic Academies, from 
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research and educational establishments, sit on the 
Council. The members of the Council are ranking 
analytical chemists and physicists, scientists of 
different generations from various regions of the 
country. Within the framework of the Council there 
is a bureau, 30 special committees and 7 regional 
branches. 

The Council defines the policies and strategies of 
analytical chemistry research and development. To 
this end planning forecasts are developed every 5 
years to help organize 5-year co-ordination plans. 
While forecasts are largely developed by the higher 
echelons of the Council, co-ordination plans are 
based on suggestions of the institutions and individ- 
ual experts. Co-ordinated research planning in ana- 
lytical chemistry is an important tool for channelling 
the collective effort of scientific teams, experts and the 
national economy managers to achieve planning 
objectives. Integration of research conducted in edu- 
cational establishments into the co-ordinated plan 
ensures local recognition and support for such en- 
deavours. Co-ordination provides for the possibility 
of problem-oriented assessment of results and pros- 
pects of research carried out by scientific teams on the 
local and regional scale. Besides all this, the Scientific 
Council defines the scope and range of research and 
co-ordinates scientific effort through other forms of 
activity such as annual sessions, meetings and regular 
correspondence, which are probably no less im- 
portant. 

Much attention is given to such important means 
of co-ordination and data collection as conferences, 
seminars and workshops. Efforts towards or- 
ganization of seminars in large urban centres have 
yielded good results. These seminars are many, and 
among them the seminars on analytical chemistry in 
Moscow, Leningrad, Kiev and Odessa and on or- 
ganic analysis in Moscow deserve special mention. 
Annual sessions of the Council attended by various 
other agencies, and workshops run by leading ana- 
lytical chemists, are quite popular. Various arrange- 
ments are made to promote research in various 
branches of analytical chemistry. The Council has 
repeatedly rendered assistance to educational institu- 
tions in the organization of fundamental research 
laboratories and secured managerial support of the 
appropriate bodies for promising research trends. 

Another function of the Council is to provide for 
the logistics of research and analytical monitoring in 
various branches of the economy. This involves the 
problems of equipment, laboratory apparatus and 
materials, reagents, standard samples and, to a cer- 
tain extent, the problem of metrological standard- 
ization. This is the province of the joint committee on 
analytical equipment and complexes, which is spon- 
sored both by the Scientific Council and by the 
scientific and technical council of the Ministry of 
Instrument Engineering. The Council maintains con- 
tacts with the State Standardization Committee 
(Gosstandart) as regards metrology of analysis. It 

also issues recommendations and guidelines for 
securing rational employment of trained research 
personnel and deals with educational programs in 
higher educational institutions. It also concerns 
itself with terminology. The Council’s committee on 
terminology deals with dissemination of the IUPAC 
nomenclature rules through Zhurnal Analiticheskoi 
Khimii. 

Organization of conference sessions and bureau 
meetings is another aspect of the many-faceted activ- 
ities of the Council. In recent years, these have been 
organized in Leningrad, Tashkent, Nalchik and Riga. 
The Council carries on extensive correspondence and 
organizes numerous meetings, yet it basically func- 
tions through its sections, committees and de- 
partments. 

The section of analytical chemistry of the All- 
Union Mendeleev Chemical Society is the second 
co-ordinating body. In addition, several ministries 
(non-ferrous metallurgy, geological survey, etc.) have 
their own councils on analytical monitoring. 

SOME SCIENTIFIC CENTRES 

Three groups of establishments pertaining to ana- 
lytical chemistry as a science may be distinguished: 
(1) research institutes of the All-Union and Republic 
Academies, (2) universities and other educational 
establishments, (3) branch research institutes of in- 
dustrial ministries and other state bodies, the number 
of establishments and the strength of research staff 
increasing in that order, i.e., branch institutes are the 
most numerous. This, however, does not signify that 
their contribution to analytical chemistry is strictly 
proportional to their number. The bulk of funda- 
mental research is done in the laboratories of the 
Academy and they yield the greatest results. There 
are however, several branch institutes where ana- 
lytical research is first-rate. 

The Vernadsky Institute of Geochemistry and 
Analytical Chemistry in Moscow is the major aca- 
demic institution. Here the research involves all basic 
trends and techniques of analytical chemistry. Of 
note, is the research on determination of gases in 
metals by use of organic analytical reagents, pre- 
liminary concentration of traces, and the analytical 
chemistry of actinides and precious and rare metals. 
The Institute serves as a home base for both the 
Scientific Council for Analytical Chemistry of the 
USSR Academy of Sciences and the editorial board 
of Zhurnal Analiticheskoi Khimii. It organizes numer- 
ous conferences and meetings and a considerable 
share of international contacts is channelled through 
the offices of the Council and the Institute. Among 
other academic establishments the Dumansky Insti- 
tute of Colloids and Chemistry of Water, of the 
Ukrainian Academy in Kiev, the Nesmeyanov Insti- 
tute of Organoelement Compounds, of the USSR 
Academy in Moscow, the Tashkent Institute of Nu- 
clear Physics, of the Uzbek Academy, and the Insti- 
tute of Inorganic Chemistry, of the Siberian Branch 



of the USSR Academy in Novosibirsk, should be being elucidated by application of conformational 
mentioned. Research is also conducted in the field of analysis and quantum-chemical calculations on the 
photometric analysis (Kiev), analysis of organic sub- molecules of reagents and their metal complexes. The 
stances (Moscow), nuclear physics analytical meth- potential of the photometric method for metal deter- 
ods (Tashkent), and analysis of ultrapure substances mination has grown considerably with application of 
(Novosibirsk). surface-active substance and non-aqueous solutions. 

Among universities and educational establishments Differential (derivative) spectrophotometry has been 
the uppermost place is occupied by Moscow Univer- initiated. 
sity. The department of analytical chemistry is en- Another field of research is atomic-emission spec- 
gaged in photometric studies with organic reagents, trometry. Along with the Scientific Council on Ana- 
laser- and atomic-emission spectroscopy, ion and lytical Chemistry this research is co-ordinated by the 
extraction chromatography, solvent extraction, vol- Scientific Council of the Academy on Spectroscopy of 
tammetry, kinetic methods of analysis, etc. Analytical Atoms and Molecules. New sources of spectrum 
studies are also conducted by some other de- excitation are studied, particularly inductively- 
partments. The universities of Kiev, Kharkov and coupled plasmas. The studies concern the effects of 
Uzhgorod are renowned for their work on photo- inert atmospheres, carriers and other admixtures, and 
metry; research on ion-selective electrodes, their rational combination with preliminary concen- 
fluorescence and extraction of metals is done in tration of elements under study. The so-called spill 
Lengingrad University; studies on ion-selective elec- method of analysis of powder samples of geological 
trodes are performed in Byelorussian University and other materials, developed in the All-Union 
(Minsk). A great contribution to atomic-absorption Institute of Mineral Raw Materials, has been intro- 
spectrometry has been made in Leningrad Poly- duced. A number of combined methods of analysis 
technical Institute. Potentiometry is developed in the involving trace concentration by extraction, sorption, 
Moscow Mendeleev Chemico-Technological Insti- distillation and co-precipitation have been developed. 
tute. Voltammetry is widely practised in Tomsk Computer-assisted analysis is undertaken in the 
Polytechnical Institute and the Sverdlovsk Institute Central Scientific Research Institute of Non-Ferrous 
of the People’s Economy; chromatography receives Metallurgy (Moscow). Atomic-emission spectro- 
much attention in Kuybyshev University. Kinetic metry is an important means of mass analysis, partic- 
methods for determination of noble and other metals ularly semi-quantitative analysis employed in the 
are developed in the Moscow Institute of Fine Chem- USSR Geological Survey, and analysis of ultrapure 
ical Technology. Atomic-emission analysis is prac- materials such as semiconductors (with preliminary 
tised in the Urals Polytechnical Institute, Tadzhik concentration of microelements). It is also important 
University, and many other institutions. in the analysis of natural and industrial samples of 

Among industrial scientific institutes the State platinum, with prior concentration, by assaying or 
Scientific Research and Project Institute of Rare other techniques. Atomic-emission analysis with 
Metals Industry (Moscow) should be mentioned. photoelectric recording and multichannel detectors is 
Vast experience has been accumulated here in the an important technique for determination of trace 
analysis of semiconductors and other ultrapure sub- impurities in metals and alloys. There are many types 
stances. This is one of the largest scientific centres in of such instruments, largely produced in Leningrad. 
the field of analytical chemistry in the country; it is Many scientific teams work in the field of atomic- 
affiiliated to the Ministry of Non-Ferrous Metal- absorption spectrometry. Thus, research on electro- 
lurgy. Several other institutes of this ministry are thermal AAS is conducted in Leningrad Poly- 
engaged in analytical research. The All-Union Insti- technical Institute; the platform method proposed by 
tute of Chemical Reagents and Ultrapure Substances B. V. L’vov is used all over the world. Of note is the 
(Moscow), affiliated to the Ministry of Chemical research on the theory of processes in electrothermal 
Industry, deals with analysis of ultrapure substances.. atomizers. Atomic-absorption analysis of powder, 
Geological materials are studied in the All-Union samples is done in the Institute of Geochemistry and 
Institute of Mineral Raw Materials, of the Ministry Analytical Chemistry; new atomizers have been sug- 
of Geology (Moscow). The All-Union gested. The “cold vapour” mercury determination 
Scientific-Research Institute of Metrology in Lenin- initially developed in the Odessa Physico-Chemical 
grad, and the Institutes of Analytical Instrument Institute is now very extensively applied. Multi- 
Engineering in Leningrad, Kiev and Tbilisi should channel analysers designed in Moscow and Lenin- 
also be mentioned. grad are used for atomic-absorption and atomic- 

emission analysis and can determine 24 elements 
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simultaneously; a xenon lamp is used as light-source.. 
Many atomic-absorption techniques for elemental 

Extensive research is conducted in the field of analysis, combined with prior extractive concen- 
photometric analysis. Organic reagents proposed in tration in particular, have been developed. 
the USSR and mentioned above are used for photo- Laser spectroscopy is being developed on a large 
metric elemental determinations. Their mechanism is scale, including the atomic-ionization technique 
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based on stepwise ionization of atoms with multi- 
mode dye lasers; the technique is developed in two 
modifications for vacuum and air (Moscow Univer- 
sity, Institute of Spectroscopy and Institute of Chem- 
istry of the Academy of Sciences etc.). The thermo- 
lens method and laser ato~c-fluo~n~ technique 
are being developed in the Novosibirsk Institute of 
Inorganic Chemistry. Both methods are at the stage 
of laboratory research; their introduction is hindered 
by a number of methodological and metrological 
problems. 

The Universities of Rostov and Irkutsk are im- 
portant centres of X-ray spectrometry, as is the 
“Burevestnik” pilot enterprise in Leningrad, which 
produces the necessary equipment. The X-ray 
fluorometric method is used for the analysis of silicate 
geological materials for rock-forming elements. This 
method is especially widely applied in ferrous and 
non-ferrous metallurgy and mining. X-Ray quan- 
tometers are used in these industries as the main 
components of automated analytical control systems. 
A new electron-probe X-ray fluorescence technique 
has been developed. Application of synchrotron radi- 
ation in X-ray fluorometric analysis and X-ray com- 
bination dispersion has been initiated. The latter 
technique helps determine low atomic-number ele- 
ments up to lithium. 

Electron paramagnetic resonance spectroscopy has 
proved to be an original and, to a certain extent, 
universal technique. Analyticai reagents that are 
stable free radicals containing complexing and radical 
groups have been obtained. In complexes with metals 
the concentration of this latter may be determined 
through the paramagnetism of the organic part of the 
molecule. 

Since similar complexes may be obtained for 
practically any element, the technique is virtually 
universal. Research of this kind is conducted in the 
Vemadsky Institute of Geochemistry and Analytical 
Chemistry and in the Institute of Chemistry of the 
Tadzhik Academy. 

Fundamental research in the field of solid-state 
mass s~tro~opy, pa~~ularly in spark-source mass 
spectroscopy is conducted. The principal goal of the 
research is to increase the precision of the analysis 
through better understanding of the physical and 
chemical mechanisms in the vacuum spark discharge. 
The data obtained have helped in the development 
of a multipu~~ probe t~h~que for the analysis of 
both solid (including nonconducting} and liquid 
materials. Spark-source mass spectroscopy for micro 
and layer analysis of metals, alloys, semiconductors, 
and epitaxial films of silicon and germanium, with 
resolution of 0.1 pm in depth, has been developed. In 
ferrous metallurgy mass spectroscopy is used for 
quality control in the converter process. A new 
time-of-flight mass spectrometer has been developed 
in the Leningrad Physico-Technical Institute of the 
USSR Academy of Sciences. 

Radioactivation analysis is widely used both in the 

instrumental version and in isolation of radioisotopes 
of elements in studies on their radiochemical 
purification. Various activation methods are used, 
including activation by fast and slow neutrons, 
gamma-~ys, photons and charged particles. The 
particle-activation methods are predominantly used 
for determination of gas-generating impurities. Neu- 
tron activation is widely used for mass determination 
of gold in rocks and ores. 

Besides nuclear reactors, neutron generators and 
neutron sources of the %f and Sb-Be types are used 
for this purpose. Purely scientific research concerns 
the application of resonance neutrons, analysis of 
strong neutron absorbers, computerization of activa- 
tion analysis, new methods of radiochemical isolation 
of radioisotopes, and development of new analytical 
techniques for new materials, including biological 
ones. Research of this kind is conducted in the 
Institute of Nuclear Physics of the Uzbek Academy 
of Sciences in Tashkent, the Institute of Nuclear 
Physics of the Latvian Academy in Riga and many 
other scientific establishments. 

Many electrochemical methods are being devel- 
oped, as well as the theory and appli~tion of voltam- 
metric methods. The number of elements that may be 
determined has been considerably increased through 
the application of various solid electrodes, organic 
reagents and masking agents, and analysis in non- 
aqueous media. Especially successful are the studies 
of inverse (stopping) voltammetry theory for various 
electron processes. The kinetics of formation and 
dissociation of intermetallic and complex compounds 
has been studied (Tomsk, Sverdlovsk, Moscow). The 
high sensitivity and speed of inverse voltammetry 
account for its wide practical application, particularly 
in the analysis of ultrapure materials, pure water and 
films and application of the method may be extended 
even further. New ion-selective electrodes, particu- 
larly those with liquid membranes, have been devel- 
oped. Highly selective extraction systems are used for 
this purpose. Coulometry with controlled potential is 
at present being examined for high-precision deter- 
mi~tion of com~nents of materials; precision cou- 
lometers are being designed to determine macro- 
components in samples. 

Kinetic methods for determination of micro- 
elements are being developed in several centres such 
as Moscow University, the Moscow Institute of Fine 
Chemical T~hnology, Kiev Institute of Physical 
Chemistry and Ivanovo Chemico-Technological In- 
stitute. Several highly sensitive catalytic techniques 
have been described; some of them are used for mass 
analysis., The latter include techniques for deter- 
mination of iodine, silver, rhenium and platinum. 
Thus, traces of ~the~um and osmium are deter- 
mined in this way at the Norilsk metallurgical plant. 
In Moscow University kinetic methods are widely 
used for determination of biologically active organic 
compounds. Several monographs devoted to this 
subject have been published in Russian. 
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Chromatographic techniques are being intensively 
developed. Some modifications of gas chromato- 
graphy have been proposed (A. A. Zhukhovitsky 
et al.); chromatography helps in study of the struc- 
ture of organic compounds. Reaction gas chromato- 
graphy and capillary gas chromatography are used. 
Thin-layer chromatography for the purposes of inor- 
ganic analysis has been further developed. Of interest 
is the work on application of the chromatographic 
method for organoleptic studies on foodstuffs. This 
work is conducted in the Nesmeyanov Institute of 
Organoelement Compounds (Moscow). Moscow 
University is the centre of research in the field of ion 
chromatography. 

Synthesis of selective sorbents, which may have 
other uses beside analytical ones, is actively pursued. 
Heterochain sulphur- and nitrogen-containing sor- 
bents (-CH,S), and [(-CH,-CH,-),-Nj, have been 
proposed. They are effective for concentration of 
heavy metals, platinum and gold. After the concen- 
tration the solvent may be analysed for noble metals 
by such techniques as atomic-absorption, atomic- 
emission and X-ray fluorescence. 

Important advances have been made in the ther- 
modynamics and kinetics of extraction; some new 
extractants have been synthesized and studied. 
Among these 0-isopropyl-N-methylthiocarbamate 
has proved useful for selective extraction of silver and 
is widely applied in geological survey and non-ferrous 
metallurgy; substituted thioureas are proposed for 
the group concentration of platinum metals, and 
organotin compounds are the best known extractants 
for arsenic and phosphorus ions. Diantipyrylmethane 
is very effective in determination of titanium and 
other elements. I-Mercaptoquinoline and its numer- 
ous derivatives have been studied systematically. 
These works have been performed mostly by Yu. A. 
Bankovsky. 

ANALYSIS OF INORGANIC SUBSTANCES 
AND CONTROL OF PROCESSES 

Many laboratories deal with analysis of metals, 
alloys and raw materials, and control of metallurgical 
processes. 

Chemical analysis in ferrous metallurgy may in 
some respects set an example for other branches of 
industry. It is characterized by extensive use of 
advanced equipment, a high level of automation, and 
prompt introduction of new physical and phys- 
icochemical techniques, these being important means 
of increasing production and improving its quality 
(e.g., high-precision control of poisoning and alloying 
microcomponents of steels). Automated analytical 
systems comprising devices for taking and conveying 
samples, combined with quantometers and com- 
puters, are used at large metallurgical works. Sam- 
pling of molten metal to determine gas-generating 
impurities*arbon, hydrogen, sulphur, oxygen-is 

particularly important. To speed up the deter- 
mination of carbon and sulphur the corresponding 
equipment is installed near the steel-making units. 
The economic effects of the seconds and minutes thus 
saved in analysis in the course of a heat are quite 
appreciable. Automation of sampling presents certain 
difficulties, however. 

A sufficiently high level of analytical control has 
been achieved in non-ferrous metallurgy. Here atten- 
tion is focused on provision of automated control 
based on multichannel X-ray spectrometers. Intro- 
duction of the automated information search system 
“Analytica” is under way in the industry. 

Ultrapure inorganic substances constitute a special 
group of materials for analysis. Vast experience has 
been accumulated in this field and many complex 
problems have been solved. Atomic-emission spec- 
troscopy (with chemical concentration) and, to some 
extent, atomic-absorption spectrometry and spec- 
trophotometric methods, serve for analytical pur- 
poses in industry. Neutron activation and spark- 
source mass spectroscopy are largely used in research 
laboratories. Many studies deal with determination 
of microelements in semiconductors, pure chemical 
reagents and other high-purity substances. The prob- 
lems under study include further increase in sensi- 
tivity of determination, correct procedures for refer- 
ence tests, and problems of calibration, since 
standard samples are often unavailable. It is neces- 
sary to develop methods ensuring the determination 
of 15-20 impurities constituting 10-8-10-9% w/w, 
i.e., down to 10 pg/g or less. Laser spectroscopy, 
mentioned above, appears promising in this respect. 
Increase of the neutron flux in nuclear reactors to 10” 
neutrons. cm-*. set-’ is another possibility, that is 
particularly advantageous for the analysis of matrices 
difficult to activate, e.g., silicon or graphite. Problems 
to be solved in the analysis of ultrapure substances 
provide an excellent opportunity to hone the capabili- 
ties of an analyst. This type of analysis is performed 
in many scientific establishments but most extensively 
in the Institute of Inorganic Chemistry in Novo- 
sibirsk, the State Institute of Rare Metals in Moscow, 
Institute of Chemistry in Gorky, and Institute of 
Chemical Reagents in Moscow. 

Geological materials make up another important 
group of inorganic substances to be analysed. Their 
analysis is essential for geological survey, the mining 
industry and some branches of science, primarily 
geochemistry. Experience in this field covers a wide 
range of large-scale analysis for rockforming and 
trace elements as well as phase analysis. The geolog- 
ical survey has 250 large laboratories which employ 
a wide range of techniques, including chemical, spec- 
troscopic and nuclear-physical methods. Thus X-ray 
fluorescence is widely used for determination of com- 
ponents of rocks and ores, and an X-ray radiometric 
modification is quite widespread and is used in field 
conditions. About 200-300 million elemental deter- 
minations are carried out for the geological survey 
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annually. An extensive network of laboratories and including those based on X-ray fluorescence. Of note 

monitoring stations monitors levels of inorganic sub- are the works on identification of individual com- 

stances (heavy metals, toxic anions, dissolved oxygen) pounds with the help of computers (V. A. Koptyug) 

in the environment. and artificial intelligence (L. A. Gribov). 

ORGANIC ANALYSIS 

Analysis of organic substances is a constituent part 
of analytical chemistry. This statement is not as trite 
as it may appear. In this country there still exists a 
deep-rooted tendency to treat organic analysis as a 
part of organic chemistry or the chemistry of high 
molecular-weight compounds, bio-organic chemistry 
or some other branches of the chemicobiological 
realm. The argument underlying this notion is per- 
fectly logical. The proponents of this approach hold 
that to analyse minutely it is necessary to know the 
nature of an organic substance and take into account 
the specificity of the material. Yet all objects of 
analytical chemistry are specific and sound analysis 
should be based on knowledge of the specificity of 
the sample anyway. The same is true of geological 
materials, environmental samples, ultrapure sub- 
stances, archaeological artefacts and many other 
objects. 

To analyse complex mixtures of organic com- 
pounds chromatographic methods are very widely 
used. These, gas chromatography in particular, are 
very important in monitoring processes for pro- 
duction of polymers and other organic products in 
the petrochemical industry. 

Besides the centres of organic analysis mentioned 
above, the Institute of Organic Semiproducts and 
Dyes (Moscow), Institute of High-Molecular Com- 
pounds of the USSR Academy (Leningrad), and the 
State Institute of the Nitrogen Industry (Moscow) 
should be noted. Analytical methods for the chemi- 
cal, petrochemical and pharmaceutical industries are 
developed in their own branch research institutes as 
well as in academic and educational establishments. 
These last most frequently sign contracts with indus- 
trial enterprises, usually on mutually profitable terms. 
The same concerns the sphere of inorganic analysis. 

If we assume the viewpoint that organic analysis is 
a part of organic chemistry and extend this approach 
to other objects of analysis and other sciences and 
human activities generally, we would have to do away 
with analytical chemistry altogether, yet nobody 
seems to harbour such plans. Such an approach 
would inflict gross and, with time, irreparable dam- 
age on many branches of chemical analysis, perceived 
in strictly utilitarian terms, and on organic chemistry 
proper. The importance of organic analysis is self- 
evident. It is a vast and important field of analytical 
chemistry. 

On the other hand, organic analysis is highly 
specific. The spectrum of analytical techniques 
needed is significantly at variance with the set of 
analytical approaches to inorganic materials, at 
least in terms of priorities. In inorganic analysis 
the hierarchy of methods in terms of diminishing 
importance and applicability is apparently as 
follows: elemental > phase, molecular > isotopic > 
structural-group analysis. In modern organic analysis 
the sequence is different: molecular (analysis of mix- 
tures) > structural (functional) group, elemental > 
isotopic > phase analysis. 

The diversity of products of the chemical industry 
generates numerous methodological problems. The 
number of different products runs into tens of thou- 
sands and each must be provided with analytical 
means. For a long time the strategy adopted was to 
develop individual techniques and analysers for the 
most important substances, but this approach is too 
laborious. Even now, almost every tenth worker in 
the chemical industry is engaged in analysis. Ob- 
stacles linked with difficulties arising in monitoring 
may sometimes impede introduction of new pro- 
cesses. While requirements for the quality of products 
become more stringent, the quality indicators often 
depend on the reliability of analytical techniques. To 
overcome this limitation a new concept of a “univer- 
sal system of chemical analysis” is being developed 
(Zh. Analit. Khim., 1982, 37, 1104). It envisages the 
transition from single-purpose analysers to universal 
analytical systems with multi-indicator detectors. 
Thus, correlated simultaneous readings from several 
detectors are used as an analytical indicator of a 
substance. 

PUBLICATIONS 

Many research bodies in this country are engaged 
in organic studies. In the field of elemental analysis 
efficient means of decomposition of complex organic 
and organometallic substances, including plasma 
techniques, have been developed. Methods of deter- 
mining the empirical formulae of compounds, with- 
out analytical weighing, have been elaborated. Auto- 
mation of elemental analysis is being put into effect 
with the use of CHN-analysers. New methods of 
heteroelement determination have been worked out, 

Zhurnal Analiticheskoi Khimii (Journal of Ana- 
lytical Chemistry) is the major periodic publication in 
Russian. It has been published by the Academy of 
Sciences since 1946. Along with original con- 
tributions, it carries reviews, letters to the editor, and 
information items on conferences, books and equip- 
ment. Two other publications that give much space 
to analytical chemistry are the Zavodskaya Laborato- 
riya (Plant Laboratory) and Zhurnal Prikladnoi 
Spektroskopii (Journal of Applied Spectroscopy). 
Many communications are published in other all- 
union and regional magazines, e.g., Doklady Akade- 
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miya Nauk (Reports of the Academy of Sciences) and 
Ukrainskii Khimicheskii Zhurnal (Ukrainian Chemi- 
cal Journal). 

Four series of monographs and collections of 
papers are published. They are “Analytical Chem- 
istry of the Elements”, “Analytical Reagents”, 
“Problems of Analytical Chemistry”, and “Methods 
of Analytical Chemistry”. Textbooks are published 
by the publishing houses “Vysshaya Shkola” 
and “Khimiya” and translations by “Mir” and 
“Khimiya”. 

INSTRUMENT ENGINEERING FOR 
ANALYTICAL PURPOSES 

New equipment is developed in research labora- 
tories and design offices. Some original devices have 
been mentioned above. In addition such devices 
as the microcolumn liquid chromatograph ‘Mili- 
khrom”, ion chromatograph “Tsvet 3006”, various 
types of gas chromatographs, the precision cou- 
lometer PKU-1, and atomic-absorption spectrometer 
“Saturn-2” should be mentioned. Polarographs, pH- 
meters, gas chromatographs and X-ray fluorometric 
spectrometers are produced on a large scale. 

Home supply, however, does not meet the demand, 
because of insufficient quantity of production of 
instruments such as Fourier infrared spectrometers, 
gas chromatograph-mass spectrometers and X-ray 
microanalysers. International co-operation within the 
framework of the Socialist Economic Community 
helps solve this problem. Thus we traditionally buy 
polarographs in Hungary and Czechoslovakia, some 
spectral equipment in the GDR, precision balances 
in Poland. Trade in this field involves some other 
countries. Thus Perkin-Elmer atomic-absorption in- 
struments and Leco and Balzer instruments for gas 
determination in metals are widely used. 

INTERNATIONAL CONTACTS 

There are several fields in which the leading pos- 
ition of Soviet analytical chemistry is unanimously 
recognized. These are spectrophotometry in the ultra- 
violet and visible regions, particularly with organic 
reagents, electrothermal atomic-absorption spec- 
trometry, inverse voltammetry and some other elec- 
trochemical methods, concentration of micro- 
elements (including extraction concentration), 
analysis of mineral raw materials and ultrapure sub- 
stances, and the analytical chemistry of noble and 
rare metals. Soviet analysts working in these and 
other fields are invited to make reports at inter- 
national conferences and give lectures in universities 
abroad. Soviet analytical chemists are on the editorial 
boards and advisory committees of 25-30 inter- 
national or national journals of analytical chemistry 
and related disciplines. Ten scientists are elected 
members of IUPAC. Professor I. P. Alimarin is an 
honorary member of many scientific societies and a 
doctor honoris causa of a number of universities, 
including those of Birmingham and Goteborg. He 
has been awarded the Talanta gold medal and the 
Emich, Hevesy and Purkyni medals. 

A biennial Soviet-Japanese symposium on ana- 
lytical chemistry is regularly convened. The first took 
place in 1982 in Kyoto, the second was held in 
Moscow and Kiev in 1984. 

Joint scientific projects are carried out in collabor- 
ation with chemists from the GDR, Hungary, 
Bulgaria and Czechoslovakia; for example, standard 
samples are being developed. The Vemadsky Insti- 
tute has carried out a number of joint projects in the 
field of spectroscopic methods of analysis together 
with the Karl-Marx University of Leipzig. Many 
foreign analysts come to visit our country, and 
international co-operation and exchange of ideas and 
information are always welcome as they are through- 
out the scientific fraternity of the world. 
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Smnnnuy-The paper reviews the state of analytical chemistry teaching at Soviet higher educational 
establishments, discussing specifics of teaching techniques at various schools of higher learning, viz. 
universities and technological and non-chemical institutes *. It describes the curricula and methods of 
continuous assessment. Particular attention is paid to the subject matter of courses in analytical chemistry 
and its future improvement, with special focus on problems related to training specialists in analytical 
chemistry at universities and othet institutions of higher education. The paper also deals with facilities 
and opportunities offered for research projects, and finally touches on the problem of text books. 

Scientific progress is impossible without highly com- 
petent research workers. Analytical chemistry is an 
ancient science, yet it may also be regarded as one of 
the youngest sciences; that is to say, it is in the process 
of rebirth, overstepping its old boundaries. It is not 
incidental that scientists all over the world are paying 
great attention to analytical chemistry as a science. 
The broader range of samples and scope of methods, 
the extensive use of electronics, and the automation, 
computerization and instrumentation of analysis 
all influence the requirements for university and 
technological institute graduates. “To solve uncon- 
ventional problems in studying the composition and 
structure of new natural and synthetic substances and 
materials, to analyse standard and reference samples, 
to investigate unique samples of small mass, to 
evaluate results and to work out recommendations, 
will call for specialists with a high degree of experi- 
ence and a profound knowledge of physics, mathe- 
matics, programming and computer electronics”.’ 
This prompts the necessity of far-reaching planning 
for higher education. Under-rating the role of ana- 
lytical chemistry teaching (as well as of any other 
science) may have disastrous consequences for the 
successful progress of science, technology and the 
economy. 1-8 

In the Soviet Union the serious and comprehensive 

*Universities are higher educational establishments which 
do not grant degrees in technology, but prepare their 
students for scientific and research work in various 
sciences-exact, natural and social, as well as the 
humanities. Institutes are more specialized schools of 
higher learning, training specialists for a particular field 
of science and technology. Thus, graduates of chemical 
and technological institutes will be granted degrees in 
technology and work as chemical engineers, while 
graduates of medical institutes will devote themselves to 
the medical profession, and those of pedagogical insti- 
tutes will work as teachers. 

9 

approach to analytical chemistry teaching has deep 
roots. Many outstanding chemists who have made 
great contributions to the development of the theory 
and practice of chemical analysis were also educators: 
D. 1. Mendeleev, whose thesis dealt with analytical 
chemistry; N. A. Menshutkin, who wrote Russia’s 
first textbook on analytical chemistry; L. A. Chugaev, 
the founder of the use of organic reagents for analy- 
sis, and many others, taught at universities and 
institutes, and were talented lecturers and educators. 
This tradition is being preserved and yill be main- 
tained in the future. About 40% of the members of 
the Scientific Council of the USSR Academy of 
Sciences, in the branch of analytical chemistry (the 
chief co-ordinational and scientific advisory body), 
are heads of departments and institutes of higher 
education, as well as teachers, and in certain sections 
and commissions this representation reaches 60%. 
Academician I. P. Alimarin, Head of the Scientific 
Council, is also Head of the Analytical Chemistry 
Faculty at Moscow University, and his deputy, Cor- 
responding Member of the USSR Academy of Sci- 
ences, Yu. A. Zolotov, heads a laboratory of the same 
faculty. Many scientist members of the Council com- 
bine their research work with teaching (Academician 
A. T. Pilipenko, Corresponding Member of the 
USSR Academy of Sciences, Yu. A. Zolotov, 
Professors Yu. A. Karpov, 0. M. Petrukhin and 
many others). Outstanding scientists who are not 
educators maintain contacts with higher educational 
institutions by delivering lectures to students and 
teachers. Thus most analytical scientists understand 
the tasks and problems facing analytical chemistry 
teaching. 

On the whole a sufficient number of analytical 
scientists is being trained for service in industry and 
research, but the continuous development and per- 
fection of programmes, updating of textbooks and 
improvement of teaching standards make it possible 
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to train better qualified graduates. Unfortunately, a 
certain number of scientists (particularly non- 
chemical) and those in high administrative posts are 
inclined to regard analytical chemistry as a subsidiary 
science. This results in the reduction or even exclu- 
sion of analytical chemistry courses at institutes and 
non-chemical university departments. In some cases 
this is justifiable, e.g., cancellation of the course on 
classical qualitative analysis, at chemicotechnological 
and technological institutes, as well as courses of 
analytical chemistry at certain faculties of aviation, 
building and metallurgical institutes. Reduction of 
courses at agricultural, medical and food institutes 
causes great concern, however. Sometimes analytical 
scientists themselves are to blame because they have 
failed to perceive and keep pace with the new trends 
in chemical analysis and to alter the courses accord- 
ingly. At such institutes the teaching of phys- 
icochemical and physical methods of analysis has 
been transferred to other faculties (such is the case, 
for instance, at metallurgic institutes). Biochemical 
and clinical analysis is at present almost an exclusive 
prerogative of organic chemistry faculties. In this 
connection it would seem appropriate to quote the 
answer of Kellner and Malissa to the question “Will 
analytical chemistry be done in the future by ana- 
lytical chemistry?‘-“Most likely, yes, if chemistry 
departments realize the new trends! If they do not, 
someone else will come up and solve the problems for 
us as was demonstrated already in the past”.’ 

aspects (curricula, arrangement of courses, co- 
ordination of efforts aimed at raising teaching 
standards, etc.). 

Analytical chemistry is taught at 700 higher and 
secondary educational institutions of the USSR. 
There are three groups of higher educational estab- 
lishments wtih different curricula: (1) universities, (2) 
chemical and technological, technological, and poly- 
technic institutes, (3) non-chemical institutes (medi- 
cal, pharmaceutical, food, agricultural, oil, etc.). 

Universities 

According to the Working Party on Analytical 
Chemistry of the Federation of European Chemical 
Societies a teacher must be well versed in the follow- 
ing subjects: chemical analysis, biochemical analysis, 
chemometrics, analytical strategy, materials analysis, 
clinical analysis, analysis of environmental samples, 
etc.’ Can we maintain that most of our teachers fit the 
description? Do our curricula fully correspond to 
these requirements? Apparently, not. Before covering 
the problems of analytical chemistry teaching and 
possible solutions to them let us dwell upon the 
present state of teaching, including certain formal 

Of the 60 universities training chemists, about 60% 
have Departments of Analytical Chemistry (including 
the Universities of Moscow, Leningrad, Kazan, 
Saratov and other big cities, as well as the capitals 
of the Republics). Some universities (mainly those 
orientated to training school teachers) have united 
departments of, for example, inorganic and analytical 
chemistry, biology and analytical chemistry, and so 
on. At certain universities analytical scientists are 
trained by specialized departments, such as the 
Department of Chemical Metrology at Kharkov Uni- 
versity, the Department of Rare Elements at Kazakh 
University. Analytical chemistry teaching is conduc- 
ted at three levels: a general course for all students 
majoring in chemistry, a general course for students 
of some non-chemical faculties, and special courses 
for analytical graduates. 

The first three and a half years at Soviet univer- 
sities are devoted to mastering the fundamentals of 
chemistry, physics, and mathematics. In the opinion 
of Soviet scientists, a solid physical and mathematical 
basis is prerequisite for the education of a modern 
chemist. That is why a considerable amount of time 
is devoted to the study of mathematical and physical 
sciences (Fig. 1). The elements of programming are 
introduced as early as the first year. Much attention 
is paid to foreign languages. A modern graduate 

PHYSICAL ORGANIC 

CURRICULA 

CHEMISTRY, 11 3% , CHEMISTRY, 10 5 % 

CHEMISTRY,10 5% 

OTHER 
CHEMICAL ANALYTICAL 
COURSES,117% CHEMISTRY, 9 3% 

PHILOSOPHY, 13 5 % 

PHYSICS. 9 5% 

FOREIGrJ LANGUAGES, 9 1% 

Fig. 1. Proportions of different disciplines in university curricula. 
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Fig. 2. Order of study of chemical disciplines at universities. 

majoring in natural sciences should be a confirmed The curricula of certain institutes include ped- 

materialist, a conscientious citizen, a patriot, and agogics and psychology (for would-be school teach- 

know the basic Soviet laws. That is why the curricula ers). Resides the compulsory courses above, the cur- 

ensure a profound study of social and political sci- ricula include optional courses (radio-electronics, for 

ences, philosophy, political economy and chemical instance). Each year is devoted to the study of a basic 

history. Physical training and sports are compulsory chemical science (inorganic, analytical, organic and 

components of the curricula. physical chemistry) (Fig. 2). At the end of the aca- 

Table 1. Curriculum for chemical faculties of ‘Soviet Universities 

Hours Per Hours Per 
week Assessment week Assessment 

. 
Semester I 
Inorganic chemistry 
Mathematical analysis 
Analytical geometry 
Programming 
Foreign language 
History of the Communist Party 
Physical training 

14 
5 
3 
1 
4 
4 
2 

Examination 
Examination 
Credit 
Credit 

Examination 
Credit 
Credit 
Examination 
Credit 
Examination 

Credit 

Semester 5 _ 
Organic chemistry 
Radiochemistry 
Quantum mechanics 
Molecular structure 
Foreign language 
Philosophy 

Semester 2 
Inorganic chemistry 
Mathematical analysis 
Physics 
Programming 
Foreign language 
Physical training 
History of the Communist Party 

12 Examination 
6 Examination 
6 Examination 
2 Examination 
4 Credit 
2 Credit 
3 Credit 

Semester 6 
Organic chemistry 
Physical chemistry 
Substance structure 
Foreign language 
Political economy 

Examination 
Examination 
Credit 
Examination 
Examination 

Examination 
Examination 
Examination 

Semester 3 
Analytical chemistry 

Mathematical analysis 
Physics 
Mathematical physics equations 
Foreign language 
Physical training 

11 

4 
8 
3 
2 
2 

12 
4 
3 

; 

: 
2 

Credit with 
a mark 

Examination 

Credit 
Examination 
Credit 
Credit 

Credit 
Credit 
Credit 

Semester 7 
Physical chemistry 
Colloid chemistry 
Crystal chemistry 
High molecular-weight 

compounds 
Political economy 
Law 
Specialization 

Semester 8 
Chemical engineering 
High molecular-weight 

compounds 
Specialization 
Practical work 

14 
2 
3 
4 
4 
4 

12 
10 
2 
4 
4 

10 
5 
3 

3 
4 
2 
3 

8 

4 
12 

Examination 

Examination 

Semester 4 
Analytical chemistry 
Mathematical analysis 
Linear algebra 
Theoretical mechanics 
Probability theory 
Philosophy 
Foreign language 
Physical training 

Examination 
Examination 
Credit 
Examination 
Credit 
Examination 
Credit 
Credit 

Semester 9 
Specialization 
History and methodology ‘of 

chemistry 
Environmental protection 
Philosophy 
Pre-diploma practical work 

1 f months 

12 

2 Credit 
2 Credit 
5 Credit 

TAL M/,-S 
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Table 2. Course (hours) in analytical chemistry at Moscow University 

Lectures Seminars Bracticals 

Semester 1 
Theoretical basis of analytical chemistry 
Introduction 
Eqilibrium theory 
Methods of separation 
Methods of separation and detection 

Total: 
Semester 2 
Metrological aspects of analytical chemistry 
Quantitative methods of analysis 

Gravimetric 
Titrimetric 
(visual and potentiometric) 
Electrochemical 
Optical 

Course paper (thesis) 
Total: 

2 
22 
10 

34 

6 

6 
8 

12 
12 
- 
44 

12 
4 

140 
16 140 

- - 

- 18 
- 36 

- 30 
- 30 
- 32 

146 

demic year students take an experimental course is taught according to a similar, but less complicated 
based on one of the chemical sciences, and also take scheme, with inevitably shorter courses, optional 
shorter courses dealing with some other less time- lectures, no course papers and examinations only in 
consuming fundamentals of chemistry. certain studies (Table 3). 

Table 1 lists, as an example, a standard curriculum 
adopted at Moscow University and (with minor 
modifications in stratification) at other universities 
of the Soviet Union. 

Chemical and technological, technological and poly- 
technic institutes (chemical specialities) 

At some universities one or two groups (com- 
prising 20-40 students) work according to individual 
programmes. At Moscow University, for example, 
graduates with a profound knowledge of mathe- 
matics (theoreticians) and programming (computer 
experts) have been trained for several years. Such 
graduates are especially valuable since they combine 
a profound knowledge of the chemical sciences and 
mathematics. 

Chemical engineers in the USSR are trained at 70 
institutes. Almost all of them have departments of 
analytical chemistry, drawing all the students into 
studying this science. 

Fourth-year students major in a chosen field, with 
special courses and practical classes recommended by 
the corresponding departments. Fifth-year students 
(undergraduates) are engaged in their graduation 
examinations, which are preceded by practice ses- 
sions (more detailed information on specialization is 
presented below). 

As is seen, analytical chemistry is an essential 
component of the curricula, taking up much time and 
effort. How is this time distributed? The whole course 
of 350-390 hr of teaching time consists of lectures, 
practicals and seminars, run in parallel. Table 2 lists, 
as an example, the analytical chemistry curriculum 
adopted at Moscow University. 

Analytical chemistry at non-chemical departments 

The analytical chemistry course at these institutes 
is divided into two parts. Second-year students study 
chemical methods of quantitative analysis, fourth- 
year students (after studying physical chemistry and 
engineering sciences) master physicochemical and 
physical methods of analysis (Table 4). The choice of 
analytical methods depends on the kind of facilities 
at the disposal of the departments. Usually these are 
electrochemical and optical methods, but some insti- 
tutes are better at teaching chromatography, others 
kinetic methods of analysis, and still others organic 
analysis. Much of the aforesaid is also true of similar 
higher educational establishments, i.e., comprehen- 
sive mathematical training, a rather considerable 
period of time allotted to chemical sciences, and 
attention devoted to socio-political and philosophical 
sciences. The number of teaching hours envisaged for 
chemical sciences at such institutes is almost 40% less 
than at universities, as most of the time is consumed 
by engineering sciences, radio-electronics, industrial 
economics, etc. In general there is more time allotted 

Table 3. Distribution of hours in non-chemical faculties of universities 

Soeciality/Deoartment Semester 2 Semester 3 Assessment 

Biological 42-72 36-64 Credit 
Soil 3ti8 90 Examination 
Geological 12 - Credit 
Geochemical 72 48 Examination 
Geoaraohical 42 36 Credit 
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Table 4. Distribution of hours in chemicotechnological and technological institutes 

Lectures Seminars Practicals 

Semester 3 
Chemical methods of analysis 17 8 100 

(gravimetry and titrimetry) 

Semester 7 
Physicochemical and physical methods 32 - 85 
Environmental protection 2 - - 

(Learning and research work) 
Personal research proiects 

to physical, mathematical and engineering studies 
than to chemistry. Only a very few of these depart- 
ments of analytical chemistry are engaged in training 
analytical graduates. 

Non-chemical institutes 

This is the most numerous group of higher edu- 
cational establishments. Some of them have ana- 
lytical chemistry departments (these are normally 
pharmaceutical institutes and pharmaceutical facul- 
ties of medical institutes, and of food and certain 
agricultural institutes). Of late, analytical chemistry 
as a course has been excluded from the curricula of 

some non-chemical institutes, but elements of analy- 
sis are included in the programmes of other chemical 
courses (usually general chemistry). 

The number of teaching hours and curricula 
greatly depends on the type of institute and speciality. 
Usually second-year students are taught analytical 
chemistry during one or two terms (semesters). At 
other establishments of higher education with a larger 
group of classes for analytical chemistry, the course 
lasts 3 semesters. Tables 5 and 6 list, as an example, 
the curricula of two educational institutions. Regret- 
ably, at some non-chemical institutes there is no 
room for the course of instrumental methods of 

Table 5. Distribution of hours at the pharmaceutical faculty of the Sechenov 1st Moscow Medical 
Institute 

Lectures 

Semester 2 
Methods of identification and separation 38 

Semester 3 
Quantitative chemical analysis 

(gravimetry and titrimetry) 36 

Semester 4 
Instrumental methods of analysis 

(spectrophotometry, coulometry, 
potentiometry, chromatography) 18 

Total: 92 

Practicals 

114 

54 

2: 

Assessment 

2 Tests 

Credit with a mark 

Table 6. Distribution of hours at the Gubkin Moscow Petrochemical Institute 

Lectures Seminars Practicals Assessment 

Semester 3 
Theoretical basis of 

analytical chemistry 17 6 Credit with 
a mark 

Qualitative analysis - - 48 

Semester 4 
Theoretical basis of 

analytical chemistry 17 6 Credit with 
a mark 

Chemical methods of 
quantitative analysis - - 48 

Semester 8 (or 11) 
Physicochemical methods 

of analysis 14 - 48 Credit with 
a mark 

Total: 48 12 144 
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analysis, and its inclusion in curricula depends on 
personal decisions by Department Heads. This is 
particularly true of the agricultural institutes. 

Part-time departments 

Many institutes and universities of the USSR have 
set up part-time departments training graduates ac- 
cording to the curricula of the full-time departments, 
but envisaging lO-25% less attendance time than 
in full-time departments, with some acquisition of 
knowledge entrusted to the students’ own efforts. 
Since the requirements and methods of assessment 
are the same as in full-time departments, part-time 
education makes greater demands on the students’ 
perseverance and self-discipline. 

CO-ORDINATION OF ACTIYITIES IN ANALYTICAL 
CHEMISTRY TEACHING 

Higher and secondary educational institutions 
work under the supervision of the USSR Ministry for 
Higher and Specialized Secondary Education, as well 
as the Ministries of Higher Education of the Union 
Republics. Non-chemical institutes are also subordi- 
nate to the Educational Methodological Departments 
of the corresponding branch Ministries, e.g., medical 
and pharmaceutical institutes to the Ministry of 
Public Health, agricultural institutes to the Ministry 
of Agriculture. Methodological and organizational 
activities are co-ordinated by the Scientific and Meth- 
odological Council of the Ministry for Higher Edu- 
cation, composed of outstanding Soviet scientists and 
pedagogues, oiz. Rectors of institutes, Deans of facul- 
ties, Heads of departments. The Council consists of 
sections considering problems of one particular 
course, e.g., chemistry. Within the framework of 
the section for chemistry there are subsections for 
analytical chemistry, for universities (Chairman- 

Academician I. P. Alimarin), chemical institutes 
(Chairman-Professor 0. M. Petrukhin), non- 
chemical institutes (Chairman-Professor D. A. 
Knyazev). 

In 198 1 the Scientific Council for Analytical Chem- 
istry of the USSR Academy of Sciences set up a 
Commission for Analytical Chemistry Teaching 
(Chairman-Dr I. I. Alexeeva) which comprises 
members of the subsections for analytical chemistry 
of the Scientific and Methodological Council of the 
USSR Ministry for Education (Fig. 3). The Commis- 
sion is called upon to solve methodological and 
organizational problems of teaching. The activities of 
the Commission are guided by perspective plans 
worked out once every five years, which reflect major 
trends and tendencies in teaching. Every year the 
Commission draws up detailed programmes. Once a 
year the Commission meets to discuss method- 
ological and organizational problems and account for 
its work to the Scientific Council for Analytical 
Chemistry. The major aspects of the work of the 
Commission can be formulated as follows: it deter- 
mines the contents and objectives of courses (pro- 
grammes); improves curricula and brings them up to 
date; promotes new specialities; supervises com- 
pilation and publication of textbooks, etc.; collects 
information and statistics on the state of teaching 
standards at various higher educational establish- 
ments; sponsors briefings and conferences on prob- 
lems of analytical chemistry teaching, as well as 
seminars for teachers on methodological problems; 
its members also participate in international meet- 
ings, co-operation, etc. 

Contents of courses 

The development of courses plays a big part in 
improving teaching standards. Correctly determined 
objectives and contents of courses serve as a basis for 
perspective planning of education. Methodological 
problems figure largely at briefings and conferences 

I\ 
Chemlcol Non - Chemlcol 
lnstltutes Institutes 

I I 

Commwon for Anolytlcol 
Chemistry Teochlng 1 

Fig. 3. Scheme of the co-ordinating bodies for analytical chemistry teaching. 
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on teaching, being the main concern of the meth- 
odological commissions of departments and of the 
Commission for Teaching. 

The contents of courses are reflected in pro- 
grammes compiled every five years by the leading 
institutes at the request of the Ministry for Higher 
Education and/or branch Ministries (for non- 
chemical institutes). Such standard programmes are 
subjected to close discussion and criticism, and are 
then approved by the Scientific and Methodological 
Council for Chemistry. Programmes for non- 
chemical institutes are bound to reflect their specific 
interests, which is why the number of such pro- 
grammes exceeds 100. 

The programmes are meant to reflect the present 
state and trends of development in analytical chem- 
istry, and the ratios between different methods of 
analysis; they determine the objectives for analysis 
and recommend the necessary (accompanying) litera- 
ture. The programmes of general courses for univer- 
sities should not overlap the programmes of the 
special courses. 

To answer the question of what to teach, it is 
necessary to define analytical chemistry as a science 
and formulate its objectives. The original objective 
was to find out what a given substance consists of, 
i.e., to determine its chemical composition, but this 
has now been extended to include the nature and 
distribution of the individual substances present. This 
objective is attained by methods which are constantly 
brought up to date and modified.’ According to 
Professor Zolototi neither time nor effort should be 
spared in conveying to students a knowledge of the 
general problems of analytical chemistry and a feeling 
for the correct approach to their solution in formu- 
lating the philosophy of the science, determining its 
place among other natural sciences and establishing 
a fundamental principle for analytical chemistry. This 
principle, according to Professor Moskvin (Lenin- 
grad University), might be the determination of the 
characteristic properties of a substance, i.e., any 
manifestations ensuring identification and deter- 
mination of the substance. There are other opinions, 
of course, but it is essential that the programmes 
should make it clear that analytical chemistry is a 
science dealing with measurement. This introduces 
the importance of the metrological aspects. The 
student must be taught how to select and prepare a 
sample, and how to work out a scheme of analysis 
and choose the right methods.4 

The theoretical basis of analytical chemistry is still 
a focus of attention, but the depth of study of certain 
issues may vary. Previously the courses gave a formal 
approach to the reactions used for detection and 
determination, while now much more attention is 
paid to reaction mechanism, the role of solvents, and 
processes in plasma, etc. 

A drawback of the old programmes was the neglect 
of automated analysis and use of computers. 

Of particular importance is the ratio between cer- 

tain methods of analysis. There used to be a great 
deal of disproportion between classical and modern 
methods in the old programmes. In the new pro- 
grammes the proportion of physicochemical and 
physical methods has increased; chromatography is 
now regarded not only as a separation method, but 
also as a determination method. Even so, the classical 
chemical methods of analysis cannot be altogether 
ruled out. “A lot of analysts overestimate the inex- 
haustible possibilities of physical methods to such an 
extent, that these have come to the point of ousting 
chemistry from chemical control”.’ The progress 
achieved in analytical chemistry should not 
mean complete renunciation of the experience 
accumulated. 

The old courses put the main emphasis on analysis 
of inorganic substances. This is no longer acceptable. 
The analysis of therapeutic drugs, foodstuffs, and 
environmental samples is part and parcel of ana- 
lytical chemistry, and should find reflection in 
modern courses. 

These concepts have been voiced more than one? 
in the press and at different conferences, and have 
been taken into consideration, to a certain extent, in 
the compilation of programmes for universities and 
chemicotechnological institutes for 1985-90. For ex- 
ample, the programme for universities compiled by 
the Analytical Chemistry Department of Moscow 
University (Editor-in-Chikf-I. P. Alimarin; Head of 
the Department of the Methodological Commission 
-Dr V. I. Fadeeva) contains sections dealing with 
general problems of analytical chemistry, metro- 
logical aspects, and analysis of organic substances. 
The programme recommends the following distribu- 
tion of lectures and laboratory classes: 

theoretical basis 
separation methods 
physicochemical and physical methods 
gravimetric and titrimetric methods 

46% 
12% 
30% 
12% 

Methoak of assessment 

Several methods of assessment are accepted at 
higher educational establishments of the USSR, viz. 
examination, credit for attendance (with a mark 
assigned), and credit for attendance. Continuous 
assessment during the term is made by means of 
written and oral tests. The latter, known as collo- 
quia, are also of educational value for the student 
since the direct contact and animated discussion with 
the teacher, which reveal his/her personality and 
expertise, cannot but contribute to moulding and 
fostering the young chemist. 

Technical teaching aids, such as test programs, 
and testing and teaching machines are extensively 
(although, so far insufficiently) used during such 
assessments. Much attention is attached to technical 
teaching aids at Byelorussian University (Head of the 
Department-Professor G. L. Starobinets) and at 
Saratov University (Head of the Department- 
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Professor R. K. Chernova), as well as at some other 
higher educational establishments. 

TRAINING OF ANALYTICAL GRADUATES 

As mentioned above, analytical chemists are 
trained only at universities. Specialization starts from 
the fourth year. Senior students who have decided to 
major in analytical chemistry attend special courses 
and perform laboratory assignments (for a total of 
550 hr). The courses are designed to deepen the 
students’ knowledge in the theory and practice of 
chemical analysis, so that they can independently 
plan and complete investigations, and develop 
schemes and methods of analysis. The contents 
of these courses should correspond to the current 
theoretical and practical achievements of analytical 
chemistry. The spirit of research should permeate 
laboratory classes. The students should learn how to 
use the latest analytical devices, and master the ways 
of processing measurement results, as well as graph- 
ical and numerical calculation. They should learn 
how to write reports based on the results obtained 
and become experienced in using the appropriate 
reference literature. 

Each department is free to choose special courses. 
The choice of a course largely depends on the 
scientific interests of the department, and the avail- 
ability of the necessary equipment. For example, 
electrochemical methods are being developed at 
Kazan University, analysis of organic substances at 
Chnsk University, chromatography at Leningrad 
University. 

The Commission for analytical chemistry teaching 
recommends the following courses. 

Introduction to modem analytical chemistry. 
Metrological methods of analysis. 
Complex compounds and organic reagents used 

for analysis. 
Separation and concentration methods. 
Chromatographic methods of analysis. 
Optical methods of analysis: 

atomic-emission spectroscopy 
atomic-absorption spectroscopy 
atomic-fluorescence spectrocopy 

molecular-absorption spectroscopy (ultraviolet, 
visible, infrared, microwave) 

luminescence 
Physical methods of analysis: 

X-ray spectral methods and electron spectroscopy 
mass-spectrometry 
activation analysis 
NMR, ESR, Miissbauer spectroscopy 
Electrochemical methods of analysis. 
Kinetic methods of analysis. 
Analysis of the most important materials, includ- 

ing environmental samples. 

It is certainly often impossible to deliver all the 
courses, and the choice should rest with the de- 

partments concerned, but no tendency to narrow 
specialization can be tolerated. A modem graduate 
should know various methods of analysis, their 
possibilities and limitations. From this point of view, 
the course “Introduction to Modem Analytical 
Chemistry” delivered at Moscow University by Yu. 
A. Zolotov is of interest as it gives a comprehensive 
coverage of all the methods above. 

The demand for analytical scientists with higher or 
secondary qualifications is great, and is not being 
fully met by the universities. Analytical laboratories 
often employ graduates from chemical and non- 
chemical institutes who do not have a specialized 
analytical education. Most of the analytical gradu- 
ates work at universities, research institutes and 
secondary schools. University graduates are seldom 
appointed to industrial, plant, agrochemical or clin- 
ical laboratories. A typical example of this situation 
is the following list of staff at two large analytical 
laboratories. 

Research Institute of Metallurgy and Bene$ciation 
Kazakh Academy of Sciences 

Total staff 42 
With higher education 34 
Graduates from: universities 25 

institutes 9 
pharmaceutical 1 
pedagogical 3 
polytechnic 1 
technological 2 
food 1 
biological department 1. 

With no specialized education 8 

Central Plant Laboratory of the Ust-Kamenogorsk 
Integrated Lead and Zinc Works 

Total staff 100 
With higher education 24 
University graduates 10 
Technological institute graduates 10 
Non-chemical institute graduates 4 

The small number of university graduates working 
at industrial laboratories appear insufficiently trained 
for their work, as they often know little or next to 
nothing of the production procedure they are en- 
gaged in. Graduates from technological and non- 
chemical institutes are often to be found in such 
laboratories. The analytical methods now in use have 
become very complicated. Their correct and effective 
application and perfection is impossible without 
special background training, specialized knowledge 
of their theoretical basis, and dexterity in apparatus 
handling. It is important to master the essentials of 
general analytical methodology, including the ability 
to compare different methods, select a scheme or 
method for solving particular tasks, and knowledge 
of chemical analysis metrology. Learning all this is a 
time and labour consuming task. Chemicotechno- 
logical and technological institutes grant no such 
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training, nor is it available to graduates from such 
institutes who are working at branch institutes and 
laboratories (agrochemical, clinical, geological and 
others). The vital interests of their work make them 
raise their qualification standards by themselves. In 
the course of time they become experienced analytical 
scientists, and even heads of laboratories and 
services. This is not the solution to the problem as a 
whole, however. A possible way out might be to offer 
specialist training at technological and some non- 
chemical institutes (pharmaceutical, agricultural, oil 
and food). Some experience has been gained in 
this respect. Analytical engineers are trained by the 
Ural Polytechnical Institute (Head of Department- 
Professor V. N. Muzgin) and the Leningrad Poly- 
technic Institute (Head of Department-Professor 
B. V. L’vov). 

IMPROVING TEACHING STANDARDS 

Even the most experienced and qualified teachers 
and laboratory staff should constantly raise their 
professional level. A teacher finds it difficult to do this 
because of the heavy time-table during the semester. 
Hence the Ministry for Education grants every lec- 
turer the opportunity to go on study leave once every 
five years to improve his/her teaching standard, at 
special departments set up by leading institutes. The 
teachers attend compulsory courses on pedagogics, 
psychology, and programming, as well as lectures 
delivered by outstanding scientists on certain prob- 
lems of analytical chemistry. Another approach is 
attendance at analytical chemistry schools, which 
attract a great number of teachers, especially the 
younger ones. 

STUDENT RESEARCH WORK 

The involvement of students in research work 
under the supervision of teachers and departmental 
staff is an old custom in the higher educational 
institutions of the Soviet Union. 

There are the following levels of student research 
work. 

(1) Participation in students’ research societies. 
This form is particularly widespread at universities: 
long before specialization, undergraduates come to 
the research laboratories to try themselves out in 
experimental work. On entering the university a 
student does not know what speciality to choose. In 
this he finds assistance and advice rendered by lec- 
turers, teachers, senior students or postgraduates of 
the Department. The personality of a lecturer or 
teacher, and his/her ability to present the achieve- 
ments and problems of analytical chemistry in a vivid 
and exciting manner at the very first classes are most 
important factors in helping students choose their 
future speciality. Students working in research labo- 
ratories belong to the students’ research societies and 
an incentive is ‘that the best research papers are 

rewarded. Every year the Ministry for Higher Edu- 
cation and other organizations sponsor contests of 
students’ research achievements, and the winners are 
awarded medals. The most interesting papers are 
published in scientific journals. In 1983, for example, 
12 student articles were published by Moscow Uni- 
versity, and in 1984 the number rose to 13. Typical 
themes are: “A study of the kinetics of formation of 
the palladium PAR complex in aqueous organic 
media”, “Extraction of copper by oxygen-containing 
macrocyclic compounds”, “The effect of noise on 
the results of flame-photometric determination of 
boron”. 

(2) Course and diploma theses. These forms of 
research work are included in university curricula. 
Second-year students write a course thesis. This 
might be a literature review or a simple experiment in 
a narrow field, taking four or five practical sessions 
to accomplish at the end of the laboratory practical 
course. The students report the results of their work 
in the presence of teachers and other students. This 
approach helps an undergraduate to acquire useful 
habits, oiz. to work with the reference literature, to 
formulate the results in a proper manner, to present 
the gist of the problem briefly and clearly, and to 
speak in public. 

A graduation thesis is a serious research piece of 
work, normally involving specific analytical applica- 
tions. Not infrequently it is associated with the 
scientific adviser’s research or a postgraduate thesis. 
In working on his graduation thesis the student must 
display independent approaches to the experimental 
work and the interpretation of the results obtained. 

(3) Students’ research projects. This method is 
practised for good students in chemicotechnological 
institutes where the laboratory practical course 
covers only uncomplicated experiments. It might 
consist in developing a new methodology or verifying 
an already existing one, perfecting practical work, 
etc. Such students study a lot of reference literature 
on the problem and write a review. Examples of 
such reviews presented at the Moscow Institute of 
Chemical Engineering are “Methods of determining 
arsenic in semiconductor materials”, “Detection of 
sulphur in rubber”, “Kjeldahl determination of nitro- 
gen in organic substances”, the reviews being com- 
plemented by an appropriate practical investigation. 

At non-chemical institutes, where this method is 
not envisaged by the curriculum, research elements 
are introduced into practical tasks (at the initiative of 
the teachers). Thus, at the First Moscow Medical 
Institute (Professor B. A. Rudenko) the final task is 
analysis of a therapeutic drug or some other sub- 
stance, which a student must analyse independently, 
using literature information and his own judgement 
and experience. 

An interesting method of student research work 
has been suggested at the Moscow Petrochemical 
Institute (Professor E. I. Isaev), namely, that students 
in the prospectors’ department analyse natural waters 
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under field conditions as their analytical practical 
work. 

Such methods are very useful because non- 
chemical graduates begin to take much greater inter- 
est in analytical chemistry and become aware of its 
importance. 

MANUALS 

Manuals meeting the requirements of modern 
science are an indispensable element of education. 

For years Soviet students have been using the 
notable textbooks “A Course of Qualitative Semi- 
microanalysis” and “Quantitative Analysis”, written 
by V. N. Alexeev in the 1940s in a logical, interesting 
and comprehensible manner. They have been trans- 
lated into many languages and are still popular (with 
later amendments) with both students and teachers. 
In addition, other textbooks are issued for use in 
different types of higher institutions of the Soviet 
Union, namely universities,’ agricultural institutes,” 
and pedagogical institutes.” 

However, these manuals no longer conform to the 
present level of analytical chemistry, i.e., theoretical 
problems are expounded from obsolete standpoints 
(for example, acid-base equilibrium, complex- 
formation, etc.); there are no metrological aspects 
(except for brief information on the statistical pro- 
cessing of measurements); they lack modern methods 
of analysis. To some extent the drawback concerning 
modern methods of analysis has been rectified in 
Kreshkov’s book on fundamentals.” Some modem 
manuals on the theoretical basis of analytical chem- 
istry have appeared, E-” but they expound only the 
issues of ionic solution equilibria in the same way as 
in problem books. 1cLB Certain physicochemical and 
physical methods are expounded in a number of 
textbooks that came out in the 1970s.‘9~24 Under- 
graduates also use other books on certain issues that 
are not covered in the manuals.2~2s-27 A book on 
demonstration experiments in analytical chemistry 
has been written2a to help lecturers. 

However, no manual which could meet the present- 
day level of analytical chemistry has so far been 
compiled in the USSR. 

Foreign manuals translated into Russian are 
widely used in higher educational institutions of the 
Soviet Union.2”6 These manuals meet the demand of 
modern analytical chemistry but their relatively small 
circulation (6000-10000 copies) does not permit them 
to be recommended as basic manuals. Also, they 
often deal insufficiently with, or neglect altogether, 
certain aspects traditionally emphasized in the USSR, 
namely organic reagents for analysis, and lumi- 
nescence analysis. 

Higher educational establishments are trying to 
compensate for the lack of manuals by issuing meth- 
odological synopses. This is praiseworthy, but such 
an approach will hardly solve the problem; moreover, 
the quality of some of them leaves much to be desired 

since they are not always seriously criticised and 
edited. 

Students taking special courses use many other 
monographs (both Soviet and foreign), reviews and 
scientific articles, in addition to the manuals above. 

Soviet pedagogues are well aware of the necessity 
of compiling an adequate analytical chemistry man- 
ual. Such a manual must reflect the philosophy of the 
science, and the place of analytical chemistry among 
other sciences, and contain analytical strategy and 
the metrological basis of analytical chemistry. The 
theoretical treatment should not be confined to ionic 
equilibria, which should be expounded on the basis of 
thermodynamics and kinetics. Physical and phys- 
icochemical methods should be generously dealt with. 
Such a fundamental manual would not preclude the 
publication of a laboratory practical manual reflect- 
ing the specific interests of a particular institute. 

CONCLUSION 

One article can hardly touch upon all the problems 
concerning analytical chemistry teaching, such as 
teaching at technical schools, availability of equip- 
ment for laboratory practice, modem teaching aids, 
active methods of teaching students, and chemical 
Olympiads. The author has endeavoured only to 
cover generally the state of teaching and the tasks 
facing teachers. 
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Snmmuy-A brief survey is given of the most recent publications on development of artificial-intelligence 
systems for molecular spectral analysis. A new approach to solution of the problems of qualitative 
molecular spectral analysis is based on an applied logical calculus developed by the authors for firzzy 
predicates. It is suggested that spectral-structural knowledge should be specified in the language of fuzzy 
predicates, and mechanical theorem-proving procedures used for solving qualitative problems of spectral 
analysis, the initial information being considered as a set of axioms. System-oriented matters are given 
consideration. The formalism suggested is a basis for the development of an artificial-intelligence dialogue 
system capable of solving various problems in molecular spectral analysis while maintaining a dialogue 
with a research worker using a professionally-restricted natural language. 

The problem of identification of organic compounds 
from their spectra through the use of computers had 
become fully comprehended in the late 60s. At 
present, the problem is the focus of attention for 
research workers in organic and analytical chemistry, 
because the number of known chemical substances 
is approaching 10 million,’ and what is more, some 
100,000 new compounds are synthesized every year. 

The necessity of developing computer-aided 
identification of organic substances from their spectra 
has led to a new branch of analytical chemistry, 
which can be called analytical mathematical spec- 
trochemistry (AMS). AMS has emerged at the inter- 
face between chemistry, spectroscopy and discrete 
mathematics, these disciplines being amalgamated in 
the provision of algorithms realized in the form of 
programs for computers. There are three major as- 
pects of AMS: (a) development of information- 
retrieval systems (IRS) for molecular spectral analy- 
sis; (b) utilization of pattern-recognition theory; (c) 
design of automated artificial-intelligence systems 
(AIS). In this review we shall deal with the last of 
these and shall confine ourselves to those publications 
which are mainly concerned with optical and reso- 
nance spectroscopy. 

A specific feature of the artificial intelligence 
systems is that they are based on mathematical 
simulation of the chemist’s lines of reasoning in 
the identification of an unknown substance with 
the aid of correlations between spectra and structure. 
The identification procedure has three stages: (1) 
structure-group analysis (SGA); (2) generation of 
structural formulae from the sets of molecular frag- 
ments sorted out in the course of the SGA; (3) 
checking the structural formulae and finding the most 
probable ones by comparing the predicted spectra 
with those obtained experimentally. 

The first publications on the development of AIS 
appeared in 1968” in which we were the lirst to 
elaborate SGA theory’,’ on the basis of symbolic 
logic. By now, advances in AIS as applied to molec- 
ular spectroscopy have been summarized in two 
monographs5*6 and in a number of surveys,7-‘o and 
further set out in a great many papers. Here we offer 
a brief survey of the most recent publications, and a 
description of our new approach to solving the 
problems of qualitative spectral analysis within the 
framework of an artificial-intelligence system. 

TYPES OF ARTIFICLU INTELLIGENCE SYSTEMS 

Several research teams have been working on 
intelligence systems oriented to molecular structure 
elucidation from spectra. The DENDBAL project 
group6 is developing the strategy of heuristic search 
based on the exhaustive generation of structural 
formulae satisfying various imposed constraints and 
the empirical formula of the substance. One of the 
most recent advances made by this team is the 
program GENOA,” the major distinction of which is 
that it is capable of handling fragments having over- 
lapping atoms. Such a situation appears quite often 
when several independent spectral methods are used 
in detecting the fragments. Because the structures are 
always generated from fragments having no atoms in 
common, provisions are made in the GENOA pro- 
gram for the fact that for generating the structures, 
the fragments are constructed by a computer oper- 
ating in an interactive mode. Another distinction of 
the system is that it can efficiently take into account 
alternative substructures, i.e., different fragments im- 
plied by one and the same spectral feature. A sub- 

stantial role in the GENOA program is played by the 
use of constraints introduced by the chemist, in the 
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form of a set of non-overlapping fragments. The 
primary constraints can be given in the form of the 
molecule skeleton and fragments constructed from 
different sources (spectra, chemical experiments). The 
program makes up all the paths by which every newly 
introduced constraint can be satisfied, making sure 
that the previously imposed constraints are also 
satisfied. Each path represents a separate 
“case’‘-generally an incomplete structure including 
such fragments and atoms which are not associated 
with one another. An avalanche growth in the num- 
ber of “cases” is eliminated by the continuous control 
exercised by the chemist, who cuts off undesirable 
paths. The results of imposing constraints are 
checked visually with the aid of a display unit or 
graph plotter. The final result ensured by the pro- 
gram is a structural formulae satisfying all of the 
imposed constraints. 

The structures singled out by the GENOA pro- 
gram can be further investigated for the purpose of 
finding possible stereoisomers, which is done with the 
aid of the program STEREO,” worked out by the 
same group. To solve the problem of recognizing 
molecular structures, a generator of stereoisomerism 
is employed as a source of additional constraints 
imposed on the structures. The particular type of 
these constraints can be established from stereo- 
chemical data obtained from NMR spectra or by 
chirality-optical methods. The notion of the 
configuration symmetry group’3J4 has been taken as 
a basis for the algorithm generating all the stereo- 
isomers and calculating their number. First, the pro- 
gram determines the symmetry group of a chemical 
group, which reflects the structure, and after that this 
group is converted into the configuration symmetry 
group, which in turn is used for generating all of the 
distinguishable stereoisomers, and finding a theor- 
etical value (without generation) for the number of 
configurational stereoisomers. Stereochemical con- 
straints are used both for averting the generation of 
forbidden stereoisomers and for weeding out the set 
of already generated structural isomers, the maxi- 
mum effect being achieved by imposing those con- 
straints which eliminate the strained structures. 

The DENDRAL group is paying much attention 
to the problem of predicting the spectra of con- 
ceivable structures for the purpose of checking their 
validity. They have suggested methods and programs 
for interpretation and prediction of mass spectra,ls 
“C NMR spectra’619 and ‘H NMR spectra.” Predic- 
tion of the 13C NMR spectra is made from the 
database comprising structures of organic molecules 
and their interpreted spectra. In doing this, use is 
made of the fact that the chemical shift of the carbon 
atom carries information on the spatial environment 
of this atom and on the influence of substituents 
spaced l-4 bonds apart. To forecast a spectrum, the 
fragments of the structure under investigation are. 
searched in the database, and the accuracy of predic- 
tion is determined by the extent of similarity of the 

carbon atom environment; the maximum accuracy is 
obtained when the coincidence extends to a depth of 
4 bonds. The structures under investigation are 
ranked according to the degree of agreement between 
the predicted and experimental spectra. Prediction 
and interpretation of the PMR spectrar” are based, 
to a large extent, on similar considerations. The 
DENDRAL programs were originally oriented 
towards structure analysis, but now, owing to the 
inclusion of data banks into the system, they are 
becoming a powerful tool in analytical chemistry. 

A lot of publications are concerned with descrip- 
tion of various stages in the development of the 
CHEMICS system. ‘l-z5 The most recent version of 
the system25 is capable of recognizing compounds 
containing C, H, N, 0, S and halogen atoms, with the 
aid of NMR, infrared and mass spectra. The mol- 
ecular formula of an unknown substance is presented 
by the researcher or it can be found automatically 
from 13C NMR and mass spectra. To define the 
structure, use is made of a library of fragments 
(components) and of their features in ‘)C NMR, 
PMR and infrared spectra. Class CHO is represented 
by 189 components, and a further 572 components 
have had to be included to handle samples which also 
contain N, S and halogens. The system establishes 
the sets of fragments consistent with the empirical 
formula and spectral data, followed by the generation 
of the structural candidate-formulae. In doing this, 
known or conceivable fragments and constraints on 
the size of the cycles can be deliberately introduced. 
To reduce the number of candidates use is made of 
prediction of the number of signals within the i3C 
NMR spectra (but not of the spectra per se) and 
calculation of the strain-energy index. Comparison of 
the calculated with the experimental values allows 
certain structures to be discarded from consideration. 
The authors furnish examples of recognizing mole- 
cules of class CHO comprising IO-13 skeletal atoms. 

The CASE system2”” is oriented primarily to the 
recognition of the structure of natural compounds, 
the spectra being interpreted with the participation of 
the chemist, who detects the constitutional character- 
istics of the substance under investigation by using 
programs for the analysis of infrared spectra26*27 and 
“C NMR spectra. 28*29 Selection of the most probable 
isomers from those generated is done with the aid of 
a program designed to predict the number of signals 
within the 13C NMR spectra.29 A special character- 
istic of the approach utilized in these publications is 
that the functional groups are detected from the 
infrared spectra according to the rules specified for 
each chemical group. A similar approach has been 
used in developing the PAIRS system designed for 
interpreting the infrared spectra of condensed32*33 and 
gaseous” phases. A language for description of the 
interpretation rules for infrared spectra in the PAIRS 
system has been developed and described.35”6 

The SEAC system3’ is capable of recognizing the 
structures of compounds containing C, H, N, 0, Cl, 
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Br, I and obeying certain constraints. Use is made of 
a machine library comprising spectra-structure cor- 
relations for the infrared and PMR spectra taken 
separately, as well as fragments with combination 
features. Spectra of each kind are interpreted by 
special-purpose programs, the choice of which is 
determined by the elemental constitution of the sub- 
stance. Generation of structures is based on a vector- 
division operation introduced by the authors. Some 
structures (having no more than 10 skeletal atoms) 
that have been thus recognized are given as examples. 

The STRUCTURE system’* is capable of identi- 
fying substances with C, H, N, 0, S and halogen 
constituents, from the infrared PMR and “C NMR 
spectra. Use is made of a library comprising 32 
microfragments. The program establishes sets of 
microfragments which can constitute a moecule, 
building various versions of the structures from each 
of the sets. Finally, those structures are chosen which 
are not inconsistent with the experimental data, and 
the number of solutions is not high for a molecule 
containing 10-12 skeletal atoms. 

Various programs have been adapted to detection 
of fragments from r3C NMR spectragW1 or from a 
combination of spectra. Thus the ASSIGNER 
system 42*43 is intended for finding functional groups 
from the infrared and “C NMR spectra. Each type 
of spectrum is provided with its own associated 
library of fragments and their spectral features. The 
fragments are encoded with the aid of a numerical 
identifier or descriptor reflecting their elemental con- 
stitution. The fragments selected on the basis of one 
type of spectrum (for example, 13C NMR) are subjec- 
ted to validation against the infrared spectra. The 
fragments are also divided into classes according to 
the informational content of the spectral features. 
Despite the fact that the number of fragments dis- 
tinguished by the program is usually 1.5-2.5 times 
that really comprised by a molecule, the real group- 
ings can always be found among those provided by 
the program. 

Our own artificial intelligence system STREC 
(STructure RECognition) has been described in 
detai1.5*44*45 The empirical formula and infrared, ultra- 
violet, PMR and mass spectra of a substance, as well 
as a machine library of the spectra-structure cor- 
relations are used as starting information in the 
STREC system. Its own library of typical fragments 
(LTF) has been produced for each type of spectrum, 
the primary role being played by infrared spec- 
troscopy. The infrared-library consists of an active 
file used in making a structure-group analysis (SGA), 
and a passive file used as a filter in validating the 
candidate structures. First the SGA is made by using 
the infrared spectrum. SGA logic equationsare auto- 
matically derived and solved, followed by generation 
of the structural formulae from the selected sets of 
fragments. In so doing, account is taken of the 
non-equivalence of atoms having free valencies, and 
the possibility of repeated occurrence of a fragment 

within the structure. After that, all the isomers are 
passed through a system of filters represented by the 
fragment libraries of the types of spectra used. Upon 
detection of a fragment within the structure, the 
characteristic features of the fragment are compared 
with the experimental spectra. Should the presence of 
all of the fragments found in the structure be substan- 
tiated by the spectra, then the structure is included in 
the file of answers. Selection of the most probable 
structures and elucidation of their spatial constitution 
is done on the basis of the conformational analysis 
and calculations of the infrared spectra.45 The trial 
operation of the system has shown that it is quite 
capable of confidently coping with the identification 
of compounds having 10-15 skeletal atoms. 

As a result of further research we have developed 
a dialogue system STREC-2”6*47 capable of handling 
large structures including as many as 40 skeletal 
atoms, and identifying compounds from their in- 
frared, PMR and “C NMR spectra. 

To improve the discrimination capability of the 
system, each of the fragments from the LTF is 
assigned, in addition to its valency and empirical 
formula, the ranges of values of the spectral feature 
in the infrared, PMR and 13C NMR spectra. Such an 
approach eliminates the necessity of having separate 
special-purpose libraries for the SGA for each type of 
spectrum. The features in infrared spectra are the 
frequency ranges and half-widths of bands, as well as 
the expected intensities on a five-value scale. Those of 
the NMR spectra are the ranges for the chemical 
shifts, spin-spin interaction constants and expected 
multiplicities. Each fragment is assigned, in addition 
to the spectral features, the descriptors-one for each 
atom having free valencies. A descriptor indicates the 
possibility for a given atom to add hetero-atoms, 
aromatic rings, multiple bonds, hydrogen atoms. If 
there is more than one free valency at a given atom, 
the descriptor will show whether or not a multiple 
bond can be formed. The possibility of occurrence of 
a fragment within a cycle is also marked. Descriptors 
enable quite accurate specification of the allowed 
position of a fragment within a molecule, a possibility 
which is used for eliminating structures failing to 
satisfy these requirements. The fragments included in 
the LTF can comprise as many as 15 skeletal atoms. 
At the first stage, an SGA is made in a dialogue 
mode, ensuring an intimate relationship between the 
operator and the program. Data-exchange between 
the operator and computer is done by use of a display 
unit or a typewriter. The program interrogates the 
researcher, providing him at the same time with 
explanations as to the form in which the answers are 
expected to be given. In the course of a dialogue the 
empirical formula of a substance and all its available 
spectra are introduced into the computer. The pro- 
gram makes up and delivers to a display unit the logic 
relationships (implications) which bring the fre- 
quencies and chemical shifts in the experimental 
spectra into correspondence with the fragments 
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included in the LTF, the occurrence of these frag- 
ments being not unlikely in the compound under 
investigation. Using a priori knowledge relating to a 
sample, an expert can introduce corrections into the 
computer’s “reasoning”: he can eliminate the library 
fragments from the implications or add them thereto, 
introduce any new (“chemical”) fragments, alter the 
possible sets of fragments found by the program, form 
various sets by using his own judgement, and so on. 

At the second stage, a set of fragments approved 
by the expert is used for generating the structural 
formulae of all the isomers having a given consti- 
tution, with additional constraints imposed on the 
structures, in a dialogue mode of operation. In so 
doing, it is possible to preset both indispensable and 
forbidden fragments (for both types of the fragments 
it is allowed to have atoms common to the fragments 
taken from the LTF and the new fragments derived 
in the course of the SGA), as well as the maximum 
multiplicity r,,, of bonds formed when mathematically 
synthesizing the structures. This last facility allows 

suppression of the mathematical synthesis of struc- 
tures comprising r > r,, which offers indubitable 
savings in machine time. If the minimal size of cycles 
is preselected, generation of the strained structures 
including small cycles can be averted, provided that 
the chemist possesses the pertinent information. 

The fragments (new, indispensable and forbidden) 
are introduced into the computer by representing 
their constitutional formulae on the screen of a video 
display unit, in the form customary for the chemist. 
Generation of isomers takes place with due account 
taken of the descriptor requirements, thus avoiding 
the handling of a lot of unnecessary structures. 

The third stage is used to disclose the constitution 
of the fragments included in the structural formulae 
as “macroatoms”, and by screening of all the frag- 
ments, taken from the filter library, through each of 
the structures, the isomers can be checked for consist- 
ency with the experimental spectra. Here, an addi- 
tional filtration of the structures is done with a 
specialized PMR-LTF including 270 fragments. The 
filter library can be further filled up with other special 
purpose LTF (infrared, i3C NMR, ultraviolet, MS). 
Drawings of the structural formulae which com- 
pletely satisfy the machine knowledge and the con- 
straints introduced and utilized in making the 
identification, are printed out; it should be mentioned 

here that the program can easily handle images of 
rather complex molecules, including bridged poly- 
cyclic molecules. 

A preferred structure is selected on the basis of 
prediction of the number of signals and their multi- 
plicities within the i3C NMR spectrum, by a special- 
ized program. Further discrimination between struc- 
tures can be obtained by predicting the infrared 
spectra of the candidates. 

It is worth noting that the STREC-2 system can be 
operated in the filtration mode for verifying the 
conformity between the filter libraries and various 
structural formulae suggested by the chemist himself. 

The efficiency of the STREC-2 system has been 
substantiated by the solution of a great number of 
spectra-analytical problems, a substantial fraction of 
which is represented by the problems of identifying 
organophosphorus compounds on the basis of the 
specialized infrared-LTF for phosphorus-containing 
fragments. The following are examples of the struc- 
tures recognized with aid of “prompting” on the part 
of the chemist: 

H 0 

I II 
N-C 

/ \ ;, OCH,CH, 

s=c 
\ 

C-CH,-Pj 

1 ‘CH 
OCH,CH, 

N-C 

III 3 
i-i 0 

FUNDAMENTALS OF THE THEORY OF SOLYING 
QUALITATIYE PROBLEMS IN MOLECULAR 

SPECTRAL ANALYSIS 

As can be seen from the foregoing, 
artificial-intelligence systems deal with qualitative 
spectral problems of the following four types: (1) 
elucidation of molecular structures, (2) interpretation 
of spectra, (3) prediction of spectra from a given 
structure, (4) derivation of information from system- 
atized knowledge. These problems per se are the most 
common types of problems in molecular spec- 
troscopy and spectral analysis. That is why we have 
made an attempt48 to build an applied theory for 
solving qualitative problems in molecular spectro- 
scopy on the basis of the logical calculus of fuzzy 
predicates. Within the framework of this theory, 
spectrochemical knowledge is specified with the aid of 
predicates. 

Let us now consider some of these, taking infrared 
spectroscopy as an example. 

1. Predicates characterizing the infrared spectrum. 

Z,(a, b, x, , y, , z, )-the spectrum comprises the mode 
a vibration band, of chemical group 6, with frequency 
x,, intensity y,, half-width z,. Z,(a, b, x,, n)-the 
spectrum comprises n bands of vibration mode a, of 
chemical group b, within the frequency range 
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specified by a fuzzy variable x2. The notion of 
fuzziness will be discussed below. 

Both the intensity and half-width are estimated 
qualitatively by integers from 0 to 5, and the values 
of the frequency by positive integers. Variable a has 
the traditional notations (v,-stretching vibrations, 
&-deformation planar vibrations, and so on). 

2. Predicates characterizing molecular constitution. 
R,(r,)-the molecule comprises fragment rl. R,(r,, 
r,, n,)-the molecule comprises fragment rl and 
fragment r, separated from r, by n, bonds. R,(r,, 
n,)-the molecule comprises n3 structural elements 
r,. R,(rS, i)-there is a cycle of size j, which includes 
fragment r,. 

3. Predicates characterizing additional conditions. 
T,(I)-the pure substance is in aggregate state I 
(l-solid, 24iquid, 3-gaseous). T2 (m)-the pure 
substance is dissolved in a solvent of type m 
(l-basic, 2-acidic, 3-neutral). 

4. Second order predicates used for specifving data 
variations. Ql [P, s1 (l,), ~~(1~) . . . )--the values of vari- 
ables, s,, s,, . . . described by predicate P are replaced 
by new values I,, l,, C,. . . . QM, s,(4), ~~(4, 
4) . . . ]--the values of variables sl, s,, . . . described 
by predicate P are being changed, and the nature of 
these changes is determined by the value of variables 
d,, (12, d ,,... di... (l-increasing, 2decreasing, 
%disappearing, 4-split into (ii+, components). 

By using the system of predicates and ordinary 
logic operations we can already formalize a large 
portion of declarative knowledge. For example, the 
phrase “compounds with a single double bond and 
alkyl substituents (ALK) absorb within the range 
1640-1680 cm-“’ is associated with the expression 

R,(C=C, ALK)+I,(v, C=C, 1640,168O) 

The expression 

Q, [R, , =, ALKG=QI 

--) Qz [I,, v, c---c, XI (4,211 

corresponds to the phrase “conjugation of two alkyl- 
substituted M bonds results in the splitting of the 
stretching vibration band into two lines”. 

Empirical knowledge in the field of infrared spec- 
troscopy has been ordered in the literature according 
to the types of the structural fragments and modes of 
vibrations.49 In the theory above for solving qual- 
itative problems, a more detailed data structuring has 
been introduced. Proceeding from the nature of 
knowledge it can be divided into facts (expressions 
comprising constants) and regularities (expressions 
comprising variables, even only one). Now let us 
distinguish a class of general regularities which de- 
scribe knowledge true for all the polyatomic mole- 
cules or at least for many of them. The main frag- 
ments having characteristic features (c--C, C=C, 
Ar, c=O and so on) will be taken as the structural 
units for the rest of the knowledge. Every major 
fragment is specified as a whole, and then the sur- 

rounding atoms are successively added to it, thus 
forming fragments of the lst, 2nd, 3rd and higher 
levels, and so on, up to the boundaries of our 
knowledge. The hierarchy of knowledge thus pro- 
duced is represented by a graph in the form of a tree. 
Let us call it a network of objective knowledge. 
Specification of the network node includes data as 
follows. 

1. Number and structure of a fragment, list of 
possible vibration modes and so on. 

2. Regularities and facts common for a given 
fragment. 

3. Regularities and facts for every vibration mode. 

A special characteristic of empirical knowledge in 
spectroscopy, as presented in natural language, is its 
fuzziness, which occurs, for example, in such phrases 
as “the spectrum includes a rather intense band 
at around 965 cm-‘“, or “alkyl-substituted m 
double bonds absorb most often in the range 
1640-166Ocm’“. 

To describe the uncertainty of knowledge we will 
employ a body of the fuzzy set theory.50 

Let A4 be a set, and x an element or member of set 
M, then fuzzy subset A of set M is defined as a set 
of ordered pairs {[x, p*(x)]}, where p*(x) is a charac- 
teristic assignment or membership function, which 
varies within the range from 0 to 1, indicating the 
extent or degree of membership of member x in a 
subset A. For the first example above, p(965) = 1. 
There are boundaries, for example 955 and 975 cm-‘, 
beyond which p(x) = 0. Assume that p(x) represents 
a set of functions that are linear over narrow inter- 
vals, and that to specify these functions it is sufficient 
to have a pair of numbers which would show the 
interval where p(x) = 1, and another pair of numbers 
to indicate the minimal departure from the left and 
right boundaries of that interval for p(x) to be zero. 
The function can be symmetrical, or it can happen 
that the region where 0 < ,u(x) < 1 is missing, and so 
forth. The numbers carrying no information can be 
discarded. For example, to write 1650, 1660 {10,20} 
means that in the range 1650-1660cm-’ function 
p(x) = 1, whilst over the regions 1650-1640cm-’ and 
1660-1680 cm-’ p(x) is decreasing in a linear fashion 
and reaches zero at the extreme points (1640 and 
1680 cm-‘); to write 965 { 10) predetermines a func- 
tion p(x) which is equal to 1 at x = 965 cm-‘, and 
decreases linearly to zero over the regions 965-955 
and 965-975 cm-‘. 

Each n-place predicate symbol is assigned with 
mapping M” into a set of values of the characteristic 
membership function, which will be referred to here 
as a truth function pp, 0 < pp G 1. 

Logic formula G and predicate symbol P are 
assigned a set of exterior values of the truth function 
p, 0 d p d 1. An exterior value of function pe 
reflects a quantification of knowledge (“often”, 
“sometimes”, “in some cases” and the like). To find 
the value of the truth function of an elementary 
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(comprising no logic operations) formula we multiply 7. The group TRS generally gives rise tu a SF 
an exterior value of pe by the values of the truth (=CH) planar vibration band of medium or high 
functions of the fuzzy constants and variables of this intensity in the region 1290-1310 cm-‘: [0.9]R,(TRS, 
formula. ALK)+Z,(Gp, =CH, 1290, 1310, 3, 5). 

Consider an elementary formula [0.8] Zl (v, c=C, 
1640, 1660 (lo}), which corresponds to the prop- 
osition “where group c---C is present in a molecule, 
band v(M) is most often observed in the range 
1640-166Ocm-I”. In this case p = 0.8, and if an 
absorption frequency observed within the spectrum 
equals 1665 cm-‘, then p(x) = 0.5, whence the truth 
value for the elementary formula is pr = 0.5 x 
0.8 = 0.4. 

Now, with reference to two formulae G and F, 
define the fuzzy logic operations as follows: 

Let us consider declarative knowledge as a system 
of axioms of an applied theory, and qualitative 
problems as theorems. Now let us take it that the task 
of theorem proving is to elucidate the question of a 
certain formula G logically following from a given 
set of formulae {F, , F,, . . . , F,,}; in other words 

establish 
;;, A F2 A . . . 

the validity of a formula 
A F&G. 

It has been proved by Church that there can be 

G A F=MIN (G, F) 

G v F=MAX (G,F) 

G=l-G 

G+F=G vF 

G-F=(GvF)/\(GvF) 

It can be shown that, with few exceptions, the 
formulae in classical predicate logic and in applied 
theory have the same set of equivalent trans- 
formations. 

Here is an example of specifying knowledge in the 
field of infrared spectroscopy. 

The basic fragment c---C is associated with the 
zero hierarchical level. Consider group 

found no general decision procedure to check the 
validity of formulae, even of the first-order predicate 
logicsl However, it follows from the Herbrand 
theorem5’ that if a formula is indeed valid, there can 
be found a proof procedure for verifying its validity. 
Practically, it is much more convenient to establish 
non-validity than validity. To establish inconsistency 
of a formula F, A F2 A . . . A F, A G in an applied 
logic calculus, it is necessary to prove that no such 
interpretation exists for which the truth values of 
formulae F, , F2, . . . F,, I? are simultaneously non- 
zero. Several methods for theorem proving are now 
in existence, the most common of which are based on 
the Robinson resolution principle.51 

H 

Within the frame of the first-order predicate calcu- 
lus, the notion of substitution is specified as a finite 
set y of type y = {t, /xi, . . . t,/x,,}, where x, is a 
variable and ti a term, i.e., a variable or a constant. 
A set of formulae {G,,} is called a unifiable set if there 
exists a substitution y such that G,, = GZy = . . . = G, 
(the values of x, are replaced by 2,). 

\ / 
c=c 

’ ‘H 

(TRS) related to the first level. 

1. Possible vibration modes: stretching v(C=C); 
stretching v (=CH), non-planar deformation 
6(=CH), planar deformation Gp(=CH). 

2. Group TRS-ALK usually has the stretching 
vibration band v(C=C) at 1665-1680 cm-‘, with low 
intensity: [0.8] Z?,(TRS, ALK)+Z, (v, w, 1665, 
1680, 1, 2). 

3. TRS shows a single band v(=CH) in the region 
3000-304Ocm-‘: R,(TRS, ALK)+Z, (v, =CH, 3000, 
3040). 

4. TRS gives absorption s(=CH) in the range 
965-99Ocm-‘, with intensity from medium to high: 
R,(TRS, ALK)+Z, (6, =CH, 965, 990, 3, 5). 

5. Addition of groups or atoms C=N, OH, O- 
ALK, Cl, Br, I to an a-atom at TRS, has no influence 
upon the position of 6(=CH): R,(TRS, 
CN v OH v 0-LAK v Cl v Br v I, 2)+1,(6, =CH, 
965, 990). 

6. When TRS is conjugated with the group w, 
we can observe a tiny shift of 6(=CH) towards high 
frequencies: R,(TRS, C&0)+1,(6, =CH, 970, 1000, 
3, 5). 

In applied logic calculus x, and ti are terms such 
that if xi is a constant, then t, is also a constant. 
In the general case, xi and t, are sets of fuzzy sub- 
sets, with the assignment functions (I,,} and 
{pX, (xi)}. A substitution is then referred to as a finite 

set of pairs of the type a = {(r, /x1 ), b,, (ri )*p,, (r, )/ 
~*,(-?)I, . . . 3 Onlxn, bxn 0,) /A” (h)hx~ (x.)1). A set of 
formulae G. is termed a unifiable set if there exists a 
substitution a such that g, . G,,, = g,. G, = . . . g,. G,,, 
where g, represents non-zero coefficients which equal- 
ize the truth values of the formula. A substitution is 
called degenerate if only a single product 

Z&, Cri)‘Pt, Cri) is zero. 

For example, if we substitute frequency 1635{5} in 
the formula [0.8] Z, (v, w, 1640{10}), then 
K(r).p,(r) = 0.5 (1635{5}), and the result will be [0.4] 
Z, (v, C=C, 1635(5}). 

Suppose that {L,} and {M,} are two clauses 
having no common variables, {I,} and {m,} are 
subsets such that {l,} E {L,}, {m,} c(M,} and for 
{I,} and {m,} there exists a substitution a such 
that {M,}~ and {Zi}, are complementary. Given that, 
a new clause, referred to as a resolvent, can be 
inferred from the starting clauses: [{L,} - {l,}],U 

[{M } - b.4 11,. 
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For example, if 

{L,} = Zi (6, =CH, x,) v Z&% =CH, XI, xd 

{M,} = I,@, =CH, 980) v R, (c---c); 

(I,> = Zi (6, =CH, x, ), 

{m,} = 7, (u, = CH, 980); a = 980/x, 

we obtain a resolvent Z2(8, =CH, 980, x2) 

v R, (c=c). 
A resolution is an inference rule which generates 

resolvents from a set of clauses S. Let us designate as 
D(S) an amalgamation of S with a set of all the 
resolvents which can be .produced from S. Then 

Q(S) = S, Z&+1(S) = ~P,(S)l. 
If S is an arbitrary finite set of clauses, then S is 

not satisfiable if, and only if, an empty clause occurs 
in D,(S) for a certain n 2 0. 

To illustrate the solving of the interpretation prob- 
lem for bands 970, 1313, 1670 and 3030 cm-’ in an 
infrared spectrum of a compound of TRS-ALK type, 
convert into clauses expressions 2, 3, 6, 7 given in an 
example of knowledge specification: 

1. [0.8]& (TRS, ALK) v Z, (v, C=C, 1665, 1680, 1, 

2). 
2. Rz (TRS, ALK) v Z, (v, =CiY, 3000, 3040). 
3. & (IRS, M) v Z, (6, =CH, 970, 1000, 3, 5). 
4. [0.9] & (TRS, ALK) v Z, (&J, =CH, 1290, 1310, 

3, 5). 

So far as the spectral interpretation problems are 
concerned we know both the molecular structure and 
its spectrum. Assume that structural distinctions are 
specified by type R predicates, and a spectrum by type 
Z, predicates. Unknown variables are ai and b, which 
characterize the vibration mode and chemical group. 
Now add a clause characterizing a molecular consti- 
tution: 

5. R,(TRS ALK). 

In this case, and according to what has been said 
above, it is necessary to prove that clauses which 
specify the spectrum cannot be satisfied: 

6. 7, (al, ii, 1670, 1) 14 (~1, bl, 1670,l)l 
7. 7, (a*, b2,3030,2) (Z1 (a23 b, ,3030,21 
8. 7,(a,,b,,1312,4) V,&,b,, 1312,4)1 
9. TI<U,, hIr970, 3) tZi(%,Z%, 970, 311. 

Given in square brackets are the “answering” 
clauses produced by negation of a starting clause. 
These take no part in the resolving process; however, 
the same substitutions are used for them as those for 
a set of clauses. Should an empty clause be obtained 
as a result, this would mean that the “answering” 
clause includes the sought-for variables. By succes- 
sively resolving (l), (6), (5) we arrive at an empty 
clause; an answering clause includes the values of 
variables a,, b, and a truth function p,: 

10. IO.81 Zt(v, C=C, 1670, 1) 

By resolving (2), (7), (5) we obtain: 
11. Z, (v, =CH, 3030,2) 

By resolving (4), (8), (5) we find: 
12. (0.541 Z,@p, =CH, 1312,4). 

The value of the truth function 0.54 is obtained by 
multiplying the exterior value [0.9] by [0.6], the latter 
figure being found as a result of the substitution 
(1312{5)/1310{5}). 

Resolving of (3), (9), (5) can be effected only as a 
result of a degenerate substitution, since w does 
not classify with ALK: 

13. bJZ,@,=CH, 960,1100,2,5). 

A singular substitution leads to unpredictable 
changes in the values of the truth functions. 

Self-learning of declarative knowledge is effected 
by solving interpretation problems, whereby facts 
and regularities are verified, the values of the charac- 
teristic membership functions are varied, and new 
facts and regularities are revealed, resulting in the 
declarative knowledge network being extended in 
depth. Knowledge dynamics automatically reflects 
the specific features of classes of the problems being 
solved. 

SYSTEM-ORIENTED PROBLEMS 

When constructing a theory of solving qualitative 
problems in molecular spectroscopy, in addition to 
the content-oriented aspects of the problem (methods 
of solving problems and formalization of knowledge), 
consideration should also be given to system-oriented 
matters, which will be treated below. 

Let us treat problem solving as a process of 
interaction (dialogue) between the operator and com- 
puter. We will consider both the operator and the 
computer as resolving systems (RS). Then the oper- 
ator is solving problems on a conscious (reflexive) 
level, in other words, the operator represents a 
reflexive resolving system (RRS). A computer accom- 
modating a collection of formalized knowledge is 
solving problems on a formal level, thus representing 
a formal resolving system (FRS). 

So far as molecular spectroscopy is concerned, let 
us distinguish between the following three levels of 
knowledge, which differ in the manner of their gath- 
ering and use. 

The first level is object-oriented knowledge &. 
This includes spectral curves, external conditions, 
spectral instrument specifications, experimental tech- 
nique and the like. 

The second level is conscious (reflexive) knowledge 
K,, possessed by the operator. This includes notions 
and ideas, theories, methods for computing and 
solving problems, known relationships and empirical 
regularities. 

The third level is formalized knowledge K,, used in 
solving problems with the aid of a computer. Within 
the frame of the applied theory under consideration, 
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Kr includes data on the relationship between the 
molecular structures and their spectral features, 
presented in the form of expressions in applied logic 
calculus, procedures (programs) of solving specific 
problems, and declarative and procedural knowledge 
ensuring communication between the RRSs and 
FRSs. 

Let us distinguish between the following categories 
within knowledge: object, property, operation, re- 
lationship. 

We identify object A, as an entity which can be 
given a name, can be presented, perceived, utilized. 
An object can be found in various states, each of 
which is determined by a set of values of its properties 
{Hi}. Entities and properties of the object world are 
reflected in the names, notions, representations of 
reflexive and formal knowledge. On a reflexive level, 
entities and their properties are generalized and 
roughened. On a formal level, entities and properties 
are presented by sets of variables and constants. 

We define a change as a process of transition of an 
entity from one state to another. The operation D, 
will be identified as any action upon an entity which 
results in a change in this entity. 

Both objects and operations are in different re- 
lationships with one another. These relationships can 
be formal or informal. Now, let us define a system as 
a set of concurrently considered sets of entities, 
properties, operations, relationships, i.e., S = {{A,}, 
{Hi}, {D,}, {R,}}, and identify a procedure P as a 
system wherein sets of operations and the re- 
lationships between them have been specified, as well 
as sets of relevant entities and their properties. An 
operation can then be considered as a subsystem of 
a procedure. 

We define the domain of “molecular spectroscopy” 
as a threefold set of numbers K = (K,, K,, Kf). The 
knowledge for each of the three knowledge levels can 
be defined as a fourfold set K, = ({Ai}, {H,}, {P,}, 

{R,}), where {A,}, {H,}, {P,}, {R,} are the sets of 
entities, properties, procedures and relationships for 
the ith member of the set {o,r,f}. 

A problem in the realm of molecular spectroscopy 
is identified as a triplet T = (K”, KBC’, Km), where K’” 
and K=‘are initial and resultant states of the domain, 
and K”’ is an activated subset of knowledge, which 
includes not only the members of sets {A,}, {Zf,}, 
{P,}, (R,}, the values of which in the initial state are 
unknown, having been determined in the resultant 
state, but also all the members of the above-discussed 
sets necessary for solving the problem. 

Interaction between the operator or expert (user) 
and the computer is effected in the form of exchange 
of messages, whereby each of the resolving systems 
undergoes changes directed towards the solving of 
the problem, i.e., transformation of Kin into Km. 

As a means of communication take a commu- 
nication language of a formal resolving system 
(CLF), and a limited subset of the expert’s profes- 
sional language, i.e., a reflexive communication lan- 

guage (RCL). From the communication languages let 
us separate the following three types of propositions: 
(a) narrative, which will be termed here informative 
propositions, (b) question propositions, (c) peremp- 
tory, referred to here as imperatives. 

As a basis for constructing a CLF we take the 
language of an applied logic calculus (ALC) for fuzzy 
predicates, discussed above. ALC syntax will be used 
with the addition of the operators of a question mark 
“?“, imperative “! “, transition *, 3, 2. 

Operator “?” defines which of the objects of the 
CLF is under question, operator “!” defines which 
actions must be accomplished and with which ob- 
jects. The result of accomplishing the “?” operator is 
an answer, and a report is the result of using operator 
“1,) . . 

Questions can be direct or indirect. For example, 
the expression (? 1650,4, 2) (R2 (c=C, ALK)+Z, (v, 
c=C, 1650, 4, 2) means a direct question: “whether 
or not a narrow strong band with the frequency 
1650 cm-’ can be ‘considered as a result of the 
presence of the group M in a molecule?“. Expres- 
sion (?x) Zl (6, =CH, x) means an indirect question 
of the second type: “what is the frequency of the 
deformation vibrations of the group =CH?“. Ex- 
pression (?Vy) Z, (y, c---C, 1650, y, z) means an 
indirect question of the second type: “whether or not 
the stretching vibrations of the group c----C can have 
any intensity ?“. 

In the examples above, the correct answers are 
presented by the informatives [R2 (c---C, ALK) + Zl 
(v, w, 1650, 4, 2)] A R,(W, 2)--“yes, if w 
is not far from the a-atom”; Z, (6, =CH, 965) A R2 
(=CH, ALK)---“deformation vibration frequency 
for the group =CH equals 965 cm-‘, if. the im- 
mediate environment is of type ALK”; Zl (y, c--=C, 
165O,Vy, z) A R,(C=C, K)-“vibration of the group 
(3=c can have any intensity within the IR spectrum 
depending upon how far the group c=C is from the 
centre of symmetry”. 

Now let us consider two types of imperatives- 
imperatives of finding and imperatives of object. The 
imperative of finding is equivalent, syntactically and 
semantically, with the indirect questions of the first 
type. An example of an imperative of object is the 
expression !INTRPR (Z,(a,, b,, 690) A Z,(a,, b,, 

760) A I,@,, b3, 830) A I,@,, bar 965) A Zl(a5, b5, 
1080) A I,(us, b6, 1450) A I,(&, b7, 1510) A &(a*, b,, 
1600) A ZI(G, bg, 1675) A Z,(a,,, b,o, 3040) A &@,)I 
- “interpret an infrared spectrum including bands 
690, 760, . . . 3040 cm-‘, provided that the molecule 
has the structure ro”. In a similar fashion we can 
introduce imperatives of prediction, generation of 
structural formulae, structure-group analysis, check- 
ing, comparison and so forth. 

As already mentioned, it is the informatives that 
are the correct answers to a question or imperative, 
i.e., narrative sentences in the communication lan- 
guage of a formal resolving system CLF. The 
informatives can be transferred from one resolving 
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system to another (external level), or used for bring- 
ing information to new questions and imperatives 
(inner level in the FRS). Transmission of any expres- 
sions can similarly be effected. Let U be an informa- 
tive, question or imperative. Then the expressions 
U * and *U mean “transmission of U from RRS 
to FRS”, “receiving of U from RRS in FRS”, re- 
spectively, and U3 and 3 U mean “transmission 
and receiving of U at the inner level of the FRS”. 

An expression will be identified as a specification of 
a process in a CLF if the expression is composed of 
a set of expressions {U,} separated by the transition 
operators (=+, 3, 3 or by enumeration symbols (:). 

Specification of a process of solving a qualitative 
problem by using the CLF is identified as a problem 
solving frame. An FRS contains standard declarative 
frames for solving qualitative problems. When we 
have to solve a problem in a non-standard sequence, 
e.g., in the course of solving one problem we shift to 
the solving of another problem and so forth, we are 
thus making corrections in the declarative frame. 

As an example, consider a declarative form for the 
generation of structural formulae: 

=+4,(r3,JQ) A ... A &mhDJLll A [R*,(b,rh,) A *** 
A hk h,, bk 11 A [&, h, , r5,) A . . . A Rz, (be9 be)1 3 
!GENER =$ !COMP [R, (rO)], [R2,(rl,, r2,) A . . . . A 

R2k (rlk 3 r2k 11, [K2, h, 9 r5, 1 A . . . A &. (r,., h. )I=+& (6) 
Data on the constituent atoms in the molecule, and 

necessary and forbidden fragments are introduced 
into the FRS, making generation of the structural 
formulae and comparison of these with the starting 
or initial conditions (imperatives !GENER and 
!COMP), the results being transferred to the FRS. 

Of primary importance in the communication of 
the resolving systems is the sense of a phrase and the 
goals of those participating in the communication. 
We assume that understanding is achieved between 
an FRS and an RRS if every statement and message 
delivered by a resolving system which displays in- 
itiative, is brought into association, by the other 
resolving system, with one of the possible goals, and 
the correctness of such an association is substan- 
tiated. Solution to a qualitative problem can be 
considered as achievement of one of the goals or of 
a series of goals of the resolving systems. 

We now briefly characterize the procedures taking 
place in a formal resolving system. In an applied 
calculus of fuzzy predicates, information is presented 
through a system of expressions, considered as 
axioms, whilst the problems represent theorems. As 
a method for solving theorems, we are using the 
resolution procedure modified for use with clauses 
formed by fuzzy predicates. A procedure realizing the 
adopted method of theorem proof is a major basic 
procedure in an FRS. 

Each of the object imperatives is being realized as 
a separate specialized procedure (or a series of pro- 
cedures). Achievement of the objects of the resolving 
systems, i.e., obtaining the results of solving quali- 

tative problems, requires an FRS to ensure ordering, 
and to provide for the utilization of specialized 
procedures in conformity with the declarative frames 
(standard frames or those formed by the RRS). To 
that end, use is made of a procedure which will be 
referred to here as a planner (PLAN). 

As a separate procedure (or group of procedures), 
self-learning algorithms for an FRS are also realized. 

Still another group of procedures comprises those 
for the transformation linguistic information (in the 
explanatory presentation these are the operators a, 
s), which ensure the translation of the phrases and 
messages in the resolving systems, and mutual under- 
standing between them. 

The principles and concepts above provide suffi- 
cient grounds for confidence that on the basis of our 
theory we will manage to develop a self-learning arti- 
ficial intelligence system capable of solving the most 
varied spectra-analytical problems by a dialogue with 
a researcher using a professionally-restricted natural 
language. 
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Summar-A survey is given of current developments in the determination of the transplutonium 
elements, and of the properties useful in their analytical chemistry. 

The recent development of the analytical chemistry of 
the transplutonium elements (TPE) is mainly con- 
nected with the rapid growth of nuclear energetics 
and the increasing use of TPE. Two principal direc- 
tions of progress can be noted. In the one, methods 
of analysis with record low determination limits 
have been established to solve problems in environ- 
mental control and the determination of TPE in 
various natural samples; these are mainly radiometric 
methods used in conjunction with preliminary chem- 
ical isolation and concentration. The other trend is 
the working out of simple and reliable, precise and 
selective techniques for determination of the elemen- 
tal and nuclide composition of irradiated targets, and 
technological solutions and products, on the basis of 
various analytical methods. 

Some problems of the analytical chemistry of TPE 
have been systematized in monographs’*2 and 
surveys. 3*4 This paper is a review of recently devel- 
oped new methods of isolation and determination of 
TPE, with special attention given to the methods 
using various oxidation states of TPE. 

SEPARATION METHODS 

Modem analytical methods, such as radiometric, 
neutron-activation, spectral, electrochemical and 
others, particularly when used in combination with 
computer data-processing, make it possible to di- 
rectly determine individual isotopes of TPE in vari- 
ous materials. Preliminary isolation, precon- 
centration and separation from other elements is 
required to solve numerous practical problems in the 
determination of TPE. Extraction and chro- 
matography, extraction-chromatography, precipi- 
tation and co-precipitation, paper chromatography, 
sublimation and electrophoresis are used for these 
purposes. The best separation is obtained by using 
the methods based on various oxidation states of 
TPE. 

Transplutonium elements are characterized by a 
much larger number of oxidation states than the 
analogous 4felements-the lanthanides (Table 1). In 

aqueous solutions most TPE are in the tervalent state 
in the absence of oxidants or reductants. However, 
Am, Cm, Bk and Cf may exist in higher oxidation 
states, and Md can be rather easily reduced to Md2+. 
The most stable state for No in aqueous solutions is 
NO’+. Recently the existence of Am(VII),’ Cm(VI),6 
Cf(V),7 Cf(IV),B and Md(I)9 under different condi- 
tions has been established. 

The practical use of TPE in unusual oxidation 
states for their isolation and determination depends 
mainly on the stability of these oxidation states in 
solution. The thermodynamic stability of MZf ions in 
aqueous solution is primarily defined by the direction 
and completeness of the redox reactions of these ions 
and by the solution components: water molecules, 
H+ and OH- ions. We have estimated the thermo- 
dynamic stability of TPE ions of types M2+, M’+, 
M4+, MO:+ in aqueous solutions (Table 2). An ion 
is deemed to be stable if at equilibrium it is the 
predominant form of the element (i.e., at least 90% 
of the element present is in that form). Under this 
condition M2+ ions will be stable if the oxidation 
potential of the MZ+/M(Z-‘)+ couple is less than 
1.10 V in aqueous solutions (hence no reduction by 
water) and the M(‘-‘)+ ions will be stable if the 
potential is more than 0.16 V i.e., no oxidation by 
water). Ions for which the oxidation potential of a 
higher oxidation-state couple is higher than that for 
a lower oxidation-state couple are stable to dis- 
proportionation. Table 2 shows that MO:, M3+ (ex- 
cept No’+) and M02+ ions are stable in dilute acid 
solutions. The stability of M’+ and MO:+ increases 
appreciably in solutions containing strongly complex- 
ing anions, whereas marked complexation and in- 
creased acidity will decrease the stability of MO,+ ions 
(which disproportionate noticeably) and M2+ ions. In 
order to increase the stability of the M2+ ions it is 
necessary to use some specific complexing agents 
which give more stable complexes with M2+ than 
with M3+ ions. A study of these regularities allows us 
to choose the “necessary” oxidation states of TPE for 
their separation and determin,ation, and find the 
correct conditions for their use. 

31 
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Table 1. Oxidation states and standard redox potentials of TPE 

Oxidation 
states Am Cm Bk Cf Es Fm Md No Lr 

+7 f 
+6 + 

+1.7 
+5 + 

+1.1 
+4 + + + f f 

+2.45 +3.1 +I.67 +3.1 f4.5 
+3 @ @ @ @ @ @ @ + $ 

-2.6 -3.8 -2.8 -1.7 -1.2 -0.65 -0.15 +1.45 
+2 f f * + f * + @ 
+1 + 

@The most stable oxidation state in aqueous solutions. 
+ Relatively stable oxidation state. 
f Unstable oxidation state. 
Redox potentials are in volts (us. normal hydrogen electrode) and refer to vertically neighbouring couples of ions. 

Table 2. Tvnes of instability of the TPE ions in acidic aqueous solution (at 298 K) 

Ion Am Cm Bk Cf Es Fm Md No 
fi2+ 

ox; d ox; d ox; d ox ox ox ox 
MS+ red 
M4+ red; d red; d red; d red; d red red red red 

? ? ? ? ? ? 
red red ? ? ? ? ? ? 

ox-oxidation by water; 
red-reduction by water; 
d-disproportionation (in the case of M2+-ions, with formation of M’+ and M); 
?--estimation of stability is impossible because of deficiency of data. 

A number of methods for practical production and 
stabilization of such states as Am(IV), Am(V), 
Am(W), Bk(IV), Fm(I1) and Md(1) have been devel- 
oped as a result of methodical studies of the proper- 
ties of TPE in unusual oxidation states in solution, 
and enlarge their field of application in analytical 
practice and technology. 

Using Am(V) is the most effective way to separate 
americium from other TPE. Am(V) is usually pro- 
duced in acid solutions in two stages: Am(II1) is first 
oxidized to Am(W), which is then reduced to Am(V). 
Persulphate ions and heating are most often used for 
the oxidation, but lately more convenient oxidation 
methods have been proposed: use of a mixture of 
persulphate and silver ions at room temperature, and 
electrochemical methods. In the latter Am(II1) is 
oxidized at a platinum anode at a potential of 2 V, 
in presence of phosphate ions in slightly acid 
perchlorate medium. The Am(V1) is then easily re- 
duced to Am(V) by decreasing the potential to 
1.27 V.i” In practice there is no necessity to specially 
reduce the Am(W), since an extractant or a sorbent 
can later function as a reducing agent. 

The conditions for quantitative extraction 
of Am(V) with I-phenyl-3-methyl-4benxoylpyra- 
zolone-5 (PMBP),” di(2-ethylhexyl)phosphoric acid 
(HDEHP)” and ammonium pyrrolidinedithio- 
carbamate (PDTC)13 have been found. Table 3 shows 

that Am(V) is extracted well by different extractants 
at pH 5 and Fig. 1 shows that extraction of tervalent 
actinide ions may be suppressed by complexing 
agents such as acetate and potassium phosphotungs- 
tate. Am(V) (both micro and macro amounts) can be 
extracted by HDEHP from acetate buffer at pH 4-5, 
with a distribution coefficient as high as 30. The 
separation factor of Am from Cm by extraction of 
Am(V) with PMBP or HDEHP is (3-6) x 103.i2*‘4 
Quinquevalent americium can be separated from 
other actinides and lanthanides by extraction with 
mixtures of picrolonic acid (PA) and sulphoxides 
in methyl isobutyl ketone from nitric acid since 
Am(V) is extracted significantly under these con- 
ditions.is 

Sexivalent americium at concentrations > 2 mg/ml 
is extracted by solutions of HDEHP,‘6’q TOPO,” 
di(2,6-dimethyl-4-heptyl) phosphoric acid” and by 
mixtures of HDEHP and TBP*’ or TOPO’* in cy- 
clohexane. Extraction with mixtures of PMBP with 
TOPOU and of TTA with TOPOz3 in cyclohexane will 
separate Am and Cm. The americium is first oxidized 
to the sexivalent state, and during the extraction step 
is reduced to the unextractable quinquevalent state; 
curium and the other tervalent ions with high distri- 
bution coefficients are transferred into the organic 
phase (Fig. 2). The method provides quantitative 
separation of americium and a high degree of its 
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Table 3. Conditions for Am(V) separation from transplutonium elements 

Distribution ratio 
Aqueous phase Separation factor, 

composition Organic phase composition Am(V) Me(II1) Am(V)/Me(III) Reference 

O.OlM NH,N03, pH 5 0.06M NH, PDTC in 
isopentanol-ethanol mixture 30 0.02 1.5 x 103 13 

O.lM NH,NO,, pH 5 
(acetate buffer 
+ O.OOlM PW.) 0.05M PMBP in isopentanol 12.7 0.002 6.4 x 10’ 12 

O.lM NH,NO,, pH 5 
(acetate buffer 
+ O.OOlM PW) 0.5M HDEHP in octane 30 0.01 3.0 x 10’ 14 

O.lM HClO, 
+ O.OlM H,PO, 0.05M PMBP + 0.025M TOP0 

in cyclohexane 0.02 900 4.5 x IW 22 
0.1 M HNO, 0.16M PA in methyl 

isobutyl ketone 0.26 194 7.3 x 10*t 15 

l PW = potassium phosphotungstate. 
tMe(III)/Am(V). 

purification from curium (separation factor > 103) 
and fission products. ‘* If radiometric determination is 
used, electrochemical oxidation gives better precision 
than persulphate oxidation does. 

Recently the conditions for extraction of quad- 
rivalent americium have been established for the first 
time.” Am(IV) is extracted quantitatively by 3% 
dioctylamine in dichloroethane from OS-l.ON sul- 
phuric acid (Fig. 3). The presence of Am(IV) in the 
organic phase was proved spectrophotometrically 
(Fig. 4). 

For the selective isolation of berkelium, a number 
of methods for extraction of Bk(IV) have been 
worked out. The most effective oxidant for berkelium 
is a mixture of ammonium persulphate and silver 

60 Am(T), 

PH log CTOPOI 

Fig. 1. Dependence of the extraction of Am(II1) (Curves 1,3) 
and Am(V) (Curve 2) by 0.5M HDEHP in octane from 

Fig. 2. Extraction of Am(V), and Cm(II1) by a mixture of 
O.OSMPMBP and TOP0 in cyclohexane.” I-Cm(III) from 

acetic acid solutions (0 and 0) and in the presence 
of lo-‘M potassium phosphotungstate (W and 0) on 

O.lM HN03; 2-Cm(III) from O.lM HNO, containing 
5 mg/ml (NH4)&Os; 3-Am, at&r oxidation, from O.lM 

thkpH.i2 

nitrate, which oxidizes Bk(II1) to Bk(IV) at room 
temperature in nitric or sulphuric acid media of 
various concentrations3’ (Table 4). Electrochemical 
oxidation or bromate or dichromate can also be used. 
The conditions for extraction of Bk(IV) with 
HDEH~~‘v~~ and its stripping from the organic phase 
have been studied in detail.27 TOP0 and TBPO 
solutions extract Bk(IV) quantitatively from 1-12M 
nitric acid2* and TBP solutions extract it from g-l 2M 
nitric acid.29 The extraction of Bk(IV) by TOP0 from 
sulphuric acid media is less effective and TBP prac- 
tically does not extract it at all. The use of the high 
molecular-weight amines to extract berkelium is most 
promising.30932 Bk(IV) is well extracted by 0.4M tri- 

Cmllll)+ lNH&S2~ 

Am (VI 

HNO, containing 50 mg/ml (NH4),S20,. 
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I I I 
05 10 15 20 25 

CH,SO,l M 

Fig. 3. Extraction of americium by dioctylamine from 
H,SO, solutions containing IOeSM K,$2W,,0,,.24 

1--10-4~ Am(IV); 2-*41Am(IV); 3-10e4M Am(II1). 

I I I I I I I ,,I I 
400440 480520 560600640@30”9001020 

Xhm) 

Fig. 4. Solution absorption spectra of 10e3M Am(II1) and 
Am(IV)F4 I-Am(II1); 2-Am(IV) in 0.5M H,SO, contain- 
ing 10e2M K,$rW,,06,; 3_Am(IV) in the organic extract 

(DOA in dichloroethane). 

octylamine solution in carbon tetrachloride from 
6lOM nitric acid (after oxidation by potassium 
dichromate). Use of the silver nitrate and persulphate 
mixture as oxidant before extraction with TOA 
makes it possible to separate berkelium from cerium, 
since in these conditions berkelium is reduced to the 
tervalent state and remains in the aqueous phase.” By 
extraction of berkelium with 30% Aliquat solution 

in carbon tetrachloride from lO-12M nitric acid after 
oxidation with dichromate, a separation from the 
other TPE and the lanthanides is achieved.32 In the 
presence of heteropoly acid anions Bk(IV) is quan- 
titatively extracted from nitric acid (Fig. 5) and 
sulphuric acid (Fig. 6) by primary, secondary or 
tertiary amines and quaternary ammonium bases. 
Heteropoly anions not only stabilize the berkelium- 
(IV) but also form part of the extracted species.33 

One of the more efficient methods of TPE sepa- 
ration is extraction chromatography. HDEHP is 
most often used as the extractant on various sup- 
ports. New methods for separation of americium and 
curium16”4 and selective isolation of Bk(IV)2s*3s have 
been worked out in this way. The separation factor 
of Am(W) from Cm is 200 and that of Cm from 
Am is 100. If Am(V) is used the purification factor 
from Cm is 5 x lo3 but the purification factor for 
Cm from Am is worse (-60).16 A mixture of TTA 
(thenoyltrifluoracetone) and TBP has been used as a 
stationary phase for the rapid separation of a com- 
plex mixture including Am, Cm, Cf, U, Th and other 
elements.36 

The use of so-called solid sorbents (TVEX) in 

ALIOUAT 336 

2 6 10 14 

CHNO,I M 

Fig. 5. Dependence of the extraction of berkelium(IV) by 
amines on the concentration of nitric acid containing 
4 x IO-‘M K,,P,W,,O,,. 33 l-3% decylamine in chloro- 
form; 2-3% dioctylamine in dichloroethane; 3-l% tri- 

octylamine in Ccl,; 4-5% Aliquat-336-S in Ccl,. 

Table 4. Methods of complete oxidation of Bk(II1) to Bk(IV) 

Method of oxidation Medium Conditions* 

H,SO, l-IOM 
Electrochemical H,PO, 49M 

Ag+ (lo-*M) + S,O:- (O.lM) 
HCO, 9M 
HNO, 0.5510M 
H,SO, 0. I-1M 
HNO, 0.5-IOM 

KBrO, (0.3M) H,SO, O.s2M 
HCl OS-2M 

K&O, (0.2M) HNO, l-10M 

+1.7v 
+1.5 v 
+1.8V 
t = 1 min 

r=lmin 
T = 15 min 
r=lSmin 
r = 15 min, 90°C 

*T = reaction time. 
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Fig. 6. Dependence of the extraction of berkelium(IV) by 
amines on the concentration of sulnhuric acid containing 
4 x IO-‘M K,,P,W,,O,, .33 l-3% decylamine in chloro- 
form; 2-3% dioctylamine in dichloroethane; 3-l% tri- 

cctylamine in CCL; 4-5% Aliquat-336-S in Ccl,. 

extraction chromatography opens up new possi- 
bilities. Such sorbents have good reproducibility of 
properties and can be used repeatedly37s38 because of 
the firm fixation of the extractants which are intro- 
duced into the sorbent during its synthesis. The 
application of such sorbents for the separation of 
TPE in unusual oxidation states has not been in- 
vestigated up to now. 

The behaviour of TPE in the higher oxidation 
states during their sorption on organic mixtures and 
inorganic sorbents has been insufficiently studied. 
The separation of Am(V) and Cm(II1) on a Dowex- 
Al x 8 resin has been studied.39 It was shown that the 
separation coefficient of Am and Cm increases 
strongly with increasing pH (from pH 2.5 to 3.2), 
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decreasing temperature and increasing quantity of 
resin. Anion-exchangers give selective isolation and 
purification of berkelium(IV) (Fig. 7).@ The sepa- 
ration of TPE in the tervalent state on ion-exchange 
resins with aqueous organic solutions has given the 
most interesting results. 41,42 In aqueous alcohol solu- 
tions and the presence of a-hydroxybutyric acid the 
separation factor of americium and curium on 
Dowex-1 x 8 resin is ~6.~’ 

Zirconium phosphate is the most widely used of the 
inorganic sorbents which separate TPE. It has been 
used to separate Am(IV),44 Am(V)45,46 and Am(VI)47 
from Cm, and for selective isolation of Bk(IV) from 
a mixture of actinide elements and fission products48 
(Fig. 8). 

To separate TPE in different oxidation states the 
methods of precipitation and co-precipitation are 
also useful. The co-precipitation of Am(II1, V, VI) 
with lanthanum, thorium and cerium fluorides or 
bismuth and zirconium phosphates has been in- 
vestigated. 49 All the precipitates studied, except 
zirconium phosphate, fully carry down Am(III), and 
Am(V1) remains in the solution. Am(V) is partially 
carried down by lanthanum and thorium fluorides. 
Am(V) can be separated from Am(II1) and Am(IV) 
in acetate solutions by co-precipitation with a pyr- 
rolidinedithiocarbamate.13 

For the separation of fermium from Cf and lan- 
thanides an efficient method has been suggested 
which is based on the co-crystallization of Fm, 
reduced with Yb(I1) in the presence of sodium chlo- 
ride from aqueous ethanol solution. When practically 
quantitative extraction of Fm is attained the degree 
of purification from most accompanying elements 
is 101104.” In the presence of bivalent europium, 
Md(I1) is reduced to Md(1) which can be co- 
crystallized with potassium or sodium chlorides from 
ethanol; the purification factor from the other acti- 
nides and lanthanides reaches -5 x 102.5’ 

Sorption of Bk(lV) on anion-exchanger Dowex-1 x8 

I 

I 
IM HN03 

s 
F 60 

253-254Es 

z %k 

t 
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6 
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EM H$‘O,, PbO, 1 1M HNO, 

3k 
149 

:\ A- 6 200 4 

V (ml) 

Fig. I. Separation of N9Bk from U32YE~ by H,PO, solutions on an anion-exchanger in the presence 
of an oxidant:” (a) O.lM H,P04 + 0.4M KBrO,; (b) 0.5M H,PO,, Dowex-I x + PbO, (10: I), column 

0.3 3 cm. 
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IM HNO, 1M HNO, 
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Eu. Am,Cm 

(>>SS % I Sk >> 90% 

1 At, Ru ) 1 1 

Fig. 8. Scheme of Bk(IV) isolation with zirconium phos- 
phate.’ 

METHODS OF TPE DETERMINATION 

As mentioned in the introduction, there have been 
two trends in development of methods for TPE 
determination: methods of determination of rela- 
tively large amounts of TPE (N several mg) with high 
precision (O.OS-O.l%), and methods with record low 
detection limits (10-8-10-9g) but much poorer pre- 
cision (several per cent). 

Gravimetric, coulometric and titrimetric methods 
belong to the first group. They are used primarily for 
the accurate determination of a bulk element in 
metals, salts, oxides, and pure solutions, during pre- 
cision studies. The coulometric methods are the most 
intensively developed. 

The coulometric methods for americium deter- 
mination with high sensitivity and accuracy have 
been developed on the basis of the reversible electro- 
chemical couples Am(VI)/Am(V) and Am(IV)/ 
Am(II1) (Table 5). 52+53 The possibility of electro- 
chemical oxidation of Am(II1) to Am(IV) and 
Am(V1) and the high stability of the higher oxidation 

states of americium under certain conditions underlie 
these methods. Am(IV) has been established as stable 
not only in 1&15M phosphoric acid solutions but 
also when formed by electrochemical oxidation of 
Am(II1) in 0.3-2.OM phosphoric acid in acetonitrile.s3 
The equipment available allows determination of 
S-1Opg of americium with an error of l-2%. 

It is possible to determine 5-100 pg of americium 
by coulometry of the Am(IV)/Am(III) couple in 0. 1M 
perchloric acid in the presence of 6 x lo-‘M potas- 
sium phosphotungstate. 52 In this solution Am(II1) is 
completely oxidized to Am(IV) in 15 min at a poten- 
tial of 1.7 V, and the coulometric determination is 
carried out by reducing Am(IV) to Am(II1) at 1.17 V. 
Am(IV) is very stable in potassium phosphotungstate 
solution, so tenfold ratio of curium does not inter- 
fere. Many elements oxidizable under these condi- 
tions (Pu, Ce and others) also do not interfere, since 
they are not reduced at a potential of 1.17 V. The 
measurement error does not exceed 3% even in 
the presence of lOO-fold ratios (to Am) of other 
metals.52 

Coulometric determination of americium by means 
of the Am(IV)/Am(III) couple can also be done in an 
acetonitrile solution of phosphoric acid, in which 
Am(II1) is electrochemically oxidized rapidly and 
reversibly to Am(IV). Microgram amounts of ameri- 
cium can be determined with measurement error of 
l-2%, for example, in OSM phosphoric acid in 
acetonitrile.” 

An indirect coulometric method of americium de- 
termination with high accuracy has been suggested,% 
based on displacement of Hg*+ from its EDTA 
complex by americium, with subsequent coulo- 
metric determination of the mercury (reduction to 
the metal). The determination takes 1 hr, and the 
determination error for 0.3-0.7 mg of Am is only 
0.1-0.2%. This method can be recommended only for 
the standardization or analysis of pure solutions of 
americium, since it has very poor selectivity; all the 
lanthanides, the actinides in oxidation states + 3 and 
$4, many bivalent and tervalent cations (Pb*+, Zn’+, 
Cd*+ Cu*+, etc.) will give the displacement reaction 
and ;hus interfere, and anions which form stable 
complexes with Am’+ will also interfere. 

An analogous method has been used for the accu- 
rate determination of N 100 pg of 248Cm in nitric acid 
solution.55 In this case a known quantity of EDTA (in 
excess) is added to the solution of curium in an 

Table 5. Selective coulometric determination of americium 

Couple 

Am(VMm(V) 
Am(IV)/Am(III) 
Am(IV)/Am(III) 
Am(IV)/Am(III) 

Oxidation Detection Relative 
Composition of time, limits, standard 

the solutions hr I& deviation, % 

2M H3P04 + 0.1 M HC104 1.5 5 1.5 
0.5M H3P04 in CH,CN 

:::5 
5 2 

0.144 HClO, + 6 x lo-‘M PW* 670 3 
l-2M NaXO, (DH 10) 0.5 5 2.5 

*PW = potassium phosphotungstate. 
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acetate buffer, and the uncomplexed EDTA is titrated 
with Hgr+ electrochemically generated from mercury 
metal. The curium content is calculated from the 
quantity of electricity needed for generation of the 
Hti+. The m~s~ment error does not exceed 1%. 

The reversible electrochemical Bk(IV)~Bk(II~) 
couple is theoretically suitable for the coulometric 
determination of berkelium, but until recently at- 
tempts to use it failed to show good results.56*57 
However, a fairly precise method for coulometric 
dete~na~on of several ~lligrams of berkelium 
has now been worked out; the measurement error 
is l-2%.** 

The TPE are most often determined by complex- 
ometric titration. Americium and curium are known 
to form very stable complexes with the complexones 
usually used-EDTA and DTPA. By spec- 
trophotomet~c EDTA titration with Xylenol Orange 
as indicator it is possible to determine about 1 mg of 
americium and curium in a sample, with an error of 
about 1.4 JJ g. 59 Methods of determination of micro- 
gram amounts of americium and curium by titration 
with DTPA have been developed.60+6’ With poten- 
tiometric indication of the end-point the mea- 
surement error is -2%; for spectrophotometric ti- 
tration it is O.5%.6o In another version of this method, 
an electrochemically generated complex of Fe(I1) 
with DTPA serves as titrant. This makes it poss- 
ible to conduct the analysis with the help of an 
automatic coulometric titrator.62 The m~u~ment 
error of 20-200 fig of americium is 3-5% .61 

The second group of methods, characterized by 
high sensitivity, selectivity, and adequate rapidity, is 
mainly used for the determination of TPE in various 
natural and technological samples, and irradiated 
targets. These methods are used to study TPE and for 
many other purposes, and inchide the radiometric 
methods. 

Thanks to a considerable improvement in mea- 
suring equipment and knowledge of the half-lives, the 
radiometric methods of TPE determination now 
achieve good precision. This is particularly the ease 
for the a-activity methods, in which the best mea- 
surement characteristics (low detection limit, high 

efficiency and small errors) are obtained with the 
silicon semiconductor detectors and liquid scintil- 
lators. An alpha-spectrometer with a semiconductor 
detector (area 1-3 cm? can have an efficiency of 
nearly 50% and a detection limit of 10e3 Bq (in a 
sample) (Table (j&63@ As the energy resolution of 
such detectors is 20-30 keV, it is possible to deter- 
mine americium and curium without a preliminary 
separation. If a separation is required electrochemical 
oxidation of the americium (instead of persulphate 
oxidation) before extraction, makes the radiometric 
dete~nation more precise.‘” 

In the case of complex c+spectra, various mathe- 
matical processing methods are used.65*66 The deter- 
mination of one nuclide is impoverished by the 
presence of another which has higher cl-particle 
energy and intensity. In some cases the method of a-y 
coincidence is used. Such a method allows deter- 
mination of up to 1% of *43Am in a mixture with 
*“Cm (detection limit 3 x 10m3% “‘Am by 
a-activity), even in the presence of fission products 
with y-activity. 67 The method of a-y coincidence is 
also used to measure the absolute x-activity of 
nuclides, e.g., 24’Am, with a very small error 
(0.1-0.2%).6s”9 

Recently, for the determination of a-active TPE 
directly in solutions, an “immersed” Si(Li) detector 
has become widely used. 70*7’ Such a detector has a low 
counting efficiency and is convenient for measuring 
high a-activities. The presence of non-volatile macro 
impurities in the solution usually prevents the prepa- 
ration of samples with a thin layer for a-counting, 
but practically does not effect measurement with an 
“immersed” detector. In combination with a multi- 
channel analyser the “immersed” detector makes 
it possible to conduct an a-spectrometric analysis: 
a dete~nation of a-active nuclides in solutions 
containing such mixtures as 244cm, “‘Cf, 2s3E~,‘r or 
241Am, 243Am, %Qrn, 244Cm,70,71 has been described. 
The energy resolution of such an a-spectrometer is 
usually 50-100 keV,71,72 and may even be 1 g-20 keV.72 
Determination is possible in solutions containing 
sodium nitrate up to 7A& ~n~nt~tion.” 

The problem of counting /?-particles with low 

Table 6. Radiometric determination of transuranium elements 

Method Elements Main features 

a-y Coincidence 

Liquid scintillation 
counting 

a-Spectrometry 
(“immersed” detectors) 

y-S~~orne~ with 
automatic specuum 
processing 

a-Spectrometry with 
automatic spectrum 
processing 

Am Up to lo-)% Am by mdi~~ti~ty in 
presence of Cm and fission products 

Bk Measuring 249sk in solutions of various 
Pu, Am compositions; detection limit ~0.1 Bq; 

error -0.1% 
Am, Cm Determination in solutions in the presence 

of 5-10&f salt back-ground, 
detection limit 10 Bq 

Am, fission solid and liquid samples O.l-1OOml in 
products volume; determination time 1Omin 

Am, Cm Determination limit lo-’ Bq 
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energy arises in the analytical chemistry of TPE in 
connection with analysis of samples containing “Bk. 
As a rule, proportional-flow counter (the counting 
efficiency is 1 cps) or a 
liquid scintillator (LS) counter is 

of the LS method 
is complicated by the 

by the of 249Bk. 
A convenient method for determination of 

is 
of 

curium to the 

it possible to determine of the 
in samples of various 

of a-active 
be taken 

an additional of neutrons by (a, n) nuclear 

of individual 
of the of neutrons 

of microgram 
of 244Cm, of these 

of neutron-active by this 
is l-2%, is 

3 ng. of a mixture 
if the 

of all is nearly 

of TPE in samples of uranium, 

a O.l-1Opg sample, it is 
possible to determine of americium in curium, 

of plutonium, in 
berkelium In this 

is lO-20%, a higher content 
of be reduced to 4-5%. 
Am and Cm are 

Sm and a 5-10 pg Am 
sample, Cm and be determined 
at the in 0.1 pg Cf can be 
determined at the 

is 10-20%.76 
A sensitive neutron-activation method for ber- 

kelium determination in a mixture of 

hr and is pro- 
of “9Bk by thermal 

is irradiated by thermal 
at a flux 1 10” n.cmm2 .sec-’ for several 

hours, and short time later the intensity of 
is measured on a y-spectrometer with 

a semiconductor detector. The absolute measurement 
error for berkelium in a pg is 1.8 x 10m4%. 

The emission-spectrometry method for berkelium 
determination is 

of americium by use of a 
combustible cathode.78 A new direct spectrographic 
method of of microamounts of in 
Cm, a detection limit of in a sample 
containing up 20 of curium, a relative 
standard deviation of 

of the 
is excited in 

of berkelium 
in 

in detail. A semi- 
quantitative method of in 
solutions of curium, 

on the 
of that is 
3 x g over the concentration range l-100 pg/ml. 

CONCLUSIONS 

A survey of the principal trends in the analytical 
chemistry of the transplutonium elements in the last 
five years shows that there have been considerable 
advances in the field. 

Some perspectives for further progress in modem 
radiochemistry are as follows. First of all there is an 
urgent need to investigate the chemical properties of 
TPE in unusual oxidation states, and to study the 
composition and structure of their complexes in 
solution. It is also necessary to search for and use new 
complexing media, such as carbonate solutions, to 
stabilize Cm, Bk, Cf, and perhaps Es in higher 
oxidation states. For extraction, it is attractive to use 
multiphase systems, including aqueous ones, and to 
study the kinetics of interphase equilibria. It may be 
expected that such further studies in the chemical 
properties of TPE in unusual oxidation states and the 
application of new extractants and sorbents will 
provide the basis for effective methods of isolation 
and separation of radioactive elements and for more 
reliable techniques for control work in the radio- 
chemical industry. 
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Summary-The ~~ibilities of voltammetry as a source of isolation in bioel~tr~he~st~, electro- 
chemistry, solid-state chemistry and analytical chemistry are reviewed. Attention is drawn to the use of 
catalytic currents and adsorption, inverse voltammetry, and solid and moditied electrodes. The review 
mainly covers papers published in 1983 and 1984, especially those in the Soviet literature. 

Analytical chemistry as a whole, and voltammetry in 
particular, are connected with many fields of natural 
science and technology. l-2 This makes it necessary to 
consider two aspects of voltammetry: its development 
as a technique in the context of progress in cognate 
fields, and its application in various areas of science 
and technology. Because of the wide range of these 
topics, this review will be limited to the aspect of 
voltammetry as a source of information on the 
concentration and some properties of substances, the 
fundamental problems of electrochemical theory and 
methodology having been adequately dealt with in 
books,3’ and those of mathematical methods and 
ins~en~tion in reviews4’ 

Orient and co-workers>9 from analysis of the 
journals and the citation index of papers on analyt- 
ical chemistry, have shown that more papers feature 
electrochemical methods than any other topic, 
owing to the rapid development of the tbeory,‘W’5 
deeper ~de~~n~ng of the mechanism and kinetics 
of electrode processes, development of instru- 
mentation,‘O*” evolution of modified electrodes’“~i6 
and substantial broadening of the fields of applica- 
tion. This is because polarography and voltammetry 
supply information inaccessible by other methods, 
for example, in medicine, biochemistry and molecular 
biology, mo~to~ng of waters,‘“19 and inv~tigation 
of solids.‘2Jo,21 

Electrochemical detectors22 are important in vari- 
ous rapidly developing hybrid analytical methods’ 
such as liquid chromatography and flow-injection 
analysis. Comparison of the detection limits is often 
in favour of voltammetry, and especially of stopping 
voltammetry.23 

In recent years several books on polaro- 
grapby%14,’ 5.24 and voltammetry4~‘2~‘3*‘5 have been 
published. AnuIytical Chemistry publishes biennial 
review~‘~~“~‘~ of dynamic electrochemical methods of 
analysis. Specialist reviews cover volt~e~c ana- 
lysis of waters,‘7-‘9 and polarographic and voltam- 
metric methods used in biochemistry and molecular 
biology.s29 Use of inverse voltammetry (IV) for in- 
vestigation of biologically active substance@ and in 
phase analysis and in the investigation of solids’~20*21 

has been reviewed, and so has the use of organic 
reagents in inverse voltammet~.31 Several reviews are 
devoted to new ideas32 and prospects,33 advances,“Js 
electrodes,36 feasibility of use of voltammetry in 
inorganic3’ and pharmaceuticaP analysis, and speci- 
ation of the physicochemical forms of metals in 
solutions.‘9 Nevertheless, a simple comparison of the 
literature cited by Soviet and foreign authors shows 
that there is a language and information barrier; as 
a rule, most of the Soviet papers escape mention by 
the foreign authors. This review will attempt to fill the 
information gap and to make recent developments in 
the Soviet Union more accessible to the rest of the 
world. It will therefore mainly cite reviews and papers 
of the last two years (19834) and touch only on the 
trends which seem the most important and promis- 
ing. It should be borne in mind, however, that the 
choice made is arbitrary and in no way lays claim to 
give a complete picture. Thus, many developments in 
dete~ination of the elements will not be discussed in 
detail, and the reader will simply be referred to the 
original papers. 

KINETIC CURRENTS AND COMPLEX 
FORMATlON IN VOLTAMMETRY 

Important cont~butions to the understanding of 
the mechanism of electrode processes, including 
chemical and adsorption stages, have been made by 
Mairanovsky3’ and Turian.14 Mairanovsky has 
shown, in particular, that protonation of adsorbed 
metabisaccharin proceeds with the participation of 
two protons simultaneously.# He has also detected 
an unusual effect of the nature of the cation on the 
rate of protonation of double-charged anions,4i and 
was the first to investigate purely surface chemical 
reactions and the influence of the electrode field on 
their course.42*43 Further papers- were devoted to 
hydrogen catalytic waves and to the kinetics of 
protonation of pachicarpine adsorbed on a dropping 
mercury electrode (dme). The mechanism and 
kinetics of protonation of aromatic aldehydes and 
ketones,47 and the solubility and adsorption of 
acetophenone48 have also been investigated. 

41 
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TuriarQ4 has summarized the results of in- 
vestigations on the application of chemical reactions 
in polarographic analysis. In recent papers Turian 
and Ruvinsky have continued to develop the theory 
of kinetic currents arising at the dme in solutions 
of organic compounds,49e5’ and their practical 
applications.52353 

Catalytic hydrogen-ion redu&m-at the dme in 
solutions of metal complexes with organic reagents 
has been studied by several workers.“59 

Two groups of processes, including the catalytic 
reduction of hydrogen ions, can be distinguished, 
depending on the oxidation state of the central ion. 
In the first group (usually with central ions in ox- 
idation state II) the preceding stage is protonation. 
The second group, of electrochemical reactions oc- 
curring at more negative potentials (mainly in alka- 
line medium), is characteristic of complexes of transi- 
tion metals and sulphur-containing ligands, and the 
catalytic waves follow reduction of the central ion.” 
The hydrogen evolution is catalysed by the adsorbed 
complexes. This effect is exhibited on mercury, graph- 
ite and carbon-paste electrodes. 

Catalytic hydrogen currents can be used for deter- 
mination of metal ions55-5* and organic compounds.56 
Rhodium has been used as the central metal ion in a 
comparison of the hydrogen catalytic currents ob- 
tained in solutions of its complexes with a number of 
polyfunctional ligands. 59 A review of determination 
of platinum metals5s dealt in particular with hydro- 
gen catalytic currents obtained with buffered solu- 
tions of the metal complexes with organic ligands 
containing donor atoms capable of protonation. 

The polarographic behaviour and adsorption of 
l,lO-phenanthroline and its metal complexes5’ and of 
2,2’-bipyridyl metal complexes5* have been in- 
vestigated. 2,2’-Bipyridyl was used to determine 
cobalt in the presence of large amounts of nickel.58 
The catalytic currents obtained with iodate ions in the 
presence of unithiol and glutathionem and their use in 
analysis have been examined. The anodic voltam- 
metry of N-benzoylphenylhydroxylamine and its 
analogues on solid electrodes, and the polarographic 
behaviour of organic reagents and organic extracts of 
their metal complexes have been reviewed.61 

Ulakhovich and co-workers have examined the 
extraction polarography (on mercury electrodes) and 
voltammetry (on solid electrodes) of complexes of 
metals and derivatives of dithio-acids,62s63 and the 
polarographic behaviour of Co(II), Ni(II), Cu(II) and 
Zn(I1) complexes with diethyldithiophosphoric acid, 
2,2’-bipyridyl, l,lO-phenanthroline, u-aminopyridine 
and ethylenediamine in dimethylformamide me- 
dium.W They have also successfully used mixed- 
ligand complexes in polarography6’ and voltammetry 
with platinum and glassy-carbon electrodes6ti8 to 
study the extraction and determination of Mn(II), 
Fe(II), Ni(11)65,69 and Pb(II).‘O The extraction of alkyl- 
substituted mercaptoquinolinates of metals by mol- 
ten naphthalene has been used in the polarographic 

determination of Pb(II), and Mg(II),” and the thio- 
oxinate complex of molybdenum has been employed 
for layer-by-layer phase analysis of titanium alloys.‘* 

These papers were preceded by a monograph” 
summarizing the results in the field of the electro- 
chemistry of metal chelates in non-aqueous media, 
special attention being paid to the effect of the 
oxidation state of the metal in complexes on the 
mechanism of catalytic evolution of hydrogen, and to 
the types of extraction polarography systems, and use 
of extraction voltammetry in inorganic analysis. 

VOLTAMMETRY IN BIOELEmROCHEMISTRY 

Voltammetry is one of the few techniques which 
can supply information on the changes in the struc- 
ture and properties of macromolecules in their inter- 
action with a charged surface,*’ which is of great 
importance in living organisms. The methods of 
voltammetry and polarography can be applied not 
only to determination of the concentration of low 
molecular-weight substances in solution28 but also to 
the structural analysis of macromolecules.29 

Consideration has been given to the scope of 
polarography in analytical biochemistry (analysis of 
metabolites, coenzymes, metalloenzymes, proteins 
and nucleic acids), as well as to the polarographic 
determination of the electrochemical characteristics 
of substances participating in electron transfer in the 
respiration cycle and in photosynthesis,27 the mech- 
anism of electron transfer at active enzyme centres74 
and through the adsorption layers of membranes.75 
Kuznetsov and co-workers have investigated the con- 
formational changes of proteins on stationary and 
dropping mercury electrodes, by cyclic voltammetry. 
They have shown 76,77 that egg albumin, in which in 
the native state all the SS- and SH-groups are found 
inside the globule, is flattened on the electrode surface 
and have examined” the effect of denaturation of 
proteins containing coenzyme groups and metals, on 
the course of electrode processes and on their in- 
hibition by unfavourable orientation of the molecules 
on the surface. Some natural cobalamins have been 
investigated by polarographic and cyclic voltammetry 
methods,79.80 and the feasibility of their 
identification79 and determination of impurities in 
them has been demonstrated. 

Electrochemical measurements are also used in the 
study of immune reactions. The use of In(II1) as a 
labels’ and of differential pulse anodic stripping 
voltammetry (DPASV) as the determination tech- 
nique forms the basis for the development of non- 
radiometric investigation methods. 

Catalytic waves in solutions containing proteins 
and metal ions, in particular Co(I1) or Ni(I1) (BrdiEka 
waves) are widely used for diagnosis in clinical work. 
They are described in detail in a number of reviews, 
e.g., that by PaleEek. 29 The effect of the background 
electrolyte composition has been studied and the role 
of protein adsorption in the formation of these waves 
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stressed. It has been shown that the BrdiEka current 
decreases with decrease in the stability constants 
of the complexes in the order: cysteine ethyl 
ether > cysteine > cysteinamine or mercaptosucci- 
nit acid > thioglycollic acid > 2-mercaptopropionic 
acid. Alexander et al.82 have suggested a new cata- 
lytic protein reaction with considerably higher sensi- 
tivity. A corresponding wave arises in the presence 
of trans-dichloro-bis(N,N’-dimethylethylenediamine) 
rhodium(II1) chloride. Recently, automated 
continuous-flow determination of serum albumin by 
means of differential pulse polarography (DPP) has 
been devised.83 However, the mechanism of these 
catalytic reactions has not yet been fully elucidated. 
For example, Shinagawa and Kakumoto,*4 from a 
study of the emergence of hydrogen catalytic waves 
for suspensions of a number of simple and complex 
semiconductors, have come to the conclusion that the 
reaction has a semiconductor nature. 

Several papers and monographs devoted to bio- 
electrochemistry are mentioned in the review by 
Johnson et af.” New information is being provided 
by use of spectroelectrochemical and electro- 
chemiluminescence methods,*s of a combination of 
electrochemical and ESR methods,86 and of elec- 
trodes with immobilized enzymes.‘O 

INVERSE (STRIPPING) VOLTAMMETRY 

This technique is a rapidly growing branch of 
electroanalytical chemistry~~s~12~13*87 It can be used in 
electrochemistry, where the polarization curves are a 
source of information on the character of the inter- 
actions in the system investigated, on the initial stages 
of electrocrystallixation, and on the kinetics of anodic 
reactions. In analytical chemistry it is a very valuable 
means of trace analysis, monitoring of natural 
waters, and speciation of the forms of the elements 
in them. In solid-state chemistry it is being used for 
the investigation of solid-phase reactions, non- 
stoichiometry and adsorbability. Unfortunately, this 
field of electroanalytical chemistry deserves the com- 
ment by Kissinger4 (p. 5): “So much nomenclature, so 
much jargon”. The most widely used term, “stripping 
voltammetry”, does not reflect all the present-day 
variants of the method, inasmuch as the substance is 
not always stripped from the surface of the electrode 
in the process of measurement.12*zo~30~3’ The term 
“inverse” reflects the essence of the method more 
exactly than does “stripping”, since the system re- 
sponse (analytical signal) recorded is determined not 
by the solution composition, but by that of the 
electrode’s (p.13). Hence, we shall hereafter use the 
term inverse voltametry (IV), distinguishing two 
branches: IV of solutions’2*13.*7 and IV of solids,‘2,20+21 
and noting that in certain cases the electrochemical 
concentration stage is not necessary. 

IV has been applied to reactions of the following 
types:‘2**3~“7 (1) anodic oxidation of metals, with and 
without accompaningy chemical reactions or inter- 
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action with the electrode surface; (2) formation and 
dissolution of chemical compounds on the electrode 
surface, including processes having adsorption stages; 
(3) electrochemical transformations of solids and 
adsorption processes on their surfaces. 

Reactions of the first and second type form the 
basis of IV of solutions; those of the third type open 
up possibilities for the analysis and investigation of 
solid compounds. 

Inverse voltammetry of solutions 

For the implementation of reactions of the first two 
types use is made of stationary mercury-drop and 
mercury-film electrodes and glassy-carbon or impreg- 
nated graphite electrodes, including those coated with 
mercury in situ. ‘2-88-89 In certain cases the electrode 
surface is modified by adsorption of a reagent in 
situ3’-87 either in advance, or as a result of a chemical 
reaction.lO*l’ The diversity of reactions, electrodes and 
measuring techniques makes it possible to establish a 
rational procedure for analysis of materials of rather 
complex composition without preliminary separation 
and concentration of the components to be deter- 
rnined.12,13 Two of the main problems in using the 
reactions of the first type are (1) “delay” in (or even 
the impossibility of) deposition of an element on the 
electrode surface, and (2) interaction of the deposited 
elements to form solid solutions or intermetallic 
compounds. Digital simulation of the discharge and 
subsequent ionization of the analyte metals on the 
electrode surface has been used to explore the con- 
ditions (differences in electron work-functions for 
the metal being deposited and the electrode, the 
potential and duration of electrolysis, optimal 
concentration range) for the formation of metal 
deposits in different energy states and for catalysis by 
adsorbed atoms. 

The processes of formation and dissolution of the 
metal nuclei have been examined,W92 and deposition 
and reduction of mercury salts described.93 

The results of various investigations of the mutual 
influence of metals deposited on an electrode are 
given in detail in a monograph12 and appropriate 
papers.9696 Consideration has been given to using 
formation of intermetallic compounds to develop an 
analytical signal when the elements in the pure form 
do not produce one, and to methods of eliminating 
metal interaction (effect of a third element on carbon 
electrodes coated with mercury in situ) whenever 
these distort the analytical signal.12 

A number of papers have been devoted to the study 
of the conditions for coating carbon (graphite) elec- 
trodes with mercury in situ. Delays have been re- 
vealed in the deposition of mercury on the electrode 
surface.12 This leads to a change in time of analytical 
signals registered in succession, and to a higher 
detection limit for mercury itself. It has been shown 
that the introduction of ions of electronegative ele- 
ments into the solution catalyses the evolution of 
mercury on a solid surface.97 Thus, graphite elec- 
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trodes coated with mercury in situ by joint electro- 
deposition of metals and mercury differ from other 
mercury electrodes as regards the specific dynamics of 
formation” (p. 126). A preliminary deposition of 
mercury on the electrode surface eliminates the 
“delay” effect and reduces the interaction between 
metals in the early stages of the electrolysis.‘* 

It has been found that the metal oxidation current 
is directly proportional to the metal concentration 
only if the ratio of concentration of added mercury 
to concentration of determinand metal exceeds a 
certain limiting value.‘2~p8-‘oo 

Zebreva et al. have analysed the processes of 
oxidation of the homogeneous and heterogeneous 
amalgams formed during the joint discharge of 
mercury and metal ions,“S’00 and have shown that 
there is direct proportionality between the peak 
oxidation current for the metal and the concentration 
of its ions in the original solution. They also found 
that formation of a heterogeneous amalgam leads to 
greater sensitivity,99 which is in agreement with the 
ideas developed earlier*’ on the process of stripping 
metals from the surface of a foreign solid electrode. 

The feasibility has been shown of investigating the 
mechanism and kinetics of electrode processes com- 
plicated by chemical reactions, of determining the 
composition and kinetics of transformation of short- 
lived complex ions participating in the electrode 
process, of investigating rapid subsequent chemical 
reactions, and of detecting kinetic currents,‘2 and of 
the speciation of the forms of metal ions in natural 
waters,‘ps34 

Adsorption processes are used to concentrate cer- 
tain elements and organic substances.‘2~30~3’J0’ This 
expands the field of application of IV to include some 
elements that cannot be concentrated as the metal or 
as insoluble compounds. On the other hand, the 
adsorption of organic compounds allows deter- 
mination of their concentration from measurement of 
their oxidation or reduction currents’0’~‘02 or tensa- 
metric peaks. *‘HO A third possibility is to use an 
indirect method of detecting various substances, in- 
cluding non-electroactive ones, by registering the 
decrease in signal from surface-active materials which 
react with them. Use of adsorption concentration for 
determination of inorganic components of solutions 
with the help of organic reagents has been treated in 
detail in reviews,3’s’0’ monographs,‘2J3 and pa- 
pers.‘0S106 Adsorption processes and electrochemical 
transformations of biologically active compounds 
have been employed for the investigation of their 
state and conformational changes in the electrical 
field of the electrode,2”30*77J07~‘08 and of their concen- 
tration in solution.28~2p~‘09-“’ Biocatalytic concen- 
tration has been used for the determination of lactate, 
glucose and hypoxanthine.“* 

Recently a new variant of IV has been suggested 
which uses ion-induced adsorption”L”6 for deter- 
mination of arsenic”4J’s and tellurium”6 in iodide 
solutions. 

It should be noted that in processes involving 
adsorption of the reagent, the electrode surface 
should be considered as modified in situ. 

A further variant of IV is being developed, in which 
an element is concentrated by means of a chemical 
oxidation-reduction reaction on the electrode 
surface”’ or by the usual electrochemical accumu- 
lation of the metal,“* and then the catalytic currents 
arising in the presence of oxidants are registered. 

Extraction and voltammetric determination of bis- 
muth and antimony with preliminary chemical con- 
centration in non-aqueous solutions has been de- 
scribed by Toropova et al.““** Karbainov and 
Mamaeva’*) are working on the IV of extracts, with 
electrochemical concentration. Tanaka and 
Yoshida’24 have suggested an original method of 
concentrating cysteine as its complex with copper, 
formed on a copper amalgam electrode. 

Pulse voltammetry (and polarography) is the 
theme of a thorough monograph by Kaplan.” The 
present state of alternating current (a.c.) voltammetry 
is considered in a book by Kaplan et a1.2s In recent 
years Kaplan and co-workers have made a series of 
investigations on the IV of selenimn,‘25 tellurium,‘25 
arsenic,‘26 cadmium’27 and thallium.‘** They have 
used a.c. voltammetry with the hanging mercury- 
drop electrode,‘2s~‘28 and a graphite electrode coated 
with mercury in situ.‘26*‘r, 

A multi-element consecutive IV analysis has been 
described by Kaplin and Pichugina.‘2p 

Such important questions as the preparation of 
samples and the elimination of the intIuence of 
organic substances and interfering elements on 
the results of IV analysis have discussed, and 
programmed electrolysis proposed.‘30 Ultraviolet 
irradiation has been used to deactivate dissolved 
oxygen.13’ 

Inverse voltammetry in phase analysis and in- 
vestigation of the defect structure of soliak 

One of the special features of modern electro- 
analytical chemistry, and in particular of voltam- 
metry, is the penetration of its methods into solid- 
state chemistry. In the last decade or so noticeable 
progress has been achieved in the electrochemical 
investigation of the phase composition, oxidation 
state of components, adsorbability, catalytic activity 
and defect structure of solid substances.‘2~20~‘32~133 

Information is provided by the potentiodynamic 
or i-E curves, recorded during the electrochemical 
transformations of the compounds under investi- 
gation or of the adsorption layers (mainly of oxygen) 
on their surface. Various experimental techniques 
are used to investigate solid substances in the form 
of single crystals, polycrystalline specimens, thin 
films, or powders dispersed in carbon-paste electro- 
active electrodes (CPEE) or deposited on their sur- 
faces.‘2~20~2’ A connection between the character of 
the electrochemical transformations and the types 
of crystalline and defect structures has been noted in 
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the investigation of several systems. The work in this 
field has been dealt with in a review20 and a mono- 
graph.12 

In recent years Zaharchuk and co-workers.139’3* 
have studied the electrochemical behaviour of com- 
pounds in the In-%-O system (Sb, a and /l Sq03, a 
and fl Sb204, Sb,O’,, Sb,O,.xH,O, In203, InSbO,, 
InSb) with a CPEE. Differences in the oxidation 
potentials of amorphous and crystalline arsenic and 
antimony and the reduction potentials of oxides in 
various crystalline modifications have been revealed. 
The techniques developed by these authors have been 
used to investigate the phase and elemental com- 
position of dielectric layers.133 The electrochemical- 
transformation potential spectra for antimony and 
oxides of indium and antimony were recorded.‘33 The 
elemental composition of the oxide layers has been 
determined by IV of the etching solution. These 
investigations enabled the authors to establish the 
phase composition of films on semiconductors of 
A”‘BV type. 

A series of papers by Vidrevich and co- 
workers’3”45 showed the possibilities for the phase 
analysis of powders and lllms of chalcogenide semi- 
conductor compounds: CdS, ZnS, PbS, HgS, CuS, 
Cu,S, Ag,S, Bi2S3. The peak potential of the electro- 
chemical transformation depends on the nature of the 
substance, whereas the magnitude of the current at 
this potential depends on the quantity of the sub- 
stance investigated. The composition of solid binary 
solutions such as CdS-ZnS, CdS-PbS was deter- 
mined by comparing the quantities of electricity used 
for oxidation of the metals formed by preliminary 
cathodic reduction of the solid solutions. It was 
found possible to determine the nature, and in certain 
cases the quantity, of impurities such as CuS, Cu2S, 
Cu,S, Ag2S, in CdS. A method was also worked out 
for the electrochemical phase analysis of films and 
powders of cadmium sulphide containing impurity 
phases of cadmium cyanamide, sulphate and oxide. 

Inverse voltammetry with a rotating disc electrode 
has been used to examine corrosion in alloys.*46 A 
phase analysis method for nickel-aluminium cata- 
lysts has been developed by Matakova et a1.,14’ who 
used a CPEE containing the substance investigated. 

The investigations begun by Kuzmina et al. ‘4’1 have 
been reviewed.“*” These authors designed a cell to be 
laid on an electroplated surface, and suggested a new 
electrochemical method for determining the thick- 
ness, composition and protective properties of the 
coating. They have also shown the possibility of 
phase and elemental analysis of thermic alloys and 
galvanic coatings. 

Determination of composition of metal powders 
with a pellet electrode and a Kuzmina-type cell has 
also been investigated.149s’50 

Recently’2*20 much attention has been paid to the 
feasibility of using electrochemical transformations 
of chemisorbed oxygen as a source of information on 
the defect structure of solid substances. Two ap- 

proaches to this problem have been taken, differing 
in the indicator signal used. In the first, use is made 
of the reduction current of oxygen chemisorbed from 
the gaseous phase or from solution (non- 
electrochemically sorbed oxygen). This is called a 
signal of the first kind and is usually observed at 
potentials near to 0.0 V us. a saturated silver chloride 
electrode. The second uses electrochemical trans- 
formation of the chemisorbed products of an anodic 
reaction (electrochemically chemisorbed oxygen). 
The corresponding cathodic and anodic currents are 
recorded,12~20*‘5’ and are called signals of the second 
kind. The advantages of the second method are the 
greater coverage of the surface by the adsorbate, the 
considerably higher signals obtained, compared with 
those of the first kind, and the possibility of more 
precise adjustment of the “effective partial oxygen 
pressure”, by presetting a certain potential or current. 

The connection between the adsorption of oxygen 
(and the corresponding reduction currents) and the 
defect structure of compounds has been demon- 
strated.‘s2*153 It was shown152 that the quantity of 
electricity required for the reduction of chemisorbcd 
oxygen depends linearly on the logarithm of the 
concentration of quasi-free electrons in specimens of 
ZnO doped with Ga,O,. The increase in the reduction 
current of oxygen chemisorbed in the course of 
anodic polarization of V20s_,, with increase in y, 
leads to the same relation. In the reduction of V,O, 
to V,O, the oxygen vacancy concentration increases, 
and there is correspondingly a rise in the oxygen 
chemisorption and a growth in the signal of the 
second kind.ls3 

The connection between signals of the second kind 
and the thermodynamic characteristics of oxide com- 
pounds has also been discussed.‘” The values of 
signals of the first and second kinds are also 
influenced by the degree of perfection of the crystal 
structure. It has been shown that the degree of 
ordering of the structure by annealing is accompanied 
by a drop in the signal of the second kind. This is 
most clearly exhibited by vanadium oxide bronzes 
with a wide region of homogeneity.” The signals, 
as expected, increase sharply at the homogeneity 
boundary and decrease as a result of ordering of the 
structure. 

A number of papers12~20~153 record non-uniformity 
in the energy of oxygen adsorption on the surface. 
This non-uniformity is represented by current max- 
ima on the potential us. time curves recorded at 
different electrode potentials. A significant cor- 
relation has been shown to exist between signals of 
the second kind and the catalytic activity of com- 
pounds, an example being the system V20rMo03.‘s’ 

Thus, the signals due to electrochemical trans- 
formations and chemisorbed layers may supply very 
valuable, perhaps unique, information on the phase 
composition, non-stoichiometry, crystal and defect 
structure of solid substances. 

Nevertheless, in view of the “infancy” of the 
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method, the complexity of the signals and of the 
materials under investigation, it is necessary to pro- 
ceed very cautiously in interpreting the results. Evi- 
dently what is required is further electrochemical 
investigation of model materials, and the establish- 
ment of unambiguous relationships between the re- 
sults and the properties of the models. 

INSTRUMENTATION 

A wide range of instruments is commercially 
available4,‘0~13”7 for all variants of voltammetry. Com- 
puterization of the systems has now reached a high 
level of perfection, the use of computers has become 
routine, and the number of new publications on the 
subject is decreasing.“’ Further developments, 
mainly in the field of IV, are aimed at finding ways 
of compensating the residual current,‘55g’57 and im- 
proving subtractive polarographs,‘58~‘59 circulation 
electrolytic cells,‘60 and solid electrodes with renew- 
able surfaces.16’ New approaches, methods and de- 
vices for enhancing quality control by IV are being 
examined.‘62*‘63 In particular, attention is being paid 
to voltammetry with stepwise potential scanning,‘@ 
which greatly improves the response speed and the 
signal-to-noise ratio, and reduces the limit of de- 
tection by an order of magnitude. 

New possibilities for enhancing selectivity and 
signal resolution, shortening the analysis time and 
increasing the amount of information obtained, 
are provided by combination of chemometrics and 
voltammetry. 6*7 An analytical method can be chosen 
rationally according to which gives the better resolu- 
tion: chemical separation or signal separation by 
means of mathematical information processing.’ 
Combined methods are being developed, such as 
spectroelectrochemistry,‘“~‘65 voltammetry in con- 
junction with photoelectron spectroscopy or ESR 
measurements,“6 and differential electrochemical 
mass-spectrometry.‘” 

Electrodes 

The electrodes currently used in voltammetry may 
be subdivided into three groups: non-reactive, 
modified, and those having protective membranes. 
This subdivision is conventional, inasmuch as it is not 
always possible to explain the mechanism of the 
electrode process for a particular electrode. For ex- 
ample, the glassy-carbon and impregnated-graphite 
electrodes were traditionally considered to be non- 
reactive, but in the process of mercury deposition in 
the presence of Cd(H), Tl(1) or Pb(I1) they behave like 
one modified by adsorbed atoms, and in solutions of 
surface-active substances operate like one modified 
by the surfactant. Nevertheless, for convenience of 
discussion we shall use the subdivision above. 

Non-reactive electrodes. The classical hanging mer- 
cury drop electrode is being modified in construction. 
Capillaries have been made of Teflon and 

polyethylene-coated glass.16 Designs include forced 
supply of mercury, and the static mercury electrode 
can be operated in both dropping and stationary 
modes.16’ Various mercury film electrodes have been 
compared. 16* For the fabrication of solid electrodes 
the most widely used materials are carbon-based: 
glassy carbon, impregnated graphite, carbon paste, 
pyrolytic graphite, and in certain cases “carbo- 
sitall”.‘69-‘7’ Requirements have been set forth for 
strict adherence to the carbonization process for 
fabrication of glassy carbon and the correct orien- 
tation of pyrolytic graphite when it is used as an 
electrode.‘69 The orientation must be such that the 
exposed surface plane is parallel to the graphite 
layers, and this creates substantial difficulties in the 
machining of the material. In this regard two 
papers’72~‘73 are of interest: they recommend coating 
glassy-carbon electrodes with a film of pyrolytic 
graphite. Deposition of a film of graphite on a metal 
substrate has also been suggested,‘74 with a view to 
obtaining an electrode with an energy-uniform sur- 
face. Carbon-fibre electrodes are being used for in 
vi00 analysis.‘75,‘76 

Doronin et al.“O have shown that “carbositall” has 
better metrological characteristics than glassy car- 
bon. Electrodes made of spectroscopic graphite and 
impregnated with wax,‘69 a mixture of paraffin and 
polyethylene,‘* or epoxy resins’**“’ are widely used. 
Carbon-paste electrodes are utilized for analysis of 
solutions, but more often for the investigation and 
phase analysis of solid compounds.‘2J@2’ A review has 
recently been published on the voltammetric charac- 
teristics of carbon electrodes.“* 

Inverse voltammetry employs various film elec- 
trodes, especially those coated with mercury in 
situ i2,88,89 (usually 
gra~hitel*~87s17* 

made of impregnated 
or glassy carbon).‘3*‘9,*9 

An important role is played by the treatment of the 
electrode surface prior to measurements. Various 
techniques have been proposed, such as grinding, 
spalling, polishing, treatment with detergents, re- 
newal of paste layers, etc.36*‘69 

Various methods of electrochemical regeneration 
of the surface between measurements have also been 
suggested. It has been shown’70 that minimal back- 
ground currents on a “carbositall” electrode are 
obtained after an anodic-cathodic polarization cycle 
in perchloric acid medium, and that a preliminary 
cathodic polarization at potentials at which hydrogen 
is evolved reduces the capacitive current of the paste 
electrode.‘78 

Mercury electrodes of all types can be treated by 
polarization at potentials several tens of mV more 
negative than the potential for oxidation of 
mercury’79 or by multiple linear voltage pulses.‘*0 
More complex programmes of electrochemical sur- 
face regeneration have been suggested,‘8’ depending 
on the nature of the reactions and solutions used. 

During its electrochemical preparation the elec- 
trode surface may sometimes be modified by the 
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carbon oxidation products.‘82~‘83 This may result in a 
substantial increase in the sensitivity and resolution 
of determination of hydrazine and its derivatives’” 
and of copper. Is2 These authors recommend not to 
polarize the electrode at potentials at which hydrogen 
is evolved, which differs from the technique suggested 
by Urbaniczky. “* The electrode reactions on elec- 
trodes treated by various techniques have been in- 
vestigated.‘85 

Detailed procedures have been given for preparing 
glassy-carbon electrodes for volta~et~‘~ and 
graphite electrodes for IV.12 Despite the great experi- 
ence acquired in the use of various methods of 
electrode regeneration, this problem cannot be con- 
sidered to be fully solved.186*‘87 

Modijied electrodes. Following the work by 
Murray in the mid-seventies, there has been great 
interest in electrodes with surfaces modified by chem- 
ical reaction, adsorption, or formation of a polymer 
film.“@ Unfortunately, no mention has been made 
in Western literature of the first papers in this 
field,3’*188*18g describing the use of organic compounds 
(Rhodamine C,‘@ triphenyhnethane dyes,“’ nitroso- 
naph~ols’~) for the detonation of low concen- 
trations of a number of elements. The organic reagent 
was shown to be adsorbed on the surface of the 
graphite electrode, 189 which was therefore what would 
now be called an electrode modified in situ. The 
electrodes utilized by Monien and co-workers3’*‘90,‘91 
evidently belong to the same group. M~fied elec- 
trodes are now widely used in electrocatalysis’92 and 
are gaining recognition in voltammetric analy- 
sis.10*11,16 The electrode surfaces may be modified by 
adsorbed metal atoms,12*97s192 immobilized enzymes,‘93 
or membranes.lg” Membranes of various types are 
used to protect the surface of non-reactive electrodes 
from ~on~mination by surface-active materials.‘94 

Flow-through electrochemical detectors 

Electrochemical detectors are widely used in 
flow-through analytical control systems,“~‘*4*‘p5 
on account of their selectivity, low detection limit 
and low cost, Depending on the complexity of the 
materials being analysed, electrochemical detectors 
are used either after a chromatographic separation or 
directly in flow-through systems. A wide range of 
electrodes and methods is available. 

Glassy-carbon electrodes,‘wm carbon-paste elec- 
trodes,19s modified electrodes,22 porous eIectrodes,‘0 
wall-jet electrodes,10 and wall-jet detectors of the 
ring-disc typelo are all in use. Interference due to 
organic substances is eliminated by protecting the 
electrodes with special membranes.‘0q22 In 
bow-injection analysis (FIA) rapid linear sweep and 
cyclic sweep voltammetry has been used.‘O IV tech- 
niques are also considered suitable for FIA.‘pS*200J02 

Techniques have been suggested for subtracting the 
background current in voltammetric detection in 
FIA.20 A new variant of subtractive anodic inverse 

voltammetry for FIA, based on use of two identical 
flow-through injection systems, has been describedaM 

CONCLUSION 

The increasing number of publications devoted to 
voltammetry testifies to the growing use of this 
method. Its success has been due to advances in 
cognate sciences: the deeper understanding of theor- 
etical concepts in electrochemistry, e.g., those con- 
cerning the mechanism and kinetics of electron trans- 
fer, adsorption and el~tro~talysis; the development 
of computers and digital simulation of electrode 
processes; the development of new methods for dis- 
criminating between the useful signal and the back- 
ground current. The feedback is also plain to see: 
voltammetry provides acquisition of information on 
the structure and properties of substances, for exam- 
ple, in organic chemistry and biochemistry, on the 
initial stages of electrodeposition, on electrocatalysis, 
and on the phase composition and defect structure of 
solid substances. There is also the possibility of 
solving a number of analytical problems without the 
need for time~onsu~ng chemical separation and 
concentration of the determinands. In return, mea- 
surement automation, data processing, modified elec- 
trodes and microelectrodes for in oivo analysis, and 
chemometrics methods will all contribute to the 
further progress of voltammetry. 
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Summary-A review is given of the literature on the analysis of complex mixtures of organic compounds 
and a procedure proposed for the separation and identification of the components of such mixtures. 
Retention data obtained with several chromatographic columns are combined with information from mass 
and Fourier-transform infrared spectra and identifications made with the aid of a computer. 

The combination of methods of investigation and 
determination of the composition of a mixture of 

volatile compounds evolved from a sample into its 
environment is known as “head-space” analysis. This 
method is extensively used in studies of natural 
materials. 

THERMODYNAMIC APPROACH TO 
CLASSIFICATION OF HEAD-SPACE ANALYSIS 

From texts on the topic’-’ two variants of head- 
space analysis can be distinguished.4 

The first is realized when the sample is a system in 
thermodynamic equilibrium. We are then dealing 
with vapour-phase analysis, since the vapour of each 
component is in direct contact with its condensed 
(liquid or solid) phase present in the sample. The 
vapour phase can then be analysed under either 
equilibrium or non-equilibrium conditions.5*6 In sys- 
tems in thermodynamic equilibrium the composition 
of the vapour phase over a sample depends on the 
partition coefficients, concentration and structure of 
the components, and on the temperature and pres- 
sure, but is independent of the mass of the analysed 
sample. 

The second variant is the determination of volatile 
compounds in samples that do not form systems in 
thermodynamic equilibrium. All biological samples, 
from micro-organisms to higher animals and plants, 
natural foods, animal and insect glands, various parts 
of plants, erc., produce volatile substances. The study 
of phytocides and pheromones, as well as some 
ecological problems, is realized under thermo- 
dynamically non-equilibrium conditions, and so is 
the determination of volatile substances in urban air. 
In such circumstances the volatile compounds are not 
in contact with a condensed liquid or solid phase of 
the corresponding composition in the sample taken. 
Moreover they are frequently the products of chem- 
ical or enzymatic transformations occurring in the 

sample and changing with time, and the material 
under investigation may not contain the analytes, but 
only their precursors. Thus when analysing the vol- 
atiles from such a non-equilibrium system we obtain 
the qualitative and quantitative composition of the 
mixture of components over the sample, but cannot 
judge the amount of these substances in the sample 
itself. 

Hence there are at least three distinguishing fea- 
tures of the head-space analysis of these non- 
equilibrium systems: the dependence of the results on 
the mass of the sample and on the time needed to 
prepare the sample for analysis, and the absence of 
direct proportionality between the amounts of the 
volatile substances in the gas phase and their content 
in the specimen. 

It is clear that the head-space analysis of the 
non-equilibrium systems requires a special meth- 
odology. 

The head-space analysis of complex mixtures of 
volatile organic substances of biogenic origin gener- 
ally includes four stages: concentration, gas- 
chromatographic (GC) separation, biological tests 
(organoleptic in the case of foods), and identification. 

METHODOLOGICAL ASPECTS OF 
IDENTIFICATION 

The development of a general methodology for the 
analysis of complex mixtures of organic substances’ 
opens the possibility of solving most efficiently the 
problems related to determination of environmental 
pollution, key components of food flavour, pher- 
omones, etc. 

In the early 70s work was started in the USSR on 
use of computers for identification in trace chemical 
analysis of natural organic substancesa-lo The main 
ideas proposed retain their significance despite the 
great progress in development of instrumental 
analysis, and are as follows. 
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1. A complex mixture of natural organic com- 
pounds should be separated into classes or fractions, 
because even the most modern chromatographic sys- 
tems do not provide complete separation into the 
individual components, because of the large number 
of components that may be present and their wide 
range of concentrations. Further, substances in a 
natural mixture belong to different classes, so it is 
impossible to avoid overlapping of chromatographic 
zones, i.e., to get one chromatographic peak for each 
particular compound. It is therefore logical to sepa- 
rate the mixture into fractions that will reduce to the 
minimum the overlaps in the subsequent analyses. 
Each of the fractions has to be analysed on 3 or 4 
columns of different polarity. The choice of fractions 
for a detailed study is made by biological testing, for 
example, or by a sensory method in odour in- 
vestigation. 

2. To establish the structure of the components in 
the mixture it is necessary to use a wide variety of 
information, including the sorption characteristics, 
because no single technique, such as gas- 
chromatography (GC) coupled with a detector or 
with mass spectrometry (GC-MS) or Fourier- 
transform infrared spectrometry (GC-FTIR), can 
supply enough information for complete inter- 
pretation of the composition of complex natural 
mixtures. 

3. It is necessary to study the mathematical inter- 
relation of the sorption characteristics with the struc- 
ture of the individual compounds, and to use this in 
working out computerized identification programs, 
since deciphering complex natural mixtures only by 
use of reference substances is impossible because of 
the enormous number of standards required and the 
instability of many of them. 

CURRENT EQUIPMENT FOR 
SEPARATION AND IDENTIFICATION 

There are three methods combining “on line” the 
processes of separation of mixtures of organic 
substances and of obtaining data for identification: 
gas chromatography with a set of detectors (GC), 
gas chromatography/mass spectrometry (GC-MS), 
and the system combining a gas chromatograph 
with a Fourier-transform infrared spectrometer 
(GC-FTIR). 

In all these systems the organic compounds are 
separated in either packed or capillary columns, 
which must be easy to prepare reproducibly and 
stable over long periods of operation. The retention 
parameters should be reproducible to within l-2%. 
The column material should be glass or fused silica 
to minimize the decomposition and adsorption of the 
sample. A low carrier-gas flow-rate in capillary col- 
umns allows them to be combined directly with mass 
spectrometric and infrared detection. On the other 
hand, the low capacity of ordinary capillary columns 
with a stationary phase 0.2-0.3 pm thick is one of the 

reasons for the lower sensitivity of the GC-MS and 
GC-FTIR systems. The development of thick-film 
capillary columns with an immobilized phase 1 O-5.0 
pm thick has considerably increased the potential of 
these methods. Such columns have been described by 
Grab” and Ettm” 

Stable and reproducible capillary and packed columns 

Thanks to a specially designed apparatusI it is now 
possible to use the high-pressure static method to 
prepare reproducible glass capillary columns capable 
of sustaining reliable operation for up to 7 years, with 
retention indices constant within l-2%. For in- 
stance,14 the following columns have been prepared 
by simultaneous application of the stationary phase 
and the salt: PEG-4OM + Na3POd, Triton X-305 + 
Na,PO.,, PEG-40M + KF. By the same technique 
with application of a plasticizer, reproducible col- 
umns of OV-101, OV-25, SP-2300, OV-17 and OV- 
225 have been obtained.15 

These capillary columns are convenient for the 
analysis of organic substances in natural mixtures. 
An example is given in Fig. 1, where chromatograms 
of two types of aromaI are shown. Chromatograms 
of the volatile nitrogen bases of Antarctic krill” are 
shown in Fig. 2. 

Gas chromatography 

Gas-liquid chromatography with suitable de- 
tectors has high selectivity and sensitivity, for exam- 
ple, as low as 10mL6 g for the photoionization de- 
tector, and lo-l4 g for thermionic and 
electron-capture detectors. Specific detectors are 
available for detection of compounds containing N, 
P, S, or halogen atoms. Their sensitivity to such 
compounds is several orders better than for hydro- 
carbons. By use of GC with a high-sensitivity de- 
tector, the sorption and structure characteristics of a 
substance can be obtained simultaneously. The sorp- 
tion characteristics on a number of columns of 
different polarity are used for elucidation of the 
structure of substances. 

GC-MS. Gas chromatography/mass spectrometry 
instruments make it possible to obtain a molecular 
fragmentation picture that is specific for every sub- 
stance analysed. Mass spectra always contain infor- 
mation on the structure of molecules, though it is not 
so easy to interpret this information.‘* New GC-MS 
systems include fast-scanning instruments capable of 
rapid change of operational mode from 70-eV elec- 
tron impact (EI) to chemical ionization (CI). The CI 
spectra always show a high abundance of the molec- 
ular ion. The combination of EI and CI mass spectra 
for a molecule gives valuable information on the 
molecular structure and provides identification at 
ppm concentration levels and below. The system has 
a high rate (several hundred per run) of primary 
spectra output. The treatment of these spectra be- 
comes a serious problem. For effective use of gas 
chromatograph/mass spectrometers expensive com- 
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(a) 

(b) 

Fig. 1. Chromatograms for the components of natural broth and meat aroma.m Glass capillary column 
50 m x 0.25 mm coated with OV-101; temperature programme 40” for 2 min and then 4”/min to 250”. 
1, 2-Methylfuran; 2, 2,3qentanedione; 3, hexanal, 4, vinyl-tert-butyl sulphide; 5, 2-methylfuran-3-thioI; 
6, heptanal; 7, furanol; 8, benzaldehyde; 9, 2-methylthiophen-3-one; 10, diethyl sulphide; 11, 2-pentyl- 
furan; 12, 2-methyl-3-mercaptopropan-1-ol; 13, Cmethyl-1-oxa-Zthiolane; 14; phenylacetaldehyde; 15, 
2-acetylthiophene; tert-butyl n-butyl sulphide; 16, 3-acetylthiophene; isobutyl butyl sulphide; 17, 18, 
3,Sdimethyl-1,2+trithiolane; 19, methyl butyl disulphide; 20, 2,6-dimethyl-1-oxo-3-thiane; 21, 2-methyl- 
fury1 3-methyl disulphide; 22, 2,6_dimethyl-1,4-dithiane; 23, 2-methylacetylthiophene; 24, bis(2-methyl- 

furyl) disulphide; 25, bis[3-(2-methylpropan-I-ol)] disulphide. 

puters with special programs are needed.2’* For 
identification, the mass spectrum of the fragmen- 
tation products of the molecule is compared with the 
spectra of standard substances available in a refer- 
ence library. However, the experimental spectra fre- 
quently differ from those in the library; this is related 
to the change in the ratio of mass spectral line 
intensities because of the distortions in the analysis of 
complex mixtures in the dynamic mode (in flow), on 
account of fast recording of the spectrum and of 
“memory” effects in the instrument, since we are 
dealing with concentrations differing by several or- 
ders of magnitude. Thus, the fragment-ion peak 
heights cannot be determined with good accuracy 
and that complicates the identification. 

There are also several limitations imposed by struc- 
tural factors. For instance, it is sometimes impossible 
to establish from the mass spectra the structure of 
substituted aromatics, cis and rrans isomers, posi- 
tional isomers, or homologues with a long carbon 
chain. It is therefore usual to utilize subsidiary chem- 
ical reactions in determination of the structure of 
substances in natural mixtures by GC-MS. In turn it 
is then necessary to take into account and investigate 
the artifacts accompanying almost every chemical 
transformation. These problems are widely discussed 
in the literature.3.‘8-20 

The application of relative retention parameters to 
identification from mass spectral data has been sub- 
stantiated.21 

GC-FTZR. The GC-FTIR systems seem to be 
quite promising. The first such system was demon- 
strated by Low and Freeman” but for a long time the 
low sensitivity prevented its wide use in head-space 
analysis. It took more than 10 years to improve the 
system. In the last few years, several reports on 
identification of components in complex mixtures 
of volatile organic compounds with the use of 
a new generation of GC-FTIR systems have ap- 
peared.‘h2s26 The performance of the system depends 
to a large extent on the efficiency of the glass or 
fused-silica capillary column and on the thickness of 
its immobilized stationary phase coating. Substances 
eluted from the column by the carrier gas reach a 
gold-plated light-pipe cell made of a capillary re- 
stricted by salt windows and having a volume of 
0.1-0.6 yl. The temperature in the light-pipe during 
spectral measurements is maintained at 20&250”. 
The spectrum output for every peak is produced 
within 0.345 set by summation of 6-12 inter- 
ferograms. At the outlet of the light-pipe the sub- 
stance is detected with a flame-ionization or other 
suitable detector. Thus, the GC-FTIR system deliv- 
ers the infrared spectra for all the substances eluted 
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Fig. 2. Chromatogram of volatile nitrogen bases from the Antarctic krill E. superba Dana" on a glass 
capillary column coated with PEG-4OM KF (40 m x 0.28 mm). Temperature programme 4”/min from 80” 
to 160”. 1, Pyridine; 2, IV-ethylpyrrole; 3, 2-picoline; 4, methylpyrazine; 5, tributylamine; 6, 
2,5-dimethylpyrazine; 7, 2,3_dimethylpyrazine; 8, 2-methoxy-3-methylpyrazine; 9, 4-ethylpyridine; 10, 

trimethylpyrazine; 11, tetramethylpyrazine. 

from the column (calculated by computer24), and also 
the chromatogram recorded with an ordinary GC- 
detector. 

The GC-FTIR system makes it possible to deter- 
mine the structural features of a molecule, such as the 
functional groups present, double bonds and 
c&tram isomerism. It also distinguishes between the 
isomers producing identical mass spectra and having 
close retention indices, as has been shown by analysis 
of a mixture of five butyl butanoates: 2-butyl iso- 
butanoate, 2-butyl n-butanoate, n-butyl n-butanoate, 
isobutyl n-butanoate, and isobutyl isobutanoate.” 
An important property of the method is that the 
substances analysed do not undergo destruction, and 

may be determined by other techniques, including 
mass spectrometry. 

A major restraint on identification of substances by 
GC-FTIR is the shortage of data in the libraries of 
infrared spectra for organic substances in the gas 
phase at 200-250”. The banks of data usually contain 
the infrared spectra for substances in the liquid phase 
at room temperature, from which the gas-phase 
spectrum may differ considerably, complicating the 
identification. Nevertheless, GC-FTIR appears to be 
the most promising system for the present; its de- 
tection limits are rapidly decreasing and the spectra 
libraries are widening. 

Ettre25 used “on the fly” GC-FTIR for 
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identification of components in a petroleum sample 
preliminarily separated into groups of substances by 
liquid chromatography. He managed to identify 75% 
of the few hundred components by their infrared 
spectra. Note that in this case there was an unlimited 
amount of sample available and a large spectrum 
library for hydrocarbons in the gas-phase. 

For head-space analysis, however, even systems as 
informative as GS-MS and GC-FTIR are still not 
sensitive enough, and cannot identify all the natural 
material components which can be detected by gas 
chromatography. Only the components present at 
concentrations above about 10-7-10-5 g/ml are de- 
termined, and the results of application of these 
systems to trace analysis of organic compounds in 
natural mixtures are rather modest. The upper de- 
tection limit in GC-FTIR is set by the capacity of the 
capillary column and the lower one by the sensitivity 
of the detector, which is proportional to the molar 
extinction coefficient. Thus, for example, only 15% 
of 200 flavour components of the African fruits 
cherimoya and guava were identified in this way; 
the components present at 1 rig/g concentration 
or lower did not produce interpretable infrared 
spectra.26*27 

Specialists in GC-FTIR believe that the instru- 
ments are very convenient for the routine analysis of 
flavour components, especially in the case of sus- 
pected adulteration of natural extracts24s28 as well as 
for detection ‘of the functional groups of the key 
odour components. 

Because a GC-FTIR system can be combined with 
a mass spectrometer, it is interesting to compare the 
performance of these systems. For example, in the 
analysis of hazardous-waste soil by fused-silica capil- 
lary GC-FTIR and GC-MS systems operated in 
parallel,B of the 44 major peaks obtained by sepa- 
ration on identical columns, 28 were identified, 15 
predicted and 1 unidentified by GC-FTIR, the corre- 
sponding numbers being 13,23 and 8 for GC-MS. It 
is seen that GC-FTIR is superior in identification 
power. 

Wilkins et aL30 compared the results for 
identification of volatile components of mint oil and 
of an industrially produced lacquer thinner, using the 
GC-FTIR-MS system “on-the-fly”. The mixtures of 
volatiles, after separation on a capillary column, 
contained 30 major components each. Mass spectra 
were recorded both in EI mode at 50 eV and after CI 
(with methane) at 12 eV. The MS library contained 
32000 substances. All data-processing was done by 
computer. For the mint oil, the isomers which could 
not be distinguished by MS were fairly identified by 
infrared, for example, the barely separable tl- and 
/3-pinenes, d-isomentone and I-mentone. However, 
if the content of a substance in the mixture was 
less than 0.5%, its infrared spectrum could not be 
interpreted. All 30 mint components were identified. 
In the analysis of the lacquer thinner only 18 out 
of 30 volatile compounds were identified, and the 

presence of certain functional groups or structural 
fragments was deduced for 10 of the rest. 

SORJ’TJONSTRJJCTURE CORRELATJONS AND 
THEIR APPLICATION TO JDENTJJWATJON 

In our opinion, too little attention is still being paid 
to the possibilities for identifying compounds in 
complex natural mixtures by means of the sorption 
parameters (Fig. 3), which have been successfully 
used in the analysis of isomeric unsaturated hydro- 
carbons,31 of saturated, unsaturated and polycyclic 
hydrocarbons,‘* and of odour components.L0,33 The 
sorption-structure characteristics are especially use- 
ful for determination of aliphatic compounds in 
natural mixtures. 

In homologous series, there are regular changes in 
the retention parameters with increasing carbon 
chain-length, depending on the nature of the func- 
tional groups, the sorbent and the conditions of 
analysis. Methods of computer-identification from 
gas chromatographic data without use of standards 
have been developed.tO*” 

Identification without use of standards uses a 
specially selected system of either packed or capillary 
columns for a particular mixture of substances hav- 
ing similar functional groups or structural fragments, 
to provide optimal separation and make it possible to 
express mathematically the dependence of the reten- 
tion indices on the structures of the substances and 
their physico-chemical properties. The identification 
is done by computer with a special program.9~‘0~34 

Productive use of the method depends on knowl- 
edge of the sorption thermodynamics for the sub- 
stances under consideration, on stationary phases of 
different structure. Studies on this have been made 
for some years.)++O 

Universal equation for calculation of sorption charac- 
teristics of homologues 

As a result of a series of studies36*37,w2 on the 
thermodynamics of sorption, a genera1 type of math- 
ematical dependence of the retention index values 
on the carbon number in a homologous series was 
found to exist. For the first time, universal equations 
are available which permits the sorption charac- 
teristics to be calculated with good accuracy for all 
the homologues, including the first members of a 
se~es:41,4w5 

log m 
I=A+Bm+C- 

D 

+ (m - 2)* + 0.1 (1) m 

AG = -2.3RT 
log m 

u + pm + y- 
m 

r 
+ (m -2)*+O.l +log273 

Tp (2) 1 
where I is a retention index or may be log V,, or log 
t’, m is the homologue’s carbon number, AG is the 
partial free energy of sorption, A, B, C, D, a, /I. y, < 
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Fig. 3. Set of analytical data to be used in identification of organic substances in natural mixtures. 
Z-retention index; Vs-specific retention volume; G-partial free energy of sorption; GZX,,,,-difference 
in retention indices of substance and standard; GZ/bT---temperature dependence of the retention index: 

AQ-thermodynamic equivalent of AZ. 

are coefficients in the equations, p is the density of the 
stationary phase and T is the absolute temperature of 
the column. 

Thus, instead of the eight known correlation 
equationPs3 used in calculation of retention indices 
for the members of homologous series, we have now 
one general equation (1) based on the principle of 
non-additive change in the sorption energy of homo- 
logues with increasing chain length. The equation 
takes account of the non-linear nature of the van der 
Waals energy change in a homologous series on 
chromatography. Under the conditions of gas-liquid 
chromatography, the validity of the equation has 
been affirmed for 74 homologous series and 10 sta- 
tionary phases of different polarity. 

The gas-solid chromatography retention indices 
and thin-layer chromatography &-values for homo- 
logues also obey equation (l), and so do the loga- 
rithms of the partition coefficients for the distribution 
of homologues between water and organic solvents.42 

The sorption characteristics are calculated by 
equation (1) with an accuracy sufficient for 
identification purposes, but accuracy can be im- 
proved by increasing that of experimental deter- 
mination of the retention values.54 Equation (1) is 
convenient for computer-assisted identification of 
aliphatic compounds. 

GClcomputer identz@cation algorithm 

In spite of the large number of studies on the use 
of computers in chromatography there are only a few 

reports on automated identification of organic sub- 
stances in a mixture.5S61 In these, samples containing 
generally not more than 20 known compounds were 
analysed. With such a small number of components, 
complete separation of the mixture was achieved by 
using only one (or sometimes two) gas chro- 
matographic columns. In analysis of complex multi- 
component mixtures, such as those of volatile sub- 
stances of biogenic nature, it is impossible to obtain 
complete resolution on any of the existing types of 
GC-columns, either packed or capillary, and such 
examples were not considered earlier from the view- 
point of computer-identification. The programming 
of the recognition process was based on the idea of 
library comparison of GC retention parameters, 
which is suitable in a search for known compounds 
in comparatively simple mixtures, e.g., analysis of the 
amino-acid composition of peptides. In addition, 
the early methods of computer-identification dealt, as 
a rule, with the retention parameters for only one 
column, with a chosen stationary phase. This infor- 
mation is not sufficient for the analysis of natural 
mixtures containing several hundred chemical com- 
pounds of different classes, the retention parameters 
of which frequently coincide. Hence, none of the 
algorithms suggested earliersM’ for mathematical 
identification has been applied to deciphering the 
composition of natural mixtures of substances. 

The first methodological approach to identification 
of natural mixutres of substances was based on 
chromatographic separation of organic compounds 
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with the same type of functional group, with a system indices for the sample are determined on 3 or 4 
of 3 or 4 columns of different polarity which provided columns of different polarity, and input to the com- 
maximum resolution of components with minimum puter, which utilizes the linear equation to determine 
overlap of the chromatographic zones.*s9 Later it was the thermodynamic criterion characterizing a func- 
showns7@+62 that the reliability of identification in- tional group (or molecular fragment) and the number 
creases under these conditions. The universal expres- of carbon atoms in a homologue, the hyperbolic 
sion (1) and the thermodynamic criterion38~39 deter- equation for the dependence of the retention index on 
mining the nature of the functional group and the the boiling point of the substance, and the general 
number of carbon atoms in a homologue, are incor- equation (1) describing the dependence of the index 
porated in the computer programs designed for value on the number of carbon atoms. The computer 
identification of aliphatic compounds without use of memory needed in deciphering the composition of 
standards. A flow-sheet for computer-identification odour components is not less than 16 kbytes. The 
of odour components from GC data is shown in computer displays the components identified, and 
Fig. 4. According to the scheme, the GC retention their retention indices, boiling points and expected 

Calculation of retention parameters ~~~1 
Yes 9 

Calculation of permlttad errors in 

determination of the parameter Z 

in mixture 

I 

Control of identification according to 

Control of identlflcation according to 
the thermodynamic criterion 

Division of the substances revealed in a mixture 

Account of the quantitative data 

Formation of the data file for non-identified peaks Z” 

Are all peaks, identified? Printing of results 

Fig. 4. Schematic representation of a computer program for investigation of composition of complex 
mixtures by use of GC-data. D-parameter indicating method of identification: D = O-without a 
standard, D = l-use. of table of standards; Z” and Z-retention indices of standard and compound 
sought, respectively; tIz-permitted error in determination of Z in a mixture; m-homologue carbon 
number; k-number of the homologous series k = 1,2, . . . , P; 7”,-boiling point calculated from the 
retention index Z for a non-identified peak on a non-polar column; a, 8, y, l-coefficients of the equations. 



number of carbon atoms, and the probable type of 
functional group for tentatively identified com- 
pounds. 

The GC/computer method is limited by the need to 
use chemical reactions for extraction and concen- 
tration of organic substances with identical func- 
tional groups, and to the difficulties in identification 
of isomeric derivatives of aromatic and heterocyclic 
compounds. In this case the computer performs 
identification by comparison of the retention indices 
on 3 or 4 columns with the standard values. For 
example, in the GC/computer identification of 
sulphur-containing components of meat flavourings, 
37 compounds were identified,33 but isomeric S- 
substituted furans and thiophenes were also found. 
The problem was successfully solved only by gas 
chromatography/mass spectrometry of derivatives of 
the furans and thiophenes, a subtraction operation 
on the mass spectra before and after the derivative 
formation, and comparison of the results with the 
library values of Z and AZ. In this way, 8 compounds 
from the furan and thiophene series were identified 
and certain information on the structure of some 
heterocyclic substances was additionally obtained.63 
This example shows the complexity of identification 
of odour components. 

ZdentiJication by GClcomputer technique 

This technique of GC/computer identification has 
been successfully used for interpretation of the 
odours of meat,- salmon,6’ krill,” bread:* sherry,69 
and volatile compounds from the Maillard reaction 
simulating meat and chicken flavour.33 

The correctness of the GC/computer identification 
of odour components was verified for the carbonyl 

compounds in a concentrate of natural meat 
flavour.6s The analysis was done by three methods 
simultaneously viz. by chromatography of free 
organic bases under GLC conditions, separation of 
their 2,4-dinitrophenylhydraxones by liquid chro- 
matography with refractometric detection, and gas 
chromatography/mass spectrometry. The fair agree- 
ment between the results obtained shows the 
GC/computer-identification method to be quite re- 
liable for determination of aliphatic compounds. A 
second example, for determination of sulphur- 
containing compounds by two methods,‘O is given in 
Table 1. 

The study of food !Iavour components has pro- 
duced some practical results. Flavour additives imi- 
tating the natural aromas have been created for 
sturgeon and salmon caviare, salmon fillet,’ and 
meat.33~66*70~71 The cause of odour production appear- 
ing on storage of casein and its co-precipitate has 
been detennined.72~73 Volatile amines were shown to 
be a taxonomic sign of micro-organisms.” The 
production of nitrogenous bases during sherry fer- 
mentation has been estimated.75 A procedure for 
determination of chocolate compositions has been 
suggested,76 and it has been shown that the com- 
position of bread flavour components depends on the 
methods of baking and dough making.” 

SCHEME FOR HEAD SPACE ANALYSIS OF NATURAL 
SYSTEMS NOT IN THERMODYNAMIC EQUILIBRIUM 

In conclusion we propose the following system for 
determination of the composition of trace organic 
substances in complex mixtures. A concentrate from 
the sample is separated into fractions or classes, 
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Table 1. Substances identified in the vapour of a meat flavour composition made from autolysinem 

Analytical Analytical 
No. Compound procedure No. Compound procedure 

ALIPHATICS 22 1,2-Dithiane 
1 Hydrogen sulphide 

:: 
23 3,6-Dimethyl- 1,2-dithiane G& 

2 Methanethiol 
3 Ethanethiol 
4 I-Propanethiol :: 

THIOPHENES 
24 Thiophene GC,MS 

5 2-Methylpropanethiol GC 25 2-Methylthiophene GC,MS 
6 2,3-Dithiabutane GC,MS 26 2-Formylthiophene GC,MS 
7 2,3-Dithiapentane GC,MS 27 3-Methyl-2-formylthiophene GC,MS 
8 3,4-Dithiahexane GC,MS 28 Dimethylformylthiophene MS 
9 3,4Dithiaheptane GC 29 3-Acetylthiophene GC,MS 

10 2,7-Dimethyl-4,5-dithiaoctane GC 30 Methylacetylthiophene MS 
1 I 3,5-Dithiaheptane GC 3 1 2-Methylthiophen-3-thiol MS 

12 2,4,6-Trimethyl-3,5-dithiaheptane 
13 4-Ethyl-3,5-dithiaheptane 
14 2,4-Dimethyl-3-thiapentane 
15 3-Mercaptobutan-2-one 
16 4-Mercaptopentan-3-one 
17 3-Mercaptopentan-2-one 
18 2-Thiapentanal 

CYCLICS 
19 1,3-Dithiolane 
20 2-Methyl-1,3-dithiolane 
21 2-Methylthiophen-3-one 

GC 
GC 
GC 
MS 
MS 
MS 

GC.MS 

Gc 
GC 
MS 

32 
33 
34 
35 
36 
31 
38 
39 
40 
41 
42 

FURANS 
2-Methylfuran-3-thiol 
Methylfuranthiol 
Furylmercaptan 
2-Methyldihydrofuran-3-thiol 
Fury1 methyl sulphide 
2-Fury1 methyl disulphide 
3-(2-Methylfuryl) methyl disulphide 
Bis[-3-(2-methylfuryl)]disulphide 
Bis-(2-methylfuryl)disulphide 
Bis(fury1) disulphide 
12-MethyldihydrofuryQdisulphide 

GC,MS 

GKS 
MS 

GC,MS 
MS 
MS 

GC,MS 
MS 
MS 
MS 
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which are analysed with a GCZTIR-MS system. 
The components are separated on 3 or 4 capillary 
columns. The data for identified and tentatively 
identified compounds are obtained by use of a special 
computer program operating with sorption-structure 
correlations and simulating the experimenter’s rea- 
soning. The data obtained from the sorption charac- 
teristics are juxtaposed by the computer with the data 
obtained from spectra-structure correlations on the 
basis of infrared and MS characteristics. The meth- 
odology of identification by use of infrared spectra is 
rapidly developing and can be utilized in the creation 
of the “artificial intelligence” programs- for 
identification by gas-phase infrared spectra and chro- 
matography. 

The list of ~mponents of the mixture, with 
specified reliability of the identification, and pre- 
dicted physicochemical properties and structure for 
tentatively id~ti~ed substan~s, is obtained after 
computer processing of the whoie of the data from 
the GC-FTIR-MS system. For complete 
identification of minor components in the mixture, 
the system has to give recommendations for an 
optimal version of the analysis, involving subsidiary 
chemical and physical methods. The major di~culties 
in implementation of the scheme consist in obtaining 
the necessary data library and in working out the 
“artificial intelligence” algorithm. 
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Summar-The processes of substance evaporation and atom ionization under different conditions of 
spark discharge or laser radiation are considered. It is shown that the dependence of the relative sensitivity 
coefficients on the properties of an element can be presented as the product of two exponents with 
parameters proportional to the atomization energies and first ionization potentials of the element. 
Differences in matrix composition and conditions influencing a sample in the ion source are considered 
by means of introducing two fitting parameters-atomization and ionization “temperatures’‘-into these 
exponents. Experiments carried out with the help of mass-spectrometers with spark and laser ion sources 
have corroborated the validity of the suggested quasi-equilibrium model and shown the possibility of 
its application for the improvement of the accuracy of analysis without use. of standards as well as for 
checking the stability of experimental conditions in the process of analysis with standard samples. 

Mass-spectrometry with spark’” and laser-plasma’*‘*8 
ion-sources is more and more widely used in anal- 
ytical practice. Many authors have studied the mech- 
anisms of ion and ion-beam formation, with two 

main objectives. 
(1) A purely scientific one-to study the laws of ion 

formation and detection in the important group of 
physical methods of analysis. 

(2) A practical one-to improve the precision and 
accuracy of the methods and, in particular to find 
quantitative methods that do not require use of 
standards. Solution of this problem could give mass- 
spectrometry extraordinary advantages over other 
methods of inorganic analysis. 

Attempts to work out “standardless” (absolute) 
methods on the basis of purely empirical expressions 
have been made in spark-source mass-spectrometry 
for more than 20 years, though without any success 
(as shown in a critical review of the literaturelO. 
In laser-source mass-spectrometry a very simpli- 
fied qualitative model of ion-formation has been 
advanced,” which led the authors to the conclusion 
that at an energy flux q = 2 x lo9 W/cm* the rela- 
tive sensitivity coefficients (RSC) for all elements 
would be equal to unity, but this approach has been 
criticised.‘* It has been found that the RSC values 
depend on the interaction conditions as well as on the 
sample matrix composition. 

In the general case the task of determining the 
composition of the ion-beam by calculation from the 
sample composition and the interaction conditions is 
extremely difficult, since several complex, inter- 

connected and not fully studied processes occur 
simultaneously in the vacuum spark discharge or 
laser-plasma cloud. If a solution to the problem could 
be found either by mathematical analysis or by means 
of computer modelling, it would be possible to apply 
it only to substances with similar chemical com- 
position. If, as happens in the majority of cases, the 
matrix composition is not known with enough pre- 
cision, it is necessary to solve the even more compli- 
cated inverse problem of determination of the sample 
composition from the mass-spectrum. At present no 
real progress seems to have been made in this field. 

Thus, to create a complete enough theory of spark- 
source and laser-plasma mass-spectrometry it is nec- 
essary to exert a great deal of effort. This paper puts 
forward what we think is sufficiently well-founded, 
semi-empirical model allowing more systematic fur- 
ther investigation of ion-formation mechanisms as 
well as direct calculation of the RSC values from the 
experimental results with a precision acceptable for 
quantitative analysis. 

, PHYSICAL ASPECTS OF ATOMIZATION, 
IONIZATION AND RECOMBINATION 

IN PLASMA SOURCES 

Many papers and some reviews on the physics of 
spark discharge in a vacuum13*14 and on the effect of 
laser radiation on a sample9J5 have recently been 

published. In our work we have used the results of 
these investigations, as well as a number of assump- 
tions. 

61 
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(1) We have assumed that when a sample is subjec- 
ted to a spark discharge or laser radiation some 
similar processes occur and the parameters of the 
plasma formed are similar.‘0.‘6 

(2) We have conditionally divided the process of 
mass-spectrum formation into a number of stages:‘6*17 
sample evaporation and atomization, atom ioniz- 
ation, plasma expansion, ion-beam formation, mass- 
analysis, ion-detection. In this paper we will discuss 
the influence of the first three stages on the mass- 
spectrum and the RX values, since the influence of 
the other stages can be assessed with the help of 
appropriate mass-spectrometer calibration.is 

(3) To a first approximation we assume there is 
thermodynamic equilibrium between the components 
of the medium. Such an assumption was put forward 
earlier for secondary-ion mass-spectrometryi9 and 
laser mass-spectrometry, *O but was related only to the 
ionization process. At the same time it was tacitly 
assumed that the atomization and plasma-expansion 
processes do not affect the RX values. 

When a spark discharge or laser radiation is 
applied to a solid, one of two effects can result. 

(1) There is no energy absorption by the vapour or 
plasma. This occurs when the laser radiation flux 
density q is < lo*-lo9 W/cm* (depending on the 
target substance). For spark discharge this corre- 
sponds to initiation of the breakdown stage, i.e., the 
first few nanoseconds after the voltage applied to the 
electrodes reaches the breakdown value. 

(2) A sufficient amount of energy is absorbed by 
the vapour. When a spark discharge is applied, strong 
energy absorption by the vapour occurs shortly after 
the beginning of the evaporation process. Plasma 
appears in the interelectrode gap and electric break- 
down occurs there. Similarly, with laser excitation the 
change to energy-absorption by the vapour occurs 
very rapadi1y.16 

Evaporation and atomization 

The character of the evaporation depends on the 
energy flux L and the specific energy of sublimation 
A. If the energy flux in a layer with thickness d is 
equal to 6, heat conduction will reduce it to e ’ given by 

(1) 

where d,, is the thickness of the layer heated by heat 
conduction, and d’ = d + d,, is the total thickness of 
the warmup layer. 

If the energy release time t is small compared to the 
expansion time t, of the absorbing layer,15 then 
d,, = a, where te N d/G, and x is the thermal 
diffusivity coefficient. If t is long enough to establish 
a stationary evaporation regime, d,, = x/u, where u is 
the velocity of the evaporation front. 

When a short (about 10 nsec) laser radiation 
pulse with q = 1O*-1O1o W/cm* acts on metals, 
d N 1O-6-1O-5 cm, and d,, N 10-4-10-3 cm. Thus, the 
heat conduction significantly decreases the energy 

flux. For opaque dielectrics d 2 d,, N low5 cm and the 
energy flux is decreased by only a factor of -2. 

The flow of atoms (j,) of a given element (i) from 
unit area of sample surface (solid or molten) heated 
by radiation can be determined according to the 
Hertz-Knudsen relation: 

j, = n,v, = (1 -q)n;vi=(l -rI)n,viexp 
( ) 

;; (2) -- 

where v, = ,/T kT 2nm, is the mean thermal velocity of 
the atoms, k is Boltzmann’s constant, m, is the atomic 
weight of the given element, and ni,, ni, np are the 
concentrations of the element in the condensed phase, 
the vapour and the saturated vapour respectively, n 
is the return ratio of vapour atoms (r~ < l), and B, is 
the bond energy between atoms of the element in the 
solid sample. 

To satisfy relation (2) it is necessary that the 
decrease in atom concentration in the condensed 
phase near the evaporation surface is compensated by 
the diffusion flow j,n = D,Vn,, where D, is the diffusion 
coefficient and Vn, the gradient of the component 
concentration in the condensed phase. From the 
condition j,n = j, we obtain 

D,Vn, = (1 - q)n,v, exp 
( > 

- Ei (3) 

A typical thickness for the layer of substance, ro, 
from which atoms diffuse to the surface is given by 

n, r,=-<- 
vn, (4) 

For molten alkali metals D, N 5 x 10ms exp( - AJkT), 
where the activation energy of diffusion, Ai, is about 
0.5 eV. Hence 

5 x 10-s 

rD’(l -g)~,~~~ 

If we take into account that T < T, = (0. 1-0.2)Bi, (T, 
is the critical temperature for the given substance), 
and at T N T, the value of vi is N 104cm/sec, we 
obtain from (5) rD < 10e5 cm. This parameter is 
comparable with the absorption depth d of laser 
radiation in metals and opaque dielectrics, as well as 
with the depth of sample warm-up by electrons in a 
spark discharge.** If d’ < rD and e’ < A the heated 
layer will partially evaporate, and the evaporation 
will be selective with regard to the sample elements, 
and dependent on their binding energies [see 
equation (2)]. 

The concentration of atoms of element i in the 
vapour phase, n,, will be related to its concentration 
in the sample (nr) by the expression 

ni N n, exp( - B, /kT) (6) 

If d’ > rD (a large depth of warm-up in metals by 
heat conduction, or large depth of absorption in 
dielectrics) the selectivity of transfer of atoms of 
different elements to the plasma is reduced. This 
effect can be taken into account by introducing into 
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equation (6) the atomization temperature TA instead 
of the real temperature of the process (T), and in 
general T,, > T. 

When the energy flux is big enough but does not 
exceed the specific sublimation energy, the liquid 
layer may be ejected in the form of drops. Boiling of 
the liquid phase (in the stationary evaporation re- 
gime) is also possible. In both cases the evaporation 
area S,, increases significantly and correspondingly 
the effective thickness of the evaporating liquid layer 
decreases: C& = V/S, where V is the heated layer 
volume. If d, < ro the selectivity of evaporation of 
diEerent elements will be maintained. 

If the energy flux 6’ exceeds the specific sublimation 
energy A, the temperature of the heated layer will 
exceed the critical temperature and all the com- 
ponents of the layer will evaporate without discrimi- 
nation. Formally this means that Z’,*co. 

During transfer to the vapour energy-absorption 
regime the character of the evaporation and atom- 
ization process will change. The flow of energy onto 
the surface will decrease owing to the energy absorp 
tion by the plasma and the pressure will increase 
owing to the additional heating of the expanding 
vapour. All this will lead to the evaporation velocity 
being lower than that when the vapour does not 
absorb the laser energy, and hence to increased 
selectivity for different elements if the energy flux 
does not exceed A. 

Ionization of atoms 

In the regime without absorption of energy by the 
vapour, the degree of ionization of the vapour can be 
approximately determined from the Saha-Langmuir 
equation for surface ionization: 

where nf and nP are the numbers of singly-charged 
ions and atoms of the given element in unit volume 
of vapour, gf and gp are the statistical weights of the 
singly-charged ions and atoms of the ith element, 
respectively, #) is its first ion~tion potential, t(r is the 
electron work function for the sample surface, and T 
is the absolute temperature of this surface. When the 
vapour absorbs laser energy, however, the resulting 
heating of the plasma leads to additional ionization. 
In the initial moment (before expansion) the plasma 
is in local the~~ynamic ~uilib~um owing to its 
high initial density, and the ion distribution in the 
plasma according to degree of ionization is deter- 
mined by the Saha equation:” 

Z+ n,n, sf -=-AT’/2exp 
nyo g”-” (7) 

1 

where A = 6.06 x 10” cmm3. eV-” and g: and gp- i) 
are the statistical weights of the ions with charges z 
and (z - 1) respectively. 

Let us note that only that part of the sample 
substance which has evaporated immediately during 

the radiation process experiences strong additional 
ionization. According to our estimates, laser pulses 
with q = 108-1010 W/cm2 and a duration of about 
1Onsec will make about 10% of an irradiated metal 
surface evaporate, and about 50% of the irradiated 
surface of a highly absorptive dielectric. Strong sam- 
ple evaporation after the spark discharge pulse is over 
is also possible in the vacuum spark method.23 The 
portion of substance evaporating after the pulse is 
over is weakly ionized, its ionization being described 
by equation (6), as for the case of heating without 
energy absorption by the vapour. 

Recombination of ions with eiectrons during plasma 
expansion 

In the process of expansion, at a certain moment 
of time t, the typical relaxation time will exceed the 
typical ionization times. In this case the thermo- 
dynamic equilibrium distribution between degrees of 
ionization will be violated:2 and the equilibrium 
recombination will change to a slower non- 
equilibrium state which will continue till the moment 
t2 when recombination ceases (freezing of the ioniz- 
ation state). 

If the degree of plasma ionization at t, is less than 
1, recombination during expansion will not change 
the relative concentration of ions of different ele- 
ments until the system is frozen. The recombination 
coefficient b, is given by 

where b, = 8.75 x 10m2’ cm6. ev912. set-‘. 
For ions with charge z = 1 the recombination 

coefficient does not depend on the specific properties 
of elements. In this case np N 4, and the final degree 
of ionization is 

If the degree of ionization at t, is > 1, the process of 
~ombi~tion will depend on the relation between 
the initial plasma radius R, and the characteristic 
separation distance for recombination of electrons 
with ions with charge z, which is 1, = v,,/bz where vi, 
is the thermal velocity of the ions. If &, is higher than 
the characteristic length of recombination for doubly 
charged ions &, but smaller than the cha~cte~stic 
length for singly-charged ions f, , then the majority of 
the ions will be singly-charged. In this case the 
dependence of the degree of ionization on the first 
ionization potential is weaker and this can be taken 
into account by introducing into equation (9) the 
temperature of ionization Tt instead of the actual 
temperature T, T, being > T. In the limiting case, if 
in the process of expansion all the multi-charged ions 
have recombined with electrons to form singly 
charged ions but the recombination of singly-charged 
ions with electrons is negligible, the dependence of 
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the singly-charged ion function on the ionization 
potential ceases, which is equivalent to Ti + co. 

Dependence of the RSC values on the main parameters 
of the elements to be determined and on the experi- 
mental conditions 

Summing up the discussion above, we come to the 
conclusion that there are some genera1 laws appli- 
cable to different matrices and experimental condi- 
tions. First, if we neglect energy losses during expan- 
sion, the final state of the plasma after the expansion 
is over is determined mainly by the energy flux and 
the mass of the heated substance, irrespective of the 
method of heating. Secondly, the relative sensitivity 
coefficients are proportional to the exponents of 
the atomization energies and the first ionization 
potentials: 

RSC,wexp(-$)exp( -$) (10) 

When an internal standard is used, equation (9) can 
be written in the form 

RSC,=exp( -p)exp(y) (11) 

If the atomization and ionization are equilibrium 
processes that are in equilibrium with one other and 
recombination does not change the relation between 
the concentrations of singly-charged ions of different 
elements, then TA = T, = T. 

In other cases, for example, when the diffusion rate 
is low, in a liquid medium, or there is non-equilibrium 
recombination, and so on, the parameters T,, and T, 
turn out to be higher than temperatures which could 
be detected in reality if the processes were in equi- 
librium. Under certain conditions already discussed 
above, the value of T, or T, tends towards infinity. 
In the particular case when TA = T, = cc) the condi- 
tions for analysis without use of standards, with 
RSC = 1 for all elements, are realized. It is this 
particular case that corresponds to the data reported 
by Bykovskii et al.” 

EXPERIMENTAL 

To check the model, experiments with spark and laser 
ion-sources have been conducted for inorganic and organic 
samples containing elements which vary in atomization 
energy, ionization potential and atomic weight. 

An SM-602 spark-source mass-spectrometer (Thomson 
CSF, France) and a lazer EMAL- mass-spectrometer 
(“Electron”, USSR) were used. The international geological 
standard GM, into which from 35 to 300ppm of lutetium 
had been introduced (as the nitrate), was analysed with the 
spark-source mass-spectrometer by the counter-electrode 
technique% under the following conditions: 

vacuum gap breakdown voltage-5 kV 
pulse length-50 psec (frequency 1 MHz) 
frequency of pulse repetition-100 Hz. 

Experiments with the laser ion-source have been done on Fig. 1. The dependence of the RSC values on 
a model sample, with dried rat liver as matrix, doped with (BJkT,,) + (4; /kT,) for spark-source mass-spectrometry: 

the oxides of Li, Al, V, Cr, Mn, Fe, Co, Cu, Zn, Zr, Cd, Cs, (0) experimental points; (-) the best approximation by the 

Ce and Pb in concentrations corresponding to 0.1-10 g of proposed model. 

the element per kg of matrix, very much greater than the 
natural content in the matrix. The biological samples were 
analysed directly in the mass-spectrometer without pre- 
liminary ashing. Experimental conditions for the laser mass- 
spectrometer were: 

radiation wavelength-1060 nm 
frequency of pulse repetition-25 Hz 
diameter of the spot on the target-5&1OO~m. 

The radiation flux was changed by use of neutral filters 
within the limits 3 x lOs-7 x lo9 W/cm* and controlled by 
an IMG-2M power meter. 

The samples for use with both mass-spectrometers were 
homogenized and pressed as described earlier.‘O 

The mass-spectra were recorded on Ilford 42 photo- 
plates, and the intensities of the mass-spectrum lines were 
evaluated by Hull’s method.u 

The selectivity of the ion-beam formation, mass division 
and ion detection were individually assessed by means of the 
instrument calibration.‘* 

The RSC values were determined with respect to the 
internal standard: lutetium has been used as the standard for 
GM and carbon for the rat liver. The results were processed 
by computer. For the set of RSC values determined in each 
experiment, the system of equations: 

ln(RSC,)= -r+)-(y) (12) 

was solved to obtain the atomization temperature T, and 
ionization temperature T,, by the method of least squares. 

The atomization energy of the pure compounds of the 
elements added to the samples was used as the binding 
energy B,. 

RESULTS 

The dependence of the RSC values on the ioniz- 
ation potentials and atomization energies, calculated 
for one of the experiments with the spark-source 
mass-spectrometer, is given in Fig. 1, and the corre- 
sponding relations for experiments with laser ion- 
sources at different power densities are shown in 
Fig. 2. 
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Fig. 2. The dependence of the MC values on 
(B,/kT,) + @,L/kT,) in laser mass-spectrometry at different 
values of the laser radiation flu: (0) experimental points; 

(-) the best approximation by the proposed model. 

Table 1 presents the values of TA and TI deter- 
mined by analysis with the spark ion-source, with one 
standard under similar experimental conditions on 
different days, and with the laser ion-source at 

different values of the power density of laser radiation 
on the sample surface. The mean deviations of the 
(RSC,), values calculated by means of equation (12), 
from the experimental (RSC,), values, were calcu- 
lated by means of the expression 

& = exp ln(RSC,),, - ln(RSI,), II ‘( 13) 

where n is the number of elements being determined 
here. 

The mean deviations of the experimental RSC 
values from unity were calculated by the expression 

z=exp[k!l Iln(RSC,LPi] (14) 

and are given for comparison. 

It is clear from Figs. 1 and 2 that the proposed 
model approximates the RSC values in all the experi- 
ments quite well. From Table 1 it follows that the 
mean relative systematic error of the analysis without 
standards, calculated by means of equation (13), is 
reduced to 7-30%, which is comparable with the 
precision of the determination of the RSC values 
(about 20%). In contrast, if it is assumed that the 
RSC values are all equal to unity, the mean error for 
the same set of results will be very much greater. This 
is the case for q > 2 x lo9 W/cm2 with the laser 
ion-source, given as optimal in the paper by 
Bykovskii et al.” 

For both ion-sources TA and T1 are higher than 
the real temperatures of the molten samplei (by 
about 1 eV) and the initial plasma temperatureI 
(SOO&lSOOO K). The reasons for this overestimation 
have already been discussed. 

From the experiments on the effect of different 
laser radiation intensities on biological samples it is 
clear that at low intensities (q = 3 x 108-lo9 W/cm’) 
the RSC values are dependent on the atomization 
energies B, and the values of T, and T, change with 
q (Fig. 3). The effect of q on T, differs from that 
known for metals, where increase in q leads to 
stronger plasma heating and correspondingly to 
higher ionization temperature growth.15 In our opin- 
ion, the dependence observed here can be explained 
by considering the possible contribution of the evap- 
oration of sample after the laser pulse is over. Owing 
to its relatively weak absorption in the plasma, part 
of the radiation energy heats the sample to the 
depth d’, which, as mentioned earlier, can be much 
bigger than the thickness of the layer evaporated 
during the pulse. Perhaps one of the specific features 
of dried and pressed biological samples is that at 
q < lo9 W/cm2 this additionally heated layer of the 
sample practically does not evaporate, but at higher 
q the energy flux (E) in it becomes comparable with 
the sublimation energy or exceeds it. This part of the 
substance is then additionally evaporated and ion- 
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Table 1. The values of T, and T, and the mean deviations of the RSC experimental 
values from those calculated for laser and spark ion-sources 

Power Mean deviations 
Type of density 
source (q), W/cm2 T,, 10’K T,, lo3 K Equation (13) Equation (14) 

Spark - 65 60 1.21 1.46 
- 66 56 1.19 1.51 

54 47 1.16 1.48 
- 55 48 1.22 1.55 

Laser 3 x 108 20 613 1.19 2.68 
5 x 10s 170 900 1.12 1.17 
8 x 10’ 540 5800 1.07 1.07 
1 x 109 960 1300 1.11 1.15 
2 x 109 179 53 1.26 2.38 
5 x log 1700 27 1.26 4.77 
7 x 109 89 20 1.30 10.91 

ized, though rather weakly, since the evaporation 
occurs after the laser pulse is over. If the contribution 
of such a weakly ionized plasma is considerable, this 
will lead to the dependence of the RX value on the 
ionization potentials. 

To calculate the RSC values by means of the 
proposed mode1 it is necessary to determine TA and 
T, according to three elements-used as internal 
standards. These can be the main components of the 
sample (when analysing rocks and minerals it is 
usually easy to obtain the necessary data on their 
contents by chemical analysis, i.e., by independent 
methods) or elements specially introduced into the 
sample. The solution of the equation system (12) 
forms a plane with the co-ordinates In RSC, B, 4’. 
To make the plane formed by the values for three 
elements approximate most closely the results of the 
experiment, it is necessary that the values B,, 4: 
corresponding to these 3 elements, on the plane B, t$ ‘, 
are located at the comers of a triangle with maximum 
area. The concentrations of the remaining elements 
can then be found without the use of other standards. 
For example, in the case illustrated in Fig. 1, we can 
choose silicon, caesium and lutetium as internal 

108 109 ‘10’0 

q( w/cm2 ) 

Fig. 3. The dependence of TA (-) and T,(----) on the 
laser radiation flux. 

standards. In this case the & is 1.25, which is not 
much worse than the value obtained when the de- 
pendence In RSC =f(B,, 4:) is formed by means of 
all 21 points, as done in Fig. 1. 

CONCLUSION 

At present it is impossible to build a complete 
theory of the spark-source and laser mass- 
spectrometry which would allow us to determine the 
RSC values needed for analysis without standards. 

This paper shows the possibility of a universal 
approach to investigation of the mechanisms of ion 
formation in the plasma of the spark vacuum dis- 
charge and in the laser plasma. The calculations and 
experiments performed allow us to put forward a 
quasi-equilibrium mode1 based on a semiempirical 
description of the mechanisms of atomization and 
ionization, with the use of two parameters-the 
temperatures of atomization and ionization. Such an 
approach is a new step compared to the previous 
purely empirical approach. It allows us (a) to con- 
sider the influence of the composition of the sample 
matrix and the conditions for the spark discharge or 
laser radiation; (b) to offer a method of calculating 
the RSC according to the results of a calculation 
based on the data for at least three elements used as 
internal standards; (c) on this basis to work out 
methods of quantitative analysis without use of 
standards (with errors of less than 30%) by means of 
spark-source and laser mass-spectrometry. 
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Summary-A review is liven of develoDments over the last two decades in the determination of platinum 
metals by catalytic kin&c methods. _ 

The application of kinetic methods of trace anal- 
ysis,lJ particularly the catalytic variants, is now well 
established. The advantages include high sensitivity, 
simple instrumentation and simplicity,3*4 all of which 
attract the interest of workers in the field of the 
analytical chemistry of platinum metals, where it is 
frequently necessary to analyse samples for very small 
amounts of these metals. The platinum metals and 
their compounds are also an attractive subject for the 
development of sensitive, and in some cases selective, 
methods for their determination, owing to the wide 
range of their chemical reactions. 

an interaction may involve formation of an active 
intermediate between the catalyst and one of the 
reacting components, further transformation of 
which leads to the formation of reaction products 
and release of the catalysts. 

Numerous examples have been published of meth- 
ods for the determination of micro and submicro 
quantities of platinum metals, based on their catalytic 
action in various indicator reactions. To keep within 
reasonable limits a discussion of the voluminous 
literature on catalytic methods for the determination 
of platinum metals,6g this paper will deal only with 
methods that use mainly homogeneous catalytic reac- 
tions in solution. Methods based on the measurement 
of luminescence during a catalysed reaction, or on the 
measurement of a catalytic polarographic wave, will 
not be discussed here. 

The indicator reactions used for platinum metal 
determinations are almost always redox reactions and 
the catalysis mechanism usually involves cycling of 
the platinum metal between two oxidation states, and 
occasionally formation of intermediates between the 
reaction components and the catalyst in different 
oxidation states. Other types of reaction are seldom 
used, and will not be discussed here. 

The solution chemistry of the platinum metal ions 
is essentially the chemistry of their co-ordination 
compounds, including polynuclear species.” It is 
characteristic of the platinum metals (especially os- 
mium and ruthenium) that they exhibit different 
oxidation states, and it is usually the interaction of a 
platinum metal complex with a complex of a transi- 
tion metal to form a reaction intermediate which 
makes the catalytic reaction possible. 

Even so, we do not pretend to give a full coverage 
of the literature on these methods, since in many 
papers the main emphasis is on the indicator reaction 
or its kinetics and mechanism, and not on the appli- 
cation, but important papers and reviews are referred 
to where appropriate. The main attention is given to 
the publications that have appeared in the past 20 
years, since a practically complete bibliography of 
earlier papers has been given elsewhere.’ 

A necessary (but not sufficient) requirement for 
involvement of a platinum metal complex in such a 
system is that its standard redox potential (EL,) 
should lie between those. (EP and E;) of the com- 
ponents of the indicator reaction 

Ox, + Red*+Red, + Ox, (1) 

Tables 1 and 2 list the standard potentials for the 

PLATINUM METAL COMPOUNDS AND IONS IN 
HOMOGENEOUS CATALYTIC REACTIONS 

The catalytic properties of transition metal com- 
pounds and ions in homogeneous reactions are usu- 
ally associated with their repeated interaction with a 
component of the indicator reaction, bringing about 
a change in the reaction mechanism, manifested as a 
corresponding change in the reaction rate.‘A*‘O Such 

redox pairs used in the most common indicator 
reactions, and for some platinum metals. In con- 
nection with Table 2 it should be pointed out that the 
standard potentials for platinum metal bromide com- 
plexes are close to those for the chloride complexes. 
The potentials of the corresponding Me4+/Me3+ 
redox pairs in perchloric and sulphuric acid media 
seem, judging from the source literature data,’ to 
range from 0.90 to 1.4OV. 

The values listed in Tables 1 and 2 suggest that 
many of the platinum metals should be able to 
catalyse the various oxidation-reduction systems 
shown in Table 1, i.e., to increase the reaction rate. 

Talama, Vol. 34, No. 1, pp. 69-15, 1987 0039-9140/87 $3.00 + 0.00 
Printed in Great Britain Pergamon Journals Ltd 

CATALYTIC KINETIC METHODS FOR THE 
DETERMINATION OF PLATINUM METALS 

K. B. YATSIMIRSKII and L. P. TIKHONOVA 
L. V. Pisarzhevsky Institute of Physical Chemistry of the Ukrainian SSR Academy of Sciences, 

Kiev, USSR 

(Received 15 October 1985. Accepted 1 July 1986) 

69 



70 K. B. YATSIMIRSKII and L. P. TIKHONOVA 

Table 1. Oxidation potentials of redox reactions for indicator reactions used in the determination 
of platinum metals in solution”~‘* 

Oxidant Reductant* 

Reaction E”, V Reaction E”, V 

BrO, + 6H+ + 6e - -+Br- + 3H,O 1.45 
HBrO + H+ + Ze-+Br- + H,O 

2Hgr+ + 2e-+H&+ 0.907 
1.34 Clr+2e-+2Cl- 1.36 

IO; + 2H+ + 2e--10; + H,O 1.38 Cu(II1) + e - +Cu(II) 1.1 
10, + 6H+ + 6e-+I- + 3H,O 1.38 1.51 
HClO, + 3H+ + 4e - +Cl- + 2H,O 1.56 

r;O$‘8II’ + Se--+Mn(II) + 4H,O 

H20Z + 2H+ + 2e-+2H,O 1.77 
NO? + 3H+ + 2e-+HNO, + H,O 

H&O., ;2H+ + 2e - -*HAsO* + 2H,O 
0.62 
0.56 

0.94 C,H,O, + 2H+ + 2e--+C,H,(OH), 0.68 
Ce(IV) + e--rCe(III) 1.44 Fe(II1) + e-+Fe(II) 0.71 

(in H,SO,) 
Mn(II1) + e-+Mn(II) 1.51 
VO;- +4H+ +e-+V@+ +2H,O 1.0-1.3 

*For many organic compounds used as reductants in indicator reactions, oxidation potentials are 
unknown. But it seems that oxidation potentials for bcnzidine derivatives are near 0.76V. 

The rate of a redox reaction between an oxidant and 
a reductant of like charge is likely to be low owing 
to electrostatic hindrance, but can be increased by a 
catalyst which can form an intermediate of opposite 
charge with one of the redox-system components or 
can serve as a bridge in a ternary oxidant-catalyst- 
reductant intermediate. It has been foundlS-” that 
platinum metals readily form such intermediate com- 
plexes, in which electron or atom transfer can occur. 
The retention of OH- groups in the co-ordination 
sphere of the catalyst (even in an acidic medium), 
which is characteristic of platinum metal complexes, 
contributes to the formation of suitable intermediates 
since the OH- groups can serve as bridging ions or 
favour the approach of other interacting species 
through hydrogen-bond formation. 

Platinum metal complexes can also increase the 
rate of an indicator reaction by removing the kinetic 
hindrance that may arise when the indicator reaction 
half-cells involve different numbers of electrons. The 
complexes of elements such as osmium and ruthe- 
nium, which exhibit several different oxidation states, 
are able to take part in processes involving the 
transfer of different numbers of electrons, e.g., to 
interact alternately with a one-electron oxidant and 
a two-electron reductant. The reaction between 
cerium(IV) and arsenic(II1) is one of the best-known 
indicator reactions: osmium and ruthenium catalyse 

Table 2. Oxidation potentials for redox-pairs of some 
platinum metal compounds’s” 

Reaction E”. V 

Acid medium 
RuCl:- + e - -+RuCl;- 
OsCl:- + e - +OsCli- 

Rho’+ + 2H+ + e--+Rhr+ + H,O 
IrClg- + e - -rIrCl:- 

PdCli- + 2e--rPdCl:- + 2Cl- 
PtCl:- + 2e - +PtCl:- + 2Cl- 

Alkaline medium 
RuO; + e-+RuO$- 
RuO., + e - -) RuOc 

HOsO, + 2e- + H++OsOi- + H,O 

1.2 
0.85 
1.40 
0.93 
1.30 
0.708 

0.595 
1.00 
0.30 

this reaction by being alternately oxidized by 
cerium(IV), in two one-electron steps, and reduced by 
arsenic(II1) in a 24ectron step.iC2* 

A very different mechanism involving platinum 
metal compounds depends on the possibility of re- 
ducing their ions to the metal with a strong reductant 
and utilizing the high catalytic activity of the colloidal 
metal thus produced. The reduction step may 
precede23 or accompany the indicator ,reaction. The 
number of such reactions, involving reductants such 
as formic acid (determination of platinum’), tetra- 
hydroborate (determination of osmium”), hypophos- 
phite (determination of palladium2S*26) and tin(I1) 
chloride (determination of palladium”) is small. 
Since these reactions are not entirely homogeneous, 
the reproducibility of the results depends on achiev- 
ing complete reduction of the platinum metal to be 
determined. This fact and the low selectivity of the 
methods limits the use of such reactions. 

The oxidation of tin(I1) chloride by iron(II1) 
stands, to some extent, by itself among the indicator 
reactions used for determining platinum metals. The 
catalytic activity of platinum metal complexes in this 
reaction may be accounted for by the possibility of 
the formation of readily oxidizable complexes be- 
tween the platinum metal and complex chloro-tin(I1) 
anions.’ 

INDICATOR REACTIONS FOR CATALYTIC 
DETERMINATION OF PLATINUM METALS 

Though many catalytic methods have been devel- 
oped for the determination of platinum metals in 
solution, the number proposed for each of the plat- 
inum elements is very different, being largest for 
osmium and ruthenium, smaller for iridium, and very 
small for rhodium and palladium, and only one 
homogeneous catalytic reaction has been proposed 
for the determination of platinum. Tables 3-5 list the 
main indicator reactions used for determination of 
osmium, ruthenium and iridium; Table 6 lists those 
for rhodium, palladium and platinum. Most of the 
oxidants [cerium(IV), oxyhalogen compounds, hy- 
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Table 3. Indicator reactions* for the determination of osmium 

Detection Interfering 
Reaction limit, ng/ml platinum metals References 

Ce(IV) + As(II1) 2.5 x IO-5 Rut 17-22, 28 
Ce(IV) + Sb(II1) 4 x 1o-4 Ir, Pt, Pd 28 
BrO, + I- 4 x 10-j 29, 30 
BrO, + p-phenetidine 2.8 x 1O-3 Ru 31 
BrO; + As(II1) 10-4-10-6 - 32-35 
BrO, + axe-dyes 36 
ClO; + I- 10-r - 3&37 
10: + I- 10-4 - 30 
10; + As(III) 6 x lo-’ Ru 30, 38 
10; + I- 10-4 - 30 
IO; + As(II1) 1O-4 Ru 30 
H,O, + oxyaminobenzosulphonic acid 0.53 ? 39 
H,O, + I- 10-s Ru 30, 40 
H,O, + p-phenylenediamine 4 x 10-j Ru 41 
HNO, + a-naphthylamine 2 x 10-J Rut 42, 45 
Fe(II1) + Sn(I1) IO-’ Pt, Ru 46 
Fe(I1) + Ag(1) 4 x lo-4 Ru, Ir, Pt, Pd, Rh 47 
K,[Fe(CN),] + NaBH, 1.7 x 1O-3 Ru 24 

*In Tables 3-6 only the reagents for the indicator reactions are shown, because the products of many 
reactions are unknown. 

tUnder some conditions these reactions become specific. 

drogen peroxide] and reductants [iodide, arsenic(III), 
aromatic amines] are also widely used in indicator 
reactions for the catalytic determination of other 
transition metals.lA For instance, the oxidation of 
manganese(I1) by hypobromite was used earlier to 
determine copper( and proposed later as an indi- 
cator reaction for the determination of iridium(IV) 
and rhodium(II1). “,‘* Some indicator reactions for 
the determination of platinum metals were known 
long ago, but more recent studies have made it 
possible to improve them considerably. Examples 

include the determination of osmium and ruthenium 
by use of the arsenic(III)-cerium(IV)** and o! -naphth- 
ylamine-nitrate42A5 reactions. 

Particular attention should be given to methods 
based on new indicator reactions. For example, the 
oxidation of arsenite by halate ions has turned out to 
be very interesting: the oxidation by bromate is 
specific for the determination of osmium,32”5 and the 
oxidation of arsenic(II1) by iodate or periodate is 
used for determining osmium30*38 and ruthenium.j6 In 
these reactions, the detection limits are very low 

Table 4. Indicator reactions for the determination of ruthenium 

Indicator reaction 

Limit of Interfering 
detection, platinum 

pglml elements Reference 

Ce(IV) + As(II1) 
Ce(W + HgCI) 
Ce(IV) + diphenylamine 
Ce(IV) + Sb(II1) 
Mn(II1) + Hg(I) 
Mn(II1) + p-anisidine 
Mn(II1) +p-quinone 
IO; + o-dianisidine 
IO; + Fe(phen)]+ 
IO; + Methyl Red 
IO; + Tropaeolin-00 
10; + As(III) 
IO; + diphenylamine 
10: + CU(I1) 
BrO, + Ce(II1) + CH2(COOH)2 
BHy &Mn(II) + CH2(COOH)z 

H:O: + henzidine 
H20, + Direct Blue 
NH,VO, + N-methyldiphenyl-4-sulphonic acid 
HNO, + cc-naphthylamine 
Fe(II1) + Sn(I1) 
Fe(II1) + S,O]- 

2 x 10-r 
10-r 

5 x 10-j 
4 x 10-d 

10-r 
lo-’ 
IO-’ 
10-r 

5 x lo-6 
5 x 10-h 
2 x 1o-6 
5 x 10-7 
5 x 10-r 
4 x 1o-4 
5 x 10-r 
5 x 10-r 
5 x 1o-4 
2 x 10-j 
k’“x-;Y$ 5 
5 x 10-2 

1.7 x 10-2 
2 x 10-2 

Ir, Os* 
* 
- 
Ir, Pt, Pd 
Ir 
- 
- 
Ir, Pd 
- 
Ir 
- 
- 
Ir, 0s 
- 
- 
- 
OS 
OS 
? 

OS 
OS, Pt 
? 
OS, Ir, Pt, Pd, Ru 

18, 28 
48 

49 
49 
49, 50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
59 
60 
61 
62, 63 
64 
43-45 
65 
66 
47 Ag(1) + Fe(II) 4 x 10-2 

*See text for comment on the selectivity of this method. 
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Table 5. Indicator reactions for the determination of iridium 

Indicator reaction 

Limit of Interfering 
determination, platinum 

figcglml elements Reference 

Ce(IV) + As(III) 2 x 10-r 
Ce(IV) + H,O 10-r 
‘WV> + HgO) 10-3 
Ce(IV) + diphenylamine 10-Z 
Ce(IV) + Sb(II1) 4 x 10-r 
Mn(III) + Hg(I) lo-’ 
IO; + o-dianisidine 10-S 
10~ + Direct Blue (10-d%) 
IO; + murexide 2 x 10-d 
BrO- + Cu(II) 5 x 10-d 
BrO- + Mn(II) 10-d 
NH,VO, + N-methyldiphenyl-4-sulphonic acid 2 x 10-d 

*This reaction is specific for iridium if followed fluorometrically. 
tSee text for comment on the selectivity of this method. 

OS, Ru* 
Rh 
Rut 
Ru 
- 
Ru 
Ru, Pd 
? 
Ru, OS 
Rh 
Ru 
Ru 

18, 67 
68 
69 
70 
67 
49, 71 
9 
63 
72 
74 
13 
75 

Table 6. Indicator reactions for the determination of rhodium, palladium and nlatinum 

Indicator reaction 

Limit of Interfering 
Element determination, platinum 

determined Icglml elements Reference 

IO, + Cu(I1) 
BrO, + Cu(I1) 
BrO- + Mn(II) 
Ce(IV) + HgCI) 
Mn(III) + Cl- 
I,+N, 
NaH,PO, + Toluidine Blue 
NaH,PO, + phenosafranine 
As(III) + Sn(I1) 

NaH,PO, + Ni(II) 

Fe(III) + Sn(II) 

Rh 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 

Pd 

Pt 

(10-7-10-6pg/ml), and they are fairly tolerant quinone by manganese(III)4’5’ tolerates the presence 
towards other metals. of the other platinum metals. 

Many new methods have been based on indicator 
reactions involving components that had not been 
used before; some of these have been proposed for the 
determination of osmium, ruthenium and iridium. 
For instance, the catalytic action of platinum metals 
on the oxidation of mercury(I),28*69 diphenylamine,” 
antimony(III)2s~67 and even water@ by cerium(IV) has 
been used as the basis of analytical procedures. 
Copper(I1) has been employed as reductant in indi- 
cator reactions with periodate or hypobromite as 
oxidant, where the reaction producing stable 
coloured copper(II1) complexes is catalysed by ruthe- 
nium(III,IV), iridium(IV) and (very important) rho- 
dium(II1) compounds. These are the only homo- 
geneous reactions for the determination of rhodium 
which are very sensitive and selective. 

An advantage of these and other oxidations by 
manganese(II1) is the extremely low rate of the un- 
catalysed process, which allows omission of a blank 
run. The oxidation of chloride by manganese(III), 
catalysed by palladium(I1) and used for its deter- 
mination,78 is easy and has good reproducibility. 
Manganese(II1) serves as the indicator species in 
these reactions: the rate of the reaction is determined 
from the decrease in its absorbance. 

A new selective indicator reaction involving chlo- 
rite ions as oxidant has been proposed for deter- 
mining osmium(VIII).30~37 

New oxidants have also been proposed, in particu- 
lar manganese(II1) in sulphuric acid medium.4eS’~7’*80 
The determination of ruthenium(IV) by its catalytic 
action on the oxidation of p-anisidine or of p- 

A new catalytic determination of ruthenium(II1) 
and ruthenium(W) makes use of Belousov-Zhabo- 
tinskii oscillating chemical reactions involving bro- 
mate, cerium(III,IV)* and malonic acid, or bromate, 
manganese(II,III) and malonic acid. These reactions 
produce periodic changes in the concentration ratio 
of the oxidized and reduced metal ion species and in 
the concentrations of bromide and some inter- 
mediates. These changes are followed potentiometri- 
tally, photometrically or by some other instrumental 
method. Ruthenium(III,IV) sulphate complexes cata- 
lyse some of the oscillating reaction stages, resulting 

*Here and elsewhere, the two oxidation states within the 
brackets are those involved in the catalysed reaction. 

10-d 
2 x lo-’ 

10-d 
9 x 10-J 

lo-’ 
10-2 

? 
? 

4 x 10-4 

2.5 x 10-2 

- 

Ir, Pd 
Ir, Ru 

- 
- 
? 
? 

OS, Ir, Ru, 
Pt, Rh 
OS. Ru 

76 
77 
78 
79 

25 
26 
27 

82 

83 
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in a shorter induction period and higher oscillation 
frequency. The method compares favourably with 
others in terms of its sensitivity (detection limit = 
5 ng/ml), and gives relative errors of < 5%. 

LIMITATIONS AND POSSIBILITIES OF 
CATALYTIC METHODS FOR DETERMINATION 

OF PLATINUM METALS 

Tables 3-6 indicate the very low detection limit in 
catalytic methods for the determinations of platinum 
metals; they can be as low as 10-7-10-6~g/ml. Such 
a sensitivity can only be attained when certain experi- 
mental conditions, which are necessary for obtaining 
the most catalytically active form of the element to be 
determined, are fulfilled. Whereas the w-existence in 
solution of co-ordination complexes of platinum 
metals such as osmium and ruthenium in different 
oxidation states and with different combinations of 
ligands is to some extent an advantage, it can also 
make it more difficult to control the experimental 
conditions, since the catalytic activities of the various 
complexes of one and the same metal co-existing in 
the solution to be analysed may be different. To 
establish the conditions for the highest reproduci- 
bility of a catalytic method for the determination of 
a platinum metal, it is important to know precisely 
which complex ion is most catalytically active. In- 
vestigations of the catalytic properties of platinum 
metal complexes at microgram and submicrogram 
levels in solution have shown complexes of Os- 
(VIII)--Os(VI) and Ru(VIII)-RU(VI),‘~~*‘~* and the 
0x0 and hydroxo complexes of Ir(IV)-Ir(II1) and 
Rh(IV)-Rh(III)‘4~87 to have highest activity in alka- 
line solution. In acid solution, the higher oxidation 
states of the platinum metals are unstable. 

It has also been found that the catalytic activity of 
osmium, ruthenium, iridium and rhodium complexes 
in solution increases with increasing number of hy- 
droxo groups in the inner co-ordination sphere of 
the compounds,14*874g which should be taken into 
account in determining the optimum analysis con- 
ditions. On the other hand, the presence of hydroxo 
groups in the complex restricts the upper limit of the 
concentrations which can be determined, since hydro- 
lysis and condensation to yield polynuclear species 
occurs at quite low concentrations of the platinum 
metals.7@.9o 

Since the catalytic activity can vary from one 
co-ordination compound to another of the same 
central metal ion, measurements of rates of catalysed 
reactions can be used to investigate the nature of the 
different complex species. This approach is especially 
useful in investigation of equilibria in aqueous solu- 
tions of platinum metals in the predominance region 
of their mononuclear forms, since polynuclear com- 
pounds of these metals are formed at concentrations 
as low as 10-‘1U,~*“*~ at which the application of 
most other methods of investigation is no longer 
possible. Catalytic methods made possible the first 

characterization of mononuclear osmium, ruthenium 
and iridium species in aqueous mineral acid and 
alkali solutions,8C86**&9’ and this led to recommen- 
dations concerning the standardization of solutions 
of these elements, and establishment of conditions for 
their determinations,sc*6 with highest sensitivity and 
good reproducibility. 

One of the disadvantage of kinetic methods of 
analysis is considered to be their poor selectivity. It 
should be pointed out that a number of quite specific 
indicator reactions have been proposed in recent 
years for determining osmium,32”s ruthenium4S5’.s’ 
and palladium.” However, most of the indicator 
reactions which are convenient to use are catalysed by 
several platinum metals, and the methods based on 
them are not selective enough. In such a case the 
investigator may attempt to improve the tolerance for 
(a) other platinum metals and (6) other elements 
generally. The usual approach is to separate the noble 
metals as a group from other metals in the sample 
and then to use conditions that increase the selectivity 
for the platinum metals in particular. The selectivity 
may be improved by including further separation of 
the platinum metals or exploiting the peculiarities of 
the kinetics of the catalytic reaction and differences in 
the chemical properties of the catalytically active 
substances. For example, osmium and ruthenium are 
usually determined after selective distillation of their 
tetroxides. The indicator reaction involving oxidation 
of cr-naphthylamine by nitrate may then be used for 
the determination of both ions.43 Alternatively, the 
same reaction can be used to determine osmium and 
ruthenium without prior separation; a differential 
method is used, based on the difference in the de- 
pendence of the catalytic reaction rates on the reduc- 
tant concentration.44*4s An earlier similar differential 
method for the determination of osmium and ruthe- 
nium was based on their catalysis of the oxidation of 
arsenite by cerium(IV).22 

The same approach to increasing the selectivity 
may be adopted in the determination of other plat- 
inum metals, though in this case there are usually 
more than two of them present in the solution to be 
analysed. Most commonly, to determine one plat- 
inum metal in the presence of another that catalyses 
the same reaction, use is made of the fact that the 
highest catalytic activity of each will be obtained 
under different conditions. Thus there are indicator 
reactions which are catalysed by several of the plat- 
inum metals but can, nevertheless, be made selective. 
For example, the oxidation of copper(H) by per- 
iodate may be made specific for determination of 
ruthenium or rhodium since their catalytic activities 
show different pH-dependence: catalysis by ruthe- 
nium(IV) is most effective at pH 12.5 and that by 
rhodium(II1) at pH 8.0. s8,76 In the oxidation of di- 
phenylamine by cerium(IV), which is an indicator 
reaction for the determination of iridium or ruthe- 
nium, the catalytic action of ruthenium(N) com- 
pounds is retained at higher acid concentrations, 
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whereas iridium(IV) compounds completely lose 4. Investigation of the catalytic properties of plat- 
their catalytic activity under these conditions, allow- inum metal compounds in other types of reaction 
ing determination of the ruthenium.q besides redox reactions. 

The determination of iridium in a mixture of 
platinum metals in solution is rather a knotty prob- 
lem. Such solutions usually contain much less iridium REFERRNCRS 
than other metals, and a completely specific indicator 
reaction for this element is not yet known. The 
oxidation of mercury(I) by cerium(IV), which is very 

1. K. B. Yatsimirskii, Kinetic Methodr of Analysis, Per- 
gamon Press, Oxford, 1966. 
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simple to use and has good reproducibility, tolerates Chemistry, Interscience, New York, 1968. . 
all the noble metals except ruthenium, and practically 3. H. Miiller, M. Otto and G. Werner, Katalytbche Meth- 
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iridium after its separation by paper chromato- 
veschestv osoboy chistoti, Khimia, Moscow, 1983. 

5. F. E. Beamish. The Analvtical Chemistrv of the Noble 

tion may prove to be specific for the determination of 
granhy.92p93 It has been found recently that this reac- 

iridium if ruthenium(IV) is converted into inactive 
nitroso complexes by pretreating the solutions to be 

6. W. Griffith,-The Chemistry of Rarer Platinum Metals, 
Metals, Pert&on Press.‘Gxford, 1966.’ * 
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analysed,94 or if the iridium is determined in 
perchloric acid medium.gs 

CONCLUSIONS 

The material considered in this paper shows that 
catalytic methods are now available for determining 
all the platinum metals in solution. As follows from 
Table 7, however, the number of homogeneous indi- 
cator reactions for the determination of each element 
is very different. The sensitivity of the methods is 
extremely high, with detection limits as low as 
10-7-10-6~g/ml. For each element (except plat- 
inum), specific indicator reactions are available. The 
application of catalytic methods directly to the anal- 
ysis of “real” samples makes it possible to reduce the 
amount of sample required compared with that re- 
quired for other methods and in many cases the 
procedures can be automated. Continuous progress 
in this field faces some problems, but the most 
important needs, in our opinion, are as follows. 

1. Search for indicator reactions and development 
of selective methods for the determination of plat- 
inum, palladium and rhodium at trace levels. 

2. Wider use of modern instrumental methods to 
allow the range of indicator reactions to be widened 
and their sensitivity to be increased. 

3. Systematic search for activators9,96*97 to increase 
the sensitivity of the catalytic methods for deter- 
mining platinum metals. 

Table 7. A summary of the catalytic methods 
for the platinum metals based on homo- 

geneous indicator reactions 

Determination 
Element No. of methods limit, w/ml 
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Smrmary-Quantum chemical structure calculations for metal co-ordination compounds with various 
organic ligands allow choice of general&d parameters of chelate electronic structures, to form a basis 
for systematization and prediction of analytical properties. The extent of the co-ordinative saturation of 
a metal is measured as the sum of the covalent bonding energies of the two-centre metal interactions with 
the ligand atoms. The concept of “valence state of the ligand” is considered and characterized by the 
energy sum of the covalent components of two-centre interactions in the ligand. It is shown that the l&and 
structure can he correlated with the complex stability and this provides a new mechanism for assessing 
the influence of substituents in ligands. The calculated data make it possible to predict compound stability 
in solutions and synergic action, and therefore such analytical properties as sensitivity and selectivity. For 
the axe dyes as an example, it is shown that quantum chemical calculations can explain many of the 
experimental data on the use of axe dyes in photometry, and suggest directions of search for new analytical 
reagents. 

The search for new analytical reagents and new 
reactions for simultaneous determination of trace 
components, especially metals, is at the centre 
of analytical chemistry. Problems not yet solved 
include group concentration and separation of trace 
components, separation of traces from macro- 
components, and development of methods for multi- 
component analysis, especially photometric pro- 
cedures. To resolve these problems it is necessary to 
utilize all our knowledge about the structure of 
compounds and their formation reactions. The study 
of co-ordination compounds, their properties and 
formation reactions is therefore very important for 
analytical chemical research. 

This paper gives the results of our quantum chem- 
ical calculations of the structure and properties of 
various reagents and their co-ordination compounds 
with metals. The quantitative parameters of the com- 
plex electronic structures determined have enabled us 
to model qualitatively or semiquantitatively some 
analytical properties of the compounds. 

STABILITY OF METAL CO-ORDINATION 
COMPOUNDS IN SOLUTION AND SELECTIVITY 

OF COMPLEX FORMATION 

Theoretical calculations of the thermodynamic 
complex-formation energy in the gas phase and in 

*Author for correspondence. 
tThe absolute values of the calculated energies depend on 

the parameters used in the semi-empirical methods. 
Thus, the energy values given here should he used only 
for comparison purposes. 

solutions are not yet possible.‘J The main approach 
(mathematical model), to prediction of complex 
stability (formation constants) in solutions is the 
use of semi-empirical dependences between some 
ligand properties and complex physical properties 
such as spectral characteristics and stability constant 
values.>-’ A special case of this approach is the 
use of the free-energy linearity principle to predict 
the effect of different substituents in a ligand on the 
values of the stability constants, as shown, e.g., by 
Ovchinnikov et uL6 but the semi-empirical equations 
published allow only prediction of stability constants 
for one metal and a narrow class of ligands. 

The work described in this paper was an attempt 
to establish a relationship between the parameters of 
the electronic structure and the stability constant of 
the co-ordination compound, and the related anal- 
ytical properties. The quantum chemical calculations 
were done in approximation of CNDO/2 with the 
parameter chosen by Clack et al.’ Compound struc- 
ture analysis was done in terms of charge distribution 
and the energy of two-centre interactions. The ener- 
gies of the covalent contribution to two-centre inter- 
actions (covalent-part energies, CPE)t are the most 
interesting for compound stability ana1ysis.x 

Donor atoms 

The effect of ligand donor atoms on the stability 
of co-ordination compounds has been considered 
many times. It is well known that the stability of 
heavy metal compounds increases in a set of 
ligands containing different donor atoms, in the 
order 0 < N < S. However, this is not always true, 
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Table I, The values of donor-atom charges (qx) and metal-donor-atom two-centre interaction 
energies (E,., , arbitrary units) in Co(II), Ni(I1) and Cu(I1) complexes 

Donor Co(H) Ni(I1) Cu(I1) 
atom 

Comnlex* fi) --A -EC&x --Q, -G&x --A -&J&x 

M(thiox)&Q2 

M(dtp)z 
Mldtcl, 

N 

ii 

No 
0 
N 
0 
N 

: 
0 Hz0 
0 

0 HI0 
0 

0 W_O 

:: 

0 HZ0 

i 

0 HZ0 
s 

co 
It 

0 Hz0 

0.05 
0.18 

;:: 
0.03 
0.20 
0.07 
0.18 
0.06 
0.18 
0.32 
0.17 
0.30 
0.15 
0.30 
0.17 
0.38 
0.04 
0.17 
0.35 
0.08 
0.18 
0.15 
0.03 
0.17 
0.19 
0.00 
0.16 
0.20 
0.09 

0.982 
0.825 
0.984 
0.785 
0.923 
0.732 
0.967 
0.810 
0.942 
0.764 
0.926 
0.807 
0.878 
0.770 
0.895 
0.633 
1.006 
0.981 
0.790 
1.017 
1.061 
0.743 
1.411 
0.941 
0.766 
1.318 
0.871 
0.653 
1.327 
I.249 

0.03 
0.18 
0.02 
0.19 

EZ 
0.05 
0.18 
0.32 
0.16 
0.30 
0.14 
0.29 
0.17 
0.37 
0.04 
0.17 
0.38 
0.00 
0.15 
0.14 
0.03 
0.17 
0.18 

8:: 
0.20 
0.06 

1.054 
0.865 
1.042 
0.825 
0.978 
0.768 
1.024 
0.848 
0.996 
0.789 
0.966 
0.828 
0.919 
0.813 
0.931 
0.659 
1.043 
1.036 
0.830 
0.963 
0.997 
0.781 
1.479 
0.992 
0.780 
1.384 
0.922 
0.691 
1.327 
1.364 

- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 

0.07 1.038 
0.20 0.812 
0.33 1.006 
0.18 0.869 
0.31. 0.956 
0.16 0.852 
0.30 0.976 
0.17 0.683 
0.38 1.076 
0.06 1.085 
0.18 0.870 
0.40 0.996 
0.02 1.041 
0.17 0.799 
0.16 1.547 
0.05 1.047 
0.18 0.832 
0.20 1.450 
0.02 0.964 
0.17 0.727 
0.20 1.458 
0.12 1.2% 

Phen-l,lO-ph~an~roline, acac-acetylacetone anion, db~i~oylm~ne anion, 
ox&--8-hydroxyquinoiine anion, thiox-8.mercaptoquinoline anion, py-pyridine, dtp- 
dimethyldithiophosphoric acid anion, dtc-diethyldithiocarbamic acid anion. The energies 
of MLs(H,O), complexes, where L is a bidentate ligand, were calculated by modelling 
the square-plane co-ordination of two bidentate ligands with a trans.axial arrangement of 
two water molecules. 

especially for IVth series transition metals with oxi- 
dation state + II. In Pearson’s well-known classifi- 
cation they are assigned to an intermediate group. 
Calculated charges on the ligand donor atoms and 
the CPE of the me~l~onor-atom bonds are listed in 
Table 1. The CPE values may give a quantitative 
measure of preference for bond formation between a 
metal and one or other donor atom. The charges on 
the donor atoms are less useful, and do not correlate 
with metal-complex stability. The CPE values give 
interesting info~ation. The following inclusions 
may be drawn. 

(1) In the metal series Co(II), Ni(II), Cu(II), for a 
given type of complex, the CPE (absolute value) 
increases in most cases. This agrees with the experi- 
mental stability constants. 

(2) Analysis of the relative stability of complexes 
of the ML,(H,O),,, type shows that the indi~d~l 
bond formation energies are not additive, because of 
ligand interactions. In most cases, increasing the 
number of ligands, by replacing water molecules in 
the inner sphere of complexes, leads to an energy 

decrease in the metal bonds with all the donor atoms. 
Other examples, illustrating the role of co-ordinated 
water molecules in the energy of complex formation 
are given in an earlier paper.9 

(3) The comparison of CPE values for M-O and 
M-N bonds in M(oxine)(H,0)4 and M(oxine),- 
(HrO)r complexes shows that in the first complex 
the metal-oxygen bonds are more favourable for 
Co(I1) and Ni(II), whereas in the dioxinates the 
metal-nitrogen bonds are more favourable for all 
metals. Also, the metal-oxygen bond in the mono- 
oxinate is more favourable than, e.g., the metal- 
nitrogen bonds in the mono- and bis-phenanthroline 
complexes. Thus, the preference of a metal for inter- 
actions with donor atoms (such as nitrogen and 
oxygen) depends on the composition and structure 
of the ligand, and also on the specific composition of 
the metal co-ordination sphere. The most stable bond 
is metal-sulphur in all the examples considered. 
Many examples have been given previously.’ These 
showed that, although metal-donor atom inter- 
actions make the main contribution to the energy 
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Table 2. The sum values of metal-ligand atom two-centre interaction 
energies (CPE, arbitrary units) as metal free valence indices in complexes 

Metal (M) M(dtp), Wdtc), M(oxine), M(thiox), M(acac), 

co - 6.234 -5.460 - 5.424 - 5.834 -4.560 
Ni -6.124 -6.040 - 5.606 - 6.030 -4.698 
CU -6.956 -5.148 - 5.780 - 6.256 -4.854 

of the metal-ligand bond, the interaction of metal 
atoms with other ligand atoms close to the metal 
may change the order of complex stability. For 
example, for Ni(I1) complexes with dithioacetyl- 
acetone (dtacac), dimethyldithiocarbamate (dtc), di- 
methyldithiophosphate (dtp) and maleonitriledithiol 
(mnt) the order of CPE values for the metal-donor- 
atom bond is 

Ni(mnt):- > Ni(dtacac), > Ni(dtc), > Ni(dtp), 

The order for the metal-ligand interaction energy is 

Ni(mnt):- B Ni(dtp)r > Ni(dtc), > Ni(dtacac), . 

This order of complex stability may be explained’ by 
spatial tension in the Ni(dtc), and Ni(dtp), four- 
membered chelate rings, which results in low-energy 
metal-sulphur interaction, being compensated by 
the abundance of trans-annular interactions. The 
latter make the Ni(dtc), and Ni(dtp), complexes, 
which have four-membered rings, more stable than 
Ni(dtacac),, which has a six-membered chelate ring. 

Co-ordinatioe saturation 

“Free valence” as an index of reaction ability has 
been used in quantum organic chemistry for many 
years. It was introduced to allow comparison of 
co-ordinative saturation of various atoms in mole- 
cules. The atom which has the largest sum of the 
bond orders with neighbouring atoms is less able to 
form additional bonds. Evidently such an index 
would be useful in analysis of the properties of 
co-ordination compounds. It is well known that some 
ligands form inert stable complexes in which the 
metal has a low co-ordination number. Compounds 
such as bis(dithiocarbamato)M(II), bis(dithiophos- 
phato)M(II), and others, form stable compounds 
which show no tendency to oligomer or stable adduct 
formation. On the other hand, compounds such as 
bis(acetylacetonato)M(II) (with M = Fe, Co, Ni) 
exist either as oligomers or as adducts, such as 
M(acac), .2L (L = monodentate ligand) or M(acac), L 
(L = bidentate ligand). This illustrates the fact that 

two bidentate anions of acetylacetone do not saturate 
the metal co-ordination sphere; hence the ease of 
formation of compounds in which the metal co- 
ordination number increases to six. Thus any quan- 
titatively calculated criterion for metal co-ordinative 
saturation should be able to make predictions about 
adduct formation. Table 2 gives CPE values for 
metal-atom bonds with all ligand atoms, which may 
be used as the free valence index of a metal (FV). It 
is evident from Table 2, that FV correlates with 
complex stability, and that the higher the FV value, 
the less is the possibility of the metal forming bonds 
with additional ligands. The possibility of predicting 
these properties is very important for analytical 
chemistry, because it can explain the synergic action 
of various active additives (amines, phosphine oxides 
and others) in metal extraction.rWr2 Unfortunately, 
there are not enough data in the literature to allow 
quantitative correlation of the suggested FV values 
with the stability of ML,A or ML,A, compounds 
(L = bidentate ligand, A = monodentate base). For a 
qualitative correlation, we can compare Yordanov’s 
order” for the affinity of copper(I1) bischelates (with 
ligands containing various donor atoms) for attach- 
ment of a molecule of base, with our calculated FV 
indices. Yordanov’s order is 

Cu(Q) > CW2N2) > Cu(N,) 

> Cu(N, S,) > Cu(S.,) > Cu(Se,). 

Table 3 gives the calculated FV values for a number 
of bis-chelates having the same general structure but 
differing in the type of donor atoms: 

“-“&_~“+.f-” 
/ \ 

H3C CH3 

X, Y = 0, NH, S 

M (n) = Mn, Fe, Co, Ni, Cu 

Table 3. The sum values of metal-ligand atom two-ccntrc interaction energies (CPE, a.u.) as 
metal free valence indices in complexes of the form 

x, y, x, y, Xl y, x, y, Xl y, x, y, 
Metal 0 0 N N S S 0 N 0 S N S 

Mn -4.072 -4.880 - 5.056 -4.448 -4.516 -4.928 
Fe -4.386 - 5.292 - 5.416 -4.802 -4.960 -5.336 
co -4.560 -5.500 -5.710 - - - 
Ni -4.698 - 5.686 - 5.930 -5.148 - 5.356 -5.756 
cu -4.854 -5.874 -6.136 -5.324 - 5.540 -5.954 
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Table 4. The covalent contribution (CPE) to the two-centre interaction energies in co-ordinated and free molecules of 
pyridine and 4-aminopyridine 

Bond* 
number 1 2 3 4 5 6 I 8 ZAE 

Compound 
Py - 1.710 - 1.750 - 1.740 -0.950 -0.950 -0.950 - - - 

Ni@y)(Hr%t -0.081 0.012 -0.014 -0.018 -0.003 -0.005 - 1.054 - -0.213 
Co@y)(H,Q, -0.082 0.011 -0.013 -0.020 -0.003 -0.005 -0.997 - -0.219 
4-NH,PY -1.708 - 1.770 - 1,700 - 1.450 -0.950 -0.980 -0.980 - - 
Ni(4-NHrpy)OIG% -0.087 0.016 -0.027 0.048 -0.019 -0.001 -0.006 -1.068 -0.200 
CO(~-NH, DY) (H, 01, -0.088 0.016 -0.027 0.048 -0.021 -0.001 -0.006 -1.011 -0.206 

*Bond numbers in reagents and complexes: 

tThe values of AE = E, fMross - E&a calculated for each bond are shown. 

The data of Table 3 agrees with Yordanov’s order 
and enables us to generalize this order for Mn(II), 
Fe(I1) and Ni(I1) complexes and in a number of cases 
for Co(I1) complexes. 

Ligand valence state 

Metal and reagent electron shells are rearranged 
when a co-ordination compound is formed. The 
energy of rearrangement of the metal electron shell, 
i.e., the energy needed to change the oxidation state 
of the metal atom or ions is called the “valence state 
energy”. Transitions between valence states often 
demand considerable promotion in energy. That is 
why the metal valence-state energy is significant in 
the energy balance for a compound. The question of 
analogous values for polyatomic ligands has not been 
raised in the literature. As far as we are aware, 
quantitative analysis of energy promotion for ligand 
transition in the valence state has not been discussed. 
Two-centre interaction energies for pyridine and 
4-aminopyridine, and for the corresponding metal 
aqua complexes are listed in Table 4. These data give 
a vivid picture of reagent destabilization on complex 

formation. The destabilization energy is 20% of the 
metal-ligand bond energy. It is most interesting to 
follow the effect of hydrogen substitution on the 
amino group on changing from pyridine to 
4-aminopyridine. The data show that the 4-amino 
group stabilizes the quinonoid form of the pyridine 
ring. The destabilization energy of the reagent on its 
conversion from the free state into the co-ordinated 
one, was determined as the difference between the 
two-centre interactions sums in the two states. For 
both metals, the pyridine and 4-aminopyridine de- 
stabilization energy difference is equal to 0.013 a.u. 
(arbitrary units), and the metal-ligand bond energy 
difference is 0.014 a.u. Thus, the influence of the 
amino group is similar for the pyridine-ring nitrogen 
donor properties, and for the ligand valence-state 
stabilization. 

Table 5 lists the two-centre interaction energies for 
bis(j?-diketonato)Ni(II). These data show that re- 
placement of a methyl group in acetylacetone by 
phenyl leads to ligand bond stabilization (AGg = 
-0.24) which is higher by a factor of 10 than the 
metal-ligand bond energy change (AEr,+o = -0.024). 

Table 5. Two-centre interaction energies (arbitrary units) in Ni(I1) 
comnlexes with acetvlacetone and dibenzovlmethane M(L)(H,O). 

1 2 3 4 z L&3* 

CH3 (Me) - 1.701 - 1.675 -1.338 -0.966 -4.714 
C,H,(Ph) -1.689 -1.672 -1.413 -0.972 -4.774 

%,3 = 4 + 4 + 4 

R3 

l-o4 

H-C2 

$4 

> 
M 

R 

A&,* = 4(2p,;,3 - 2yi3) = -0.24 

AEi,,_o = 4(E{” - E,Mc) = -0.024. 
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Table 6. Two-centre interaction energies for Cu(dik)r(am), type complexes in two con- 
formations (I and II) and Cu(dik),@hen) and Ca(acac)(pher& (III) (acac-acetylacetone, 
hfa-hexathroroacetylacetone, py-pyridine, apy4arninopyridine, phen-1, M-phenanthro- 

line) 

any hfa, spy hfa, PY 
acac hfa 

=c, phen phen 

I II I II I II Cu(dik),@hen) ‘W==)@hm), 

-&-o 0.922 0.916 0.908 0.901 0.911 0.905 0.909 0.893 0.894 (0.913) 
- ECU-N 0.839 0.842 0.858 0.861 0.850 0.853 0.967 0.986 0.989 
-Ecu-~ 6.560 6.552 6.547 6.540 6.549 6.541 6.862 6.851 7.350 

From this point of view we considered the influence 
of the radicals in complexes of the type 

and showed that as in the above-mentioned example 
with acetylacetone and dibenzoylmethane, the radical 
substitution effect on complex stability should not be 
caused by the change in electron density on the donor 
atoms. The radical influence is primarily the valence- 
state energy change of ligands and therefore deter- 
mines the relative complex stability. 

Thus, quantitative data on the ligand valence-state 
energies give us a new understanding of the role of 
substituents and ligand structure in determining the 
complex-formation energy. 

Mutual ligand injuence and mixed-ligand complex 
stability 

Our data can also illustrate mutual influences 
between ligands. Substitution of water molecules in 
the metal inner sphere changes the energies of the 
metal bonds with any other water molecules and 
other ligands (Table 1). It is evident that the place of 
a particular ligand in the complex stability order may 
change with the inner sphere composition. Table 6 
gives electron structure parameters for copper(I1) 
compounds of the Cu(dik),(am)r type, where dik is 
acetylacetone or hexafluoroacetylacetone and am is 
pyridine or 4-aminopyridine. The data for 
Cu(dik)(phen), or Cu(dik),(phen) are also given, 
where phen is 1 , 1 0-phenanthroline. 

Complexes of the Cu(dik),(am), type were anal- 
ysed in two conformations: (I) a coplanar arrange- 
ment of the two chelate rings and a transaxial 
arrangement of the two amine molecules; (II) a 
non-coplanar arrangement of the chelate rings. From 
these data, we may concluded the following. 

(1) Irrespective of the diketone and amine, the 
metal-ketone bond is more stable in conformation I, 

and the metal-amine bond is less stable. Since the 
conformational change is more substantial for metal 
bonds with fi-diketones, conformation I is more 
stable. 

(2) Metal bonds with /I-diketones are more stable, 
and bonds with amine molecules less stable in the 
acetylacetone complexes than in the hexafluoro- 
acetylacetone complexes. 

(3) For a given /3-diketone, Caminopyridine is 
bonded more strongly than pyridine. The nature 
of the j?-diketone is very important, in that 
4-aminopyridine is bonded more weakly with the 
acetylacetone complex than pyridine is with the 
hexafluorocetylacetone complex. 

(4) The metal-nitrogen bond in mixed-ligand com- 
plexes with phenanthroline is more stable than the 
metal-nitrogen bond with pyridine and 4-amino- 
pyridine monodentate ligands. This illustrates the 
difference between ligand basicity (i.e., proton 
ai%nity) and ability to make bonds with metals. In 
the above-mentioned mixed-ligand complexes (MLC) 
with monodentate amines, the amines form weaker 
bonds with the metal than the j?-diketone does. In 
MLC with phenanthroline, the reverse is true. 

There are data in the literature for formation of 
transition-metal MLC, containing a fl-diketone and 
various bidentate reagents. The energy characteristics 
of a number of complexes are given in Table 7. 
Comparison of the metal-ligand bond energies in 
these complexes illustrates the bond polarization.‘” 
For example, oxine forms more stable bonds with 
nickel(I1) than acetylacetone does in the correspond- 
ing homo-ligand (HLC) bischelates. The nickel(IIE 
oxine bond is stabilized, and the nickel(II)-acetyl- 
acetone bond destabilized, in MLC in comparison 
with HLC. 

These data are in accordance with the well-known 
stabilities of homo- and mixed-ligand complexes with 
/I-diketones. Our approach allows prediction of the 
relative complex stability from the /I-diketone sub- 
stituent properties. 
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Table 7. Metal-donor atom two-centre interaction energies in Ni(II) 
complexes 

Complex 

Ni(oxine),(H,O), 

Ni(acac),(H,O), 
Ni(acac) (oxine) (Hz 0), 

Donor - EM-X 
Ligand atom (arbitrary units) 

oxine 0 0.963 
N 0.997 

acac : 0.919 
oxine 0.992 

N 0.994 

acac 0 0.894 

SPECTRAL CONTRAST 

Let us consider the properties of azo dyes that 
make them suitable as reagents for photometric 
determination of metals. The difference between the 
positions of the absorption bands of the free reagent 
and the metal complex depends on the structure of 
the complex and on the chemical equilibria of the 
reagent in solution. The following groups of azo dyes 
can be distinguished. 

(1) Reagents that form complexes with metals with 
the help of functional groups that are remote from 
the azo groups. The metals are not bonded directly 
with the nitrogen atoms of the azo groups in com- 
plexes with such reagents. Examples of such reagents 
and their photometric characteristics have been 
given.‘5*‘6 To construct a reagent of this type, reagents 
that form colourless complexes with many metals are 
modified to give reagents that form coloured ones. 
For example, the azo coupling reaction with salicylic 
acid, pyrocatechol and other hydroxy- and carboxy 
derivatives of benzene yields coloured reagents 
that form coloured complexes with metals. Typical 
reagents are: 

HO 
Stilbazo 

I\ 
HOeN=NeCH=CH +N=N+$OH 

(2) Chelate-forming reagents, in which the metals 
are directly bonded with the nitrogen atoms of the 
azo group. 

This group of reagents is widely used in analytical 
practice. From the point of view of the nature of the 
absorption spectra, it is expedient to divide these 
compounds into three subgroups. 

(a) Hydroxyazo compounds in which hydroxy 
groups are bonded only to benzene nuclei, e.g., 
2,2’-dihydroxyazobenzene and its numerous deriva- 
tives 

&* 

Hd 

p-nitrobenzeneazopyrocatechol ,OH 

OZN+N=N -&OH 

The nature of the colour of the compound and the 
spectral contrast on complexation has been consid- 
ered in depth. ” Since metals are bonded with these 
reagents either by two hydroxyl groups, or by hy- 
droxyl and carboxyl groups, and are not connected 
directly with the nitrogen atoms of the azo group, the 
maximum possible colour contrast on reaction is 
determined by the absorption maxima of the corre- 
sponding acid-base forrns,ls e.g., 

OH OH 

OzN+N=NdOH OzN-@N =N&O- 

x max = 395 - 410 nm x max = 505 nm 
_ 

/“- 

Examples’5*‘6 show that the colour contrast in reac- o,N 
tions with such reagents is fully determined by the 

+)-N=N*~- 

acid-base properties of the reagent.” x max = 592 nm 
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and 4-(2-pyridylazo)resorcinol (PAR) 

(b) Hydroxyazo compounds in which hydroxy 
groups are also (or only) bonded with naphthalene 
nuclei, e.g., numerous mono- and bis-azo derivatives 
of chromotropic acid 

OH 

SO,H 

=N 

X = -OH,- COOH,- HsO, Hz, 

- PO, Hp 

and I-(2-pyridylazo)-2-naphthol 

IoH 

Q-N=N-Q 

(c) Hydroxyazo compounds containing a nitro 
group in the aromatic nucleus, e.g., compounds de- 
rived from picramine 

achieve more contrast. For example, formation of the 
PAR complex of Pd(I1) in sulphuric acid followed by 
extraction into an organic phase leads to a band shift 
of >200 nm. In many similar spectrophotometric 
procedures used for metal determination with this 
group of reagents, the contrast has not been opti- 
mized. This optimization of conditions has been 
discussed in several papers.‘~2~‘**‘g The peculiarity of 
hydroxyazo compounds with hydroxy groups on the 
naphthalene nucleus is the possibility of the azohy- 
drazone tautomeric equilibrium in solution. 

cm 0 

R-NcN& = R-“-N& 

The change from azo to hydrazo form is usually 
accompanied by a large red shift of the absorption 
band (see Table 8). From evidence in the literature,*O 
confirmed by the calculations shown in Table 8, the 
absorption spectra of these compounds in water and 
other polar solvents show the presence of mainly the 
hydrazo form, but in less polar media it may be 
possible to see both the azo and hydrazo forms. The 
comparison of the experimentally observed spectra of 
two reagents, Eriochrome Black T (ECB-T) and 
Calcon, with the calculated band position for the 
different forms of these reagents shows that it is 

N=N-R whmR=& or ,-&y :“$+j 

02N 
X 

with different substituents X, Y, and Eriochrome 
Black T 

SO,H 

A characteristic feature of the compounds of sub- 
groups 2a is that they exist in solution, mainly in azo 
forms. Metal complex formation is usually character- 
ized by a considerable shift of the longest-wavelength 
absorption maximum of the reagent, A1 2 100 nm. 
By choice of certain reaction conditions, such as 
solvent and acid-base parameters, it is possible to 

possible to characterize and identify the forms of a 
reagent in solution, and also shows the insufficiency 
of traditional methods for characterizing acid-base 
and tautomeric equilibria. From our research, we 
suggest that the equilibria of ECB-T aqueous solu- 
tions are as follows (numbering as in Table 8) 

II * v e VI + VII 
H,R- HRZ- HR*-* R’- 

pH 5-6 l-9 10 O.l-l.OM NaOH 
& 545 nm 59&600 nm 630 nm 530 nm 

If the reagent H,R can exist only as the single non- 
charged form or as the anions H2R-, HR*- and R3-, 
it is impossible to understand the appearance of 
three new bands and not two between pH values 7 
and 14. Each species is assumed to be characterized 
by its own absorbance maximum. The calculations 
show that the species with L,,,,, = 590-600 and 630 nm 
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are doubly charged anions that differ in the degree of 
preservation of the strong hydrogen bonds of hydro- 
gen ions with the oxygen atoms of the hydroxyl 
groups.21~22 Thus, the normal picture of an acid-base 
equilibrium, in which only a single species with a 
particular charge, is not correct. For example (see 
Table 8) there are two forms of the anion HR*- for 
Eriochrome Black T at pH 7-10. These forms differ 
in the position of the maximum absorptivity. In the 
scheme above and Table 8, the form VI differs from 
form V by weakening of the hydrogen bond formed 
by the oxygen atom of one of the reagent hydroxyl 
groups. An analogous picture is observed for the 
spectra of Calcon solutions. The new absorption 
band at pH 10 cannot be explained by a normal 
acid-base equilibrium. The forms IV and V of Calcon 
(see Table 8) are both HR*- and differ, like the forms 
V, VI of ECB-T, in the degree of preservation of 
strong hydrogen bonds with the oxygen atoms of 
hydroxyl groups. The most probable forms of Calcon 
in water solutions appear to be: 

II Z$ IY = Y + YI 
H,R- HR*-* HR2-** R’- 

pH 5-l 8-9 10 0.5-l.OM NaOH 
A,., 520nm 600 nm 650 nm 555 nm 

The absorption maxima for metal complexes are 
rather close to those of the hydrazo forms of the 
reagent, which explains why reactions with reagents 
present in the azo form in solution give the greatest 
contrast. Subgroup 2a reagents exist in the azo form 
in solution, and offer potentially the highest colour 
contrast in reactions with metals. Reagents that have 
a substituent -NO2 group form a special group (2c), 
since they differ in the nature of the chromophore 
from hydroxyazo compounds.” The presence of 
the nitro group leads to additional intramolecular 
charge-transfer bands. 

CONCLUSIONS 

The comparison of electron structure parameter 
values with experimental stability-constant data 
shows the potential for use of semi-empirical mathe- 
matical models for quantitative description and 
nrediction of analvtical DroDerties. The lack of’ 

quantitative experimental data on compound stabi- 
lity means that we have found only qualitative 
correlations between the orders of relative stability 
of compounds in solutions and electron structure 
parameter values. Our research on the spectra of azo 
dyes gives a key to the understanding of reagent 
colour contrast. 
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Smmary-Progress in the synthesis and theoretical study of the 5-azo derivatives of rhodanine, 
thiorhodanine, 3-aminorhodanine, thiohydantoin, pseudothiohydantoin, thiopropiorhedanine, and sele- 
noisorhedanine is discussed. Emphasis is plaoed on peculiarities in the interaction of this series of reagents 
with noble metals aad their practical application in analytical chemistry. 

Azo compounds based on rhodanine, thiorhodanine, 
and isorhodanine were synthesized for the first time 
at the L’vov Medical Institute as potential medicinal 
preparations. Their qualitative reactions with some 
elements were also reported.‘” 

The S-azo derivatives of rhodanine and its ana- 
logues based on aromatic amines containing salt- 
forming groups, the hydroxyl group in particular, 
which have been synthesized by us, have proved to be 
valuable analytical reagents for noble metals (NM).” 
In contrast to the j-substituted derivatives of rho- 
danine (e.g., p-dimethylaminobenxylidenerhodanine) 
which have found application largely for the deter- 
mination of gold and silver, the 5-azo compounds 
react in acid and strongly acid media with all NM 
except osmium. The reactions have high sensitivity 
and selectivity. The ii-ax0 compounds of rhodanine 
are also distinguished by their rather good solubility 
and stability in strongly acid media. 

Systematic study of the properties of the 5-azo 
derivatives of rhodanine has proved these reagents to 
be quite pro~sing in the analytical chemistry of NM, 
including spectrophotometry, differential spectro- 
photometry, precipitation, identification of chro- 

matographic and electrophoretic zones, separation of 
NM as coloured complexes, extractive enrichment, 
and en~~hment and separation on chelate sorbents 
involving axorhodanine and axothiopropiorhoda- 
nine. Owing to the exceptional ability of these re- 
agents to react with NM in strongly acid media, 
methods were developed for the first time for the 
determination of NM as various acid complexes. 
These not only enlarged the range of ~al~i~l 
methods available but in some cases gave improved 
analytical characteristics (sensitivity, selectivity, reac- 
tion kinetics). This group of reagents also seemed 
promising for the determination of non-ferrous and 
heavy metals. 

SYNTHESIS OF REAGENW 

A series of reagents was obtained, which are based 
on the following heterocyclic axe compounds: 
rhodanine, thiorhodanine, thiohydantoin, pseudo- 
t~ohydantoin, 3-a~norhodanine, ~-substitu~ 
3-aminorho~~ne, ~lenoisorhodanine, and a six- 
membered analogue of rhodanine, thio- 
propiorhodanine (Table I).@ 

s+%-NH “\\i 0 

-7” +=s (s,L l.gLs y-,L 
rhodanine thiorhodmins thiohydrntoin pmdothlohydantoi~ 

R s 

‘\C-_N-_N=CH !4 
'FI'H 

c=s 
S' 

34minorhodmine N-wbrtltutod selenoiao- thiopropio- 
3 - uninorhodrninr rhodanine rhodmina 
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No. 

Table 1. S-Ax0 derivatives of rhodanine and its analogues 

Substituents in 
diaxocomponent Name of reagent 

S-Ax0 derivatives of rhodanine 

:: 
3. 
4. 

:: 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

2-OH, 3-SOr H, 5-Cl Sulphochlorophenolaxorhodanine 
2-OH, 3-SO,H, 5-NO, Sulphonitrophenolaxorhodanine 
?-OH o-Phenolaxorhodanine 
2-OH, 3-COOH, 5-SO,H Carboxysulphophenolaorhodanine 
2-OH, 3,5-SO,H Disulphophenolaxorhodanine 
2-OH, 3,5-NO2 Picraminaxorhodanine 
4-OH p-Phenolaxorhodanine 
3-OH m-Phenolaxorhodanine 
2-COOH Carboxybenxenaxorhodanine 
2-S4H o-Sulphobenxenazorhodanine 
3-SOr H m-Sulphobenzenaxorhodanine 
&SOS H p-Sulphobenxenaxorhodanine 
&NO, p-Nitrobenxenaxorhodanine 
2-AsO, H, Arsonobenxenaxorhodanine 
No substituents Benxenaxorhodanine 

16. 2-OH, 3-SO,H, S-Cl Sulphochlorophenolaxothiorhodanine 
17. 2-COOH Carboxybenxenaxothiorhodanine 
18. 2-AsO, H, Arsonobenzenaxothiorhodanine 

S-Ax0 derivatives of thiorhodanine 

S-Ax0 derivatives of 3-aminorhodanine 

3 2 

+ 

o~C---N-NIi* 

4 0 
N=N-q=S 

5 

19. 2-OH, 3-SO,H, 5-Cl 
20. 2-OH, 3-SO,H, 5-NO2 
21. AH 
22. 2-COOH 
23. 3-SOsH 

Sulphochlorophenola-3-aminorhodanine 
Sulphonitropheno-3-amiminorhodanine 
p-Phenol-3-aminorhodanine 
Carboxybenxene-3-aminorhodanine 
m-Sulphobenzenaxo-3-aminorhodanine 

S-Ax0 derivatives of N-benzylidene-3-aminorhodanine 

wa OH 

F 

o~~-N--N=CH 

0 -F\ 
2’ 3’ 

Cl 

24. 2’,3’-H 
25. 2’-OH 
26. 2’-OH, 3’-OCH, 

Sulphochlorophenol-N-(benxylidene)-3-aminorhodanine 
Sulphochlorophenol-N-(2’-hydroxybenzylidene)-3-a~norh~a~ne 
Sulphochlorophenol-N-(2’-hydroxy-3’-methoxy~lidene)-3- 

aminorhodanine 
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No. 
Substituents in 
diaxocomponent 

Table I-conrinue~ 

Name of reagent 

5-Axe derivatives of thiohydantoin 

3 2 

4 N=N--( &, 
ii’ 5 

27. 2-OH 
28. 2-OH, 3-SOsH, 5-NO, 

o-Phenolaxothiohydantoin 
Sulphonitrophenolaxothiohydantoin 

5-Axe derivatives of pseudothiohydantoin 

3 2 

‘%-NH 

N=N-(S,&N~ 

29. 2-OH, 3--COOH, 5-SO,H 
30. 2-OH, 3-SOxH, 5-NO, 
31. 2--OH, 3,5-SO,H 
32. 2-OH, 3-SO,H, Cl 

Carboxysulphophenolpseudothiodantoin 
Sulphonitrophenolaxopsaudothiohydantoin 
Disulphophenolazopseudothiohydantoin 
Sulphochlorophenolaxopseudothiohydantoin 

S-Bisaxo derivatives of rhodanine 

33. No substituents 
34. 3-SOJH, 4-OH 

Benxenaxobenxnnaxorhodanine 
Sulphophenolaxobenxenaxorhodanine 

S-Ax0 derivatives of thiopropiorhodanine 

3 2 

i 

4 N-N 
c. 

7” 

S’ 
c=s 

5 

35. 2-OH, 3-S03H, 5-Cl 
36. 2--OH, 3-SO,H, 5-NO2 
37. 2-OH, 3-COOH, 5-SO,H 
38. 2-COOH 

Sulphochlorophenolaxothiopropiorhodanine (thiorhodine) 
Sulphonitrophenolaxothiopropiorhodanine 
Carboxysulphophenolaothiopropiorhodanine 
Carboxybenxenaxothiopropiorhodanine 

S-Ax0 derivatives of selenoisorhodanine 

3 2 

“\\C-NH 
4 N=N+=o 

39. 2-COOH 
40. 4-NO, 

?-OH 3-SOH 5-Cl 
:;: 2,: EOiH: 5-NO, 

Carboxybenxenaxosalenoisorhodanine 
p-Nitrobenxenaxoselenoisorhodanine 
Sulphochlorophenolaxoselenoisorhodanine 
Sulnhonitronhenolselenoisorhodanine 
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Aromatic amines containing largely hydroxyl and 
other salt-forming groups (-SO,H, -COOH, 
-AsO~H,) were employed as diazo components. 

The heterocyclic azo compounds were synthesized 
as described elsewhere. Rhodanine was prepared by 
condensation of monochloroacetic acid with ammo- 
nium thiocyanate by heating.’ Thiorhodanine was 
prepared from rhodanine by replacing the carbonyl 
group by thiocarbonyl by the action of P,S,.4 Thio- 
hydantoin was obtained by the reaction of potassium 
thiocyanate with the hydrochloride of glycyl ethyl 
ether. Pseudothiohydantoin was obtained by con- 
densation of urea with monochloroacetic acid by 
heating.s 3-Aminorhodanine was prepared by con- 
densation of sodium monochloroacetate with hy- 
drazine dithiocarbazinate.g~‘o 

3-Aminobenzylidenerhodanine was prepared by 
condensation of 3-aminorhodanine with benz- 
aldehyde in acetic acid. Thiopropiorhodanine 
(2,4-dithione-1,3-thiazane) was prepared by treating 
propiorhodanine with P,S, in anhydrous dioxan. ‘I 
Propiorhodanine (2-thione-4-oxo-1,3-thiazane) was 
obtained by condensation of 2-chloroacetic acid with 
freshly prepared ammonium dithiocarbamate, fol- 
lowed by heating with acetic anhydride.12 Sele- 
noisorhodanine (4thione- 1,3-selenazolid-2-one) was 
obtained by the reaction of 1,3-selenazolidine- 
2,4-dione with P2Ss in anhydrous dioxan.‘) The 
1,3-selenazolidine-2-4-dione was synthesized by con- 
densation of monochloroacetic acid with selenourea 
by heating. 

Azo compounds based on heterocyclic azo com- 
ponents were synthesized by the action of the corre- 
sponding diazotized amine on the heterocyclic com- 
ponent under appropriate conditions for each 
reaction (nature of solvent, reaction pH, duration 
of the reaction). This provided the reagents in high 
yield with the least possible amounts of by-products. 
The conditions for the synthesis of azorhodanines 
are as follows: pH 8.9, CH,COOH/ NaOH mix- 
ture, l-2 hr; those for azothiorhodanines: pH 5-7, 
CH,COOH/NaOH or CH,COOH/NH3 mixture, 
1 hr; for azo-3-aminorhodanines: pH 8-10, C,H,OH/ 
CH,COOH/NaOH mixture; for azothiopropio- 
rhodanines: pH 7.8, dimethylformamide/CrH,OH1 
NaOH mixture, 30 min; for azothiohydantoins 
and azopseudothiohydantoins: pH 10, NaHCO,, 
1.2 hr; for azoselenoisorhodanines: pH 6-8, Na,PO,, 
30 min; for bisazo compounds based on rhodanine: 
pH 8-10, C2H~OH/CH3COOH/NaOH. The reac- 
tivity of the heterocyclic components in the azo- 
combination reactions with aromatic amines in- 
creases in the series 

The ~ZO compounds based on p-nitroaniline, aniline, 
and anthranilic acid were precipitated as diazonium 
salts. Other reagents, besides those based on amino- 
phenols and selenoisorhodanine, were isolated by 
acidification with hydrochloric acid to pH 2-4. The 
precipitates were filtered off, washed with water or 
alcohol, and air-dried. The products obtained con- 
tained 60-85% of the main compound, with the 
remainder being water of crystallization and mineral 
salts, which did not affect the analytical properties of 
the reagents. Reprecipitation was occasionally used 
for better purification, although it caused consid- 
erable loss of the reagent. The synthesis of the 
reagents in the presence of salts of some metals (Ca, 
Pb) resulted in purer reaction products and higher 
yields, but the solubility of the reagents decreased. 
The azo compounds based on aminophenols and 
selenoisorhodanine could not be isolated. 
Acidification or salting-out resulted in tarry reaction 
products. 

The azo compounds obtained (Table 1) were 
identified by chromatography, and electrophoresis 
with various buffer systems,’ as well as by the typical 
absorption spectra of the reagents (in concentrated 
sulphuric acid and neutral and alkaline solutions) and 
their metal complexes. The content of the main 
product was established by potentiometric and high- 
frequency titration with alkali, and spec- 
trophotometric titration with metal salt solu- 
tions.5,6,14,15 

PROPERTIES OF THE REAGENTS 

5-Azo derivatives of rhodanine and thiorhodanine 

The azo derivatives of rhodanine are yellow, or- 
ange, or red-orange powders. The reagents contain- 
ing salt-forming groups (besides carboxyl) are soluble 
in water, dioxan, and dimethylformamide. The solu- 
bility increases in alkaline and strongly acid media. 
The reagents based on anthranilic acid, p- 
nitroaniline, and aniline are soluble in alcohol and 
acetone. The azothiorhodanine derivatives are deeper 
in colour, more soluble in water, more stable in 
alkaline and less stable in acid media, than the 
corresponding azorhodanines. Neutral and acid solu- 
tions of the reagents are stable for several days. The 
solid reagents are stable for more than three 
years*4,sJ4J5 

The state of the reagents in solution is one of the 
essential factors that determine the reactivity, the 
mechanism of complex-formation, and the nature of 
their colour reactions with metals. When the pH is 

O-+C-NH 
I#,L < 

ON-N” oN-Nti ‘\\C-N” 
i 

Is&NH < &,d=s < (,,d=s - (;& < “N-NH 
I&C 
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changed the reagents solutions sharply change their 
colour, owing to dissociation of acidic groups or 
protonation of basic groups, and various tautomeric 
conversions. For the azo derivatives of rhodanine 
which contain a hydroxyl group, several coloured 
forms can be distinguished, e.g., red-orange (concen- 
trated sulphuric acid), yellow (PH 14), orange (pH 
4-8), red-orange (pH 8-IO), and violet (pH 11). The 
colour of the reagents with no hydroxyl groups 
develops from lemon-yellow (acid and neutral media) 
to yellow-orange (alkaline solutions) and red 
(strongly alkaline solutions). For azothiorhodanines 
with a hydroxyl group three coloured forms can be 
distinguished, oiz. dark-red (acid-neutral media), vio- 
let (weakly alkaline media), and blue (strongly alka- 
line media). The azothiorhodanines are unstable in 
strongly acid media. 

The data’ on potentiometric and high-frequency 
titration, and analysis of the absorption spectra at the 
pH values corresponding to the potential jumps 
allowed us to establish pH-values and sequence for 
ionization of the acid groups of the reagents.5~6J4J5 
The nature of the hetero-atom (0, S) affects the pK 
of dissociation of the NH group. The NH group of 
azothiorhodanines is titrated at lower pH values. At 
the same time, the nature of substituents in the diazo 
component affects the pK of the hydroxyl group on 
the benzene ring. For example, for sulpho- 
chlorophenolazorhodanine pK = 10, while for picra- 
minazorhodanine pK = 6. For most azorhodanines 
pKNH < pKou. However, in the case of disulpho- 
phenolazorhodanine the NH and CH groups are 
titrated simultaneously, while in picraminazo- 
rhodanine, which contains two strong electron- 
acceptor substituents, the hydroxyl group of the 
benzene ring dissociates at lower pH the NH group. 

Four types of tautomerism can be suggested for the 
azo derivatives of rhodanine, viz. 

wavelength absorption band (A2 70 nm) from that in 
neutral solutions. According to calculated dataI the 
bathochromic shift is due to protonation of the 
reagents. Since the hetero-atoms of the rhodanine 
ring carry the largest negative charge, it is these atoms 
that are protonated, and not the hydroxyl group of 
the benzene ring or the nitrogen atom of the azo or 
hydrazo group. 

In neutral form the azo derivatives of rhodanine 
exist largely as their azodiketo tautomers. Complex 
formation shifts the equilibrium to the enolic form. 
This is confirmed by the observed data on the number 
of protons liberated in complex-formation between 
copper and sulphochlorophenylazorhodanine (SC- 
PAR). Formation of the 1: 1 complex produces two 
protons.’ The concentration of the azothiol tautomer 
is quite low. The only exception is picraminazo- 
rhodanine, which has roughly equal content of the 
diketo and thiol forms. For the reagents containing 
a hydroxyl group the first bathochromic shift (pH 
6-10) results from the transition of the azo form of 
the reagent into the quinonehydrazo one. Strongly 
alkaline media shift the thion&hiol equilibrium 
to the side of the azothiol tautomer, which results 
in the bathochromic shift of the long-wavelength 
absorption band. The presence of electron-acceptor 
substituents in the benzene ring shifts the thione- 
thiol transition to lower pH (as is the case for 
picraminazorhodanine and sulphonitrophenolazo- 
rhodanine). 

5Azo compounds based on 3-aminorhodanine and its 
N-substituted derivatives6 

Like the S-azo derivatives of rhodanine, the 
reagents based on 3-aminorhodanine and N-benz- 
ylidene-3-aminorhodanine are yellow, orange, or red 

O=C-NH 

thione- thiol -N=N -&,d=S =-NLrJT,i-sH ~ 

HO-C-NH 

keto - en01 -N=N As ,&s =_N,=“~i---& __ Nz;&T& 

hydroxyazo-quinonehydrazo 
on 0 

6 / \ .N=N-z / 
powders, depending on the substituents in the diazo 

N-N- component. As regards stability in neutral media, - d= - 
they closely resemble the corresponding azo deriva- 
tives of rhodanine. At the same time, the reagents 

the last arising when the benzene ring carries a based on 3-aminorhodanine are less stable in con- 
hydroxyl group. centrated mineral acid, and concentrated alkaline 

For all S-azo derivatives of rhodanine in concen- solutions. They are also characterized by poorer 
trated sulphuric acid there is a shift of the long- solubility than the azorhodanines. The NH, and 

T.A.L. Y/l-o 
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N=CH-CsH, type substituents at position 3 of 
rhodanine do not essentially affect the spectral fea- 
tures. The same regularities in the intluence of substit- 
uents in the diazo component on the spectral features 
and acid-base properties are observed for these re- 
agents. The sequence of dissociation of the acid 
groups is the same but there is an increase in the 
acidity of the hydroxyl group of the benzene ring. For 
example, for sulphochlorophenolazorhodanine 
p&r., = 8.5, while for sulpho-3-aminorhodanine 
p&n = 7.0. The bathochromic effect in concentrated 
sulphuric acid is less pronounced than for the S-azo 
derivatives of rhodanine. 

propiorhodanine pKNH = 8.1), and by the different 
nature of the tautomeric conversions. No deepening 
in the reagent colour is observed for azothiopropio- 
rhodanines in strongly acid media, in contrast 
to azorhodanines and azo-3-aminorhodanines. The 
yellow colour of the reagents in weakly acid media, 
which is characteristic of the neutral form, is 
unaffected even in concentrated sulphuric acid. 
Surface-active compounds affect the colour of azo- 
thiopropiorhodanines and the corresponding bisazo 
compounds over a wide range of pH. 

SAzo derivatives of selenoisorhoabnine 

S-Azo derivatives of thiohydantoin and pseudo- 
thiohydantoin 

These are the least studied reagents. They are 
pale-yellow powders. In solution azothiohydantoins 
and azopseudothiohydantoins are less deeply col- 
oured than the azorhodanines. The solids are stable, 
especially in salt form. In solution the reagents are 
less stable than the azorhodanines and azo-3- 
aminorhodanines. The sequence of ionization of the 
acid groups is retained. In contrast to azorhodanines 
and azo-3-aminorhodanines, the reagents in concen- 
trated sulphuric acid solutions are pale in colour. 

The reagents based on anthranilic acid and nitro- 
aniline are brown powders, stable in the dry state, but 
unstable in solution. Aminophenol-based azoseleno- 
isorhodanines failed to be isolated in the solid state. 
Changing the pH affects the colour of the reagent 
solutions. The nature of the heteroatom (Se) en- 
hances the acid properties of the selenoisorhodanines. 
These reagents are protonated in more dilute solution 
of acids, and the process is accompanied by greater 
deepening in colour, compared to the azorhodanines. 

INTERACTION WITH METAL IONS 

S-Bisazo derivatives of rhodanine SAzorhodanines 

These are stable dark powders. The reagents con- 
taining hydroxyl and sulpho groups are well soluble 
in water, while those containing no such groups are 
soluble in polar organic solvents and water-organic 
solvent mixtures. The reagents sharply change colour 
with change in pH. The presence of a second arylazo 
group affects the state of the reagents in acid media. 
While for azorhodanines protonation, accompanied 
by deepening in colour (420-500 nm), is observed in 
10-l 5M sulphuric acid, the rhodanine-based bisazo 
compound is protonated even in 1-2M sulphuric 
acid. The protonation of the bisazo compounds is 
accompanied by a deeper change in colour 
(420-560nm). For the bisazo compounds thermo- 
chromism is observed, i.e., a sharp deepening in 
colour on heating in acid media. 

The aminophenol-based reagents provide the most 
sensitive and contrasting colour reactions. Three 
regions for the interaction with metal ions can be 
distinguished. Co, Ni, Cd, Pb, Zn, Ag, Cu give colour 
reactions at pH 6-10, changing the colour from 
orange (480 nm) to violet (530-550 nm). The molar 
absorptivity (c, l.mole-‘.cm-I) is about 2 x 104. 

S-Azo-derivatives of thiopropiorhodanine 

These are powders, dark red in colour, well soluble 
in water and water-organic solvent mixtures. As is 
the case for azothiorhodanines, the substitution of 
S for 0 in the heterocycle enhances the solubility of 
the azo compounds obtained. The reagents are un- 
stable in hydrochloric acid solutions. In neutral 
and alkaline solutions the reagents are more deeply 
coloured than the corresponding azorhodanines. For 
azothiopropiorhodanines the sequence of dissoci- 
ation of the NH and OH groups is reversed, i.e., the 
OH group of the benzene ring dissociates at lower pH 
values than the NH group. This may be caused by 
both the difference in acid properties of the individual 
azo components (for rhodanine pKNH = 5.8, for thio- 

Cu, Pd, and Ag give colour reactions at pH l-6, 
changing from yellow (430nm) to red-orange 
(480-500nm), E 1.5-3.0 x 104. Noble metals (Pt, Pd, 
Rh, Ir, Ru, Au, Ag) and mercury give colour reac- 
tions in acid and strongly acid media (1500-530 nm; 
E 2-12 x 104). The reactions in strongly acid media 
are slow and need 3O-50-fold excess of reagent. 
Heating increases the reaction rate with NM but in 
some cases reduces the yield. For example, platinum 
gives a slow reaction (20 hr, 6 3.3 x 10’) with sul- 
phochlorophenolazorhodanine in the presence of re- 
ductants in 3M HCl and in HCl/H,SO, or 
HCl/H,PO, mixtures (4 hr, e = 1.0 x lo’, for the 
latter mixture). 

Rhodium and iridium give colour reactions with 
the azorhodanines in lO-15M H,PO, (2-7M H2S04). 
The presence of CH,COOH enhances the sensitivity, 
Heating at 70” and 90”, respectively, increases the 
reaction rate. 

Gold reacts with azorliodanines in HCl media at 
room temperature in 5-10 min. The presence of 
H,S04 or H3P04 does not affect the sensitivity and 
reaction rate, but presence of H3P04 increases the 
solubility of the complexes and extends the range of 
acidity for maximum absorption. 
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Like palladium, silver reacts differently in weakly 1,535 run, A1 75 nm, E 5.3 x 104). The reaction with 
acid-neutral and in strongly acid media, to give azothiopropiorhodanines in acid media is of practical 
coloured compounds which differ in composition, interest. The formation of a coloured compound of 
solubility, etc. In neutral and weakly acid solutions silver in strongly acid media was observed for the first 
palladium and silver give well soluble 1: 1 complexes, time with the azorhodanines.r5 The interaction of 
and only 2-3-fold excess of reagent is needed. The silver with azothiopropiorhodanines has several 
best azorhodanines to use are those existing largely differences from that with azorhodanines, despite the 
as the diketo-tautomers in acid and neutral media, similarity in structure of the reagents. The azothio- 
e.g., sulphochlorophenolazorhodanine, o-phenolazo- propiorhodanines give their most sensitive reaction 
rhodanine, carboxyphenolazorhodanine (E 2 x 104). with silver in concentrated solutions of CH,COOH, 
The reagents that produce comparable amounts of H3P04, or their mixtures, whereas with the azorho- 
the diketo and thiol forms in weakly acid solutions danines silver not only gives no colour reaction in 
usually give lower E (0.7 x 103, e.g., picraminazo- CH,COOH, but even small amounts of this acid 
rhodanine, sulphonitrophenolazorhodanine. Accord- mask the reaction. This difference appears to be due 
ing to quantum chemical calculations14 high sensi- to the azothiopropiorhodanine silver complexes be- 
tivity is expected for the reaction of silver with ing more stable than the azorhodanine complexes. 
benzeneazorhodanines which contain electron-donor The reaction with the azothiopropiorhodanines is 
substituents in the benzene ring. The presence of the also faster, being complete in 3-5 min, and needs 
o-hydroxy group improves the colour contrast, only 2-3-fold excess of reagent, whereas a 20-50- 
owing to the hydroxyazoquinone-hydrazone tauto- fold excess of azorhodanines is required. The 
merism. In strongly acid media the reactions of Ag, azothiopropiorhodanines are characterized by high 
Pd, Rh, Ir, Ru and Pt are slow and need considerable selectivity for silver with respect to copper and other 
excess of reagent. non-ferrous metals.6J6 

In strongly acid media the selectivity towards the 
common non-ferrous metals is higher, and towards 
the platinum-group metals lower, than in weakly 
acid-neutral solutions. 

5-Azo derivatives of 3-aminorhodanine 

Table 2 presents the characteristics of the reactions 
of noble metals with sulphochlorophenolazo- 
rhodanine and sulphochlorophenolazothiopropio- 
rhodanine (thiorhodine), which have the best combi- 
nation of analytical characteristics (solubility and 
stability of individual reagents and their reaction 
products, sensitivity and selectivity of determination) 
of all the reagents of this type synthesized and studied 
by us. 

For Pt, Pd, Au, and Ag the derivatives of 
3-aminorhodanine have analytical characteristics 
(sensitivity and contrast of colour reactions, colour- 
development rate) close to those of the corresponding 
azorhodanines. Like the azothiorhodanines and azo- 
thiopropiorhodanines, they do not react with rho- 
dium and iridium; this seems to result from the 
instability of these compounds in strongly acid me- 
dia, especially on heating, i.e., under the conditions 
in which kinetically inert elements, such as rhodium 
and iridium, undergo reaction. 

S-Azothiorhodanines 

These reagents react with gold, platinum, and 
palladium in 1-6N HCl, changing the colour from red 
to blue-violet (6 2-5 x 104). Silver reacts at pH 1.5 
with low sensitivity. 54zothiorhodanines do not give 
a colour reaction with rhodium and iridium.4 

Applications 

5-Azothiopropiorhodanines 

These reagents do not react with rhodium and 
iridium, but in acid and strongly acid media give 
highly sensitive reactions with Pt, Pd, and Au, chang- 
ing colour from yellow to red. The reactions for 
platinum and gold are slow. Heating increases the 
reaction rates, while decreasing the yields. The pres- 
ence of HCl has an adverse effect on the reactions for 
gold and platinum. An H,P04(H,S04)/CH,COOH 
mixture is best for the reaction with platinum and 
gold. The presence of reducing agents increases the 
rate and yield of the reaction with platinum.6v26 

Silver reacts with azothiopropiorhodanines in neu- 
tral (pH 5-9,1,565 nm, AL 30 nm, 6 1.5 x 104) and 
acid media (10M CH,COOH/ZM H,PO, mixture, 

A comparative study of the colour reactions of 
metals with the azoderivatives of rhodanine and its 
analogues has shown these reagents to be of practical 
value, especially for the determination of noble 
metals. The aminophenol-based azo compounds 
are recognized as the best, and of these sulpho- 
chlorophenolazorhodanine and sulphochlorophenol- 
azothiopropiorhodanine (thiorhodine) prove to be 
the most advantageous. The reactions of noble metals 
with these reagents are highly sensitive (6 2-12 x 103 
with good colour contrast, and take place in acid and 
strongly acid media. The presence of a considerable 
excess of alkali, alkaline-earth, and non-ferrous met- 
als does not interfere. Some platinum-group metals 
can be determined in the presence of others, owing to 
differences in the reaction rates, the conditions used 
for the determination (concentration and nature of 
the acid, acid-mixture composition), the spectral fea- 
tures of the complexes, and the effect of auxiliary 
ligands on the reactivity of the noble metals. 
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REACTIONS OF VARIOUS OXY-ANION COMPLEXES 
OF PLATINUM GROUP METALS WITH 

AZORHODANINES AND AZOTHlOPROPIORHODANINES 

Most methods for the determination of platinum- 
group metals are applicable only to the chloro- 
complexes. Analysis of systems containing platinum- 
group metals in other forms involves, as a rule, the 
additional step of converting the initial complexes 
into the chloride ones. A study of the reactivity of the 
complexes of platinum-group metals with the anions 
of various oxy-acids (such as H,SO,, HC104, H,PO,, 
CH,COOH), would be of significant practical value, 
since it is these acids that are frequently employed in 
different stages of manufacture and purification of 
chemicals. A study of the reactivity of the dimeric 
complexes of platinum-group metals involving metal- 
to-metal bonds would also be of practical 
significance. The oxygen-containing ligands in the 
dimeric complexes seem to stabilize the metal-to- 
metal bond.” Such compounds manifest specific ther- 
modynamic and kinetic properties. They are readily 
aquated and prove more active than the chlorides in 
substitution reactions. This provides new possibilities 
for development of the analytical chemistry of the 
platinum-group metals and their practical applica- 
tion. These compounds are expected to display new 
specific features of platinum-group metals. 

The difficulties in the development of photometric 
methods for the determination of platinum-group 
metals in forms other than that of the chloride 
complexes (e.g., the sulphate and phosphate forms) 
are known to result from the easy hydrolysis of these 
forms and the formation of non-reactive polymeric 
forms in dilute acid solutions. The distinguishing 
feature of azorhodanines and their analogues is their 
highly sensitive colour reaction with noble metals in 
strongly acid media, in which the easily hydrolysed 
forms of the platinum-group metals retain their reac- 
tivity. 

The reactivity of the sulphate (Pt, Pd, Rh), phos- 
phate (Pt, Pd, Rh, Ir), acetate (Rh), and nitrate (Pd) 
complexes with sulphochlorophenolazorhodanine 
and sulphochlorophenolazothiopropiorhodanine 
(thiorhodine) has been studied (Table 2) along with 
a spectrophotometric study of the behaviour of oxy 
anion complexes of platinum-group metals in various 
media (effect of nature and concentration of the acid, 
heating, reducing agents and organic solvents). These 
studies have revealed the nature of the active forms 
of the platinum-group metals, the factors defining 
their yields, and suggested methods for stabilizing the 
active forms, and in some cases for converting the 
initial forms into the active ones.17-‘9*23,24,28,29 

Platinum 

The binuclear phosphate and sulphate complexes 
of platinum(III), together with the chloride forms 
react with sulphochlororphenolazorhodanine and 
sulphochlorophenolazothiopropiorhodanine to give 

intensely coloured compounds (n,,, 500-510 nm). 
The nature of the ligand and the oxidation number 
of the central atom of the initial complex affect the 
kinetics, sensitivity and selectively of these colour 
reactions. Platinum phosphate and sulphate com- 
plexes interact with organic reagents in more acid 
media and display higher kinetic activity. Reducing 
agents show quite a distinctive effect on the colour 
reactions of platinum complexes, sharply increasing 
the rate of reaction between the chloride complexes 
and organic reagents, whereas the colour reactions of 
the sulphates and phosphates are practically 
unaffected. The absorption spectra of the platinum 
complexes with organic reagents are independent of 
the initial form of the platinum. The colour reactions 
of the dimeric complexes of platinum sulphate and 
phosphate have similar properties. The complexes are 
more soluble and more stable on heating. For the 
chloride complexes heating even to only 40-50” de- 
creases the yield of the coloured compound (although 
the reaction rate increases), whereas for the sulphate 
and phosphate complexes the reaction mixture can be 
heated to 50-70” to reduce the reaction time from 
4 hr to 30-60 min. 

It has been shown that irrespective of the nature of 
the ligand in the initial complex, reduction from 
Pt(IV) to Pt(I1) precedes the reaction with the organic 
reagent. For the sulphate and phosphate complexes 
of Pt(II1) the Pt-Pt bond seems to break initially to 
give Pt(I1) and Pt(IV), and then the Pt(IV) is reduced 
to Pt(I1). Platinum sulphate and phosphate are re- 
duced more quickly than the chlorides and with lower 
concentration of the reducing agent. One of the 
reasons for these considerable distinctions in reac- 
tivity may lie in the difference in the rates and 
conditions of reduction and activation of the initial 
forms. The resemblance in the behaviour of the 
platinum sulphate and phosphate complexes, and 
in the features of their colour reactions with 
sulphochlorophenolazorhodanine and sulphochloro- 
phenolazothiopropiorhodanine results, evidently, 
from the similar structure of the complexes. 

The reactions of the binuclear sulphate and phos- 
phate complexes of platinum are characterized by 
high sensitivity and selectivity, and high kinetic activ- 
ity. All this allows these reactions to be considered 
most promising in the analytical chemistry of plat- 
inum. The sulphate and phosphate forms have similar 
selectivity to that of the chloride forms towards alkali 
and alkaline-earth metals, but higher selectivity to- 
wards Cu, Fe, and other transition metals, as well as 
towards rhodium and iridium. The selectivity to- 
wards silver and mercury is, however, higher for the 
chloride forms. From a practical viewpoint it is 
important that the conditions under which the sul- 
phates and phosphates are stable and retain their 
reactivity for a long period of time, have been 
established and that analytical amounts of the kinet- 
ically inert chloride complexes can be converted into 
these more labile complexes. 
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Palladium 17w8 

The sulphate, phosphate, nitrate, and chloride 
complexes of Pd(I1) interact with sulphochloro- 
phenolazorhodanine under roughly similar condi- 
tions. Their spectrophotometric characteristics are 
also similar. However, the kinetic activity of the 
sulphate, phosphate, and nitrate complexes is higher 
than that of the chloride complexes. The reaction 
products of the sulphate, phosphate, and nitrate 
complexes are more soluble than those derived from 
the chloride complexes. 

Iridium n28 

The sulphate and phosphate complexes of iridium 
are less active than the chloride complexes in reac- 
tions with organic reagents, but on prolonged heating 
react with sulphochlorophenolazorhodanine in 
strong acid media. 

Ruthenium 

The sulphate, phosphate and chloride complexes 
of ruthenium(II1, IV) form coloured sulphochloro- 
phenolazorhodanine complexes with similar spec- 
trophotometric characteristics (2, 500 mn, cHci 

0.6 x 104, +ra+cn,coon) 1.7 x 104). The reactions 
of ruthenium sulphate and phosphate complexes 
with the reagent are preceded by transition into the 
chloride form which has been characterized as 
[RurOCl,J’-. 

Irrespective of the nature of the ligand and the 
oxidation state of ruthenium in the initial complex, it 
is the aquochloro-complex of ruthenium(II1) that 
seems to react with the organic reagent. The condi- 
tions for the colour reaction, the HCl/CH,COOH 
medium used, and the reducing properties of the 
reagent ensure the transition of the initial forms of 
ruthenium into the active form.23~” 

In the presence of an organic solvent, e.g., 
CH,COOH, the formation of the chloride form from 
the initial phosphate or sulphate form proceeds in 
more dilute hydrochloric acid solution, e.g., 0.5-2M 
instead of 5-7M, because the organic solvent appears 
to decrease the degree of hydrolysis of the chloride 
form. The organic reagent plays the role of a sta- 
bilizing additive. The reaction is also faster at the 
lower HCl concentrations, and this enhances the 
selectivity. 

In the absence of chloride, ruthenium gives no 
colour reactions with sulphochlorophenolazo- 
rhodanine in HzS04 and H,PO, media, because of 
formation of the non-reactive hydrolysed forms of 
ruthenium. In the presence of chloride, however, the 
colour reaction is selective and the presence of OS, 
Hg, Ag, Ir, Rh, Pb, Bi, and some other metals can be 
tolerated. The reaction products are stable and have 
good solubility. The reaction can be used in spec- 
trophotometric and differential-spectrophotometric 
versions for the analysis of solutions containing the 
individual forms of ruthenium alone or in mixtures. 

This is important 
chloride solutions 
technology, and in 
nickel ores. 

Rh&4,n 5.17.28 
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for analysis of the sulphate- 
used in ruthenium production 
complex processing of copper- 

The sulphate, phosphate and acetate complexes of 
Rh(I1) and Rh(III), and the chloride complexes of 
Rh(II1) react with sulphochlorophenolazorhodanine 
to give coloured compounds all characterized by an 
absorption maximum at 510 nm irrespective of the 
nature of the ligand and the oxidation state of the 
central atom in the initial complexes. The dependence 
of the yield on the nature and concentration of the 
acid used for the reaction and on the reagent concen- 
tration is also similar for all these initial complex 
forms, so presumably the active form of rhodium 
involved is the same (Table 2). The only differences 
lie in the kinetics and sensitivity of the reactions. The 
binuclear acetate and sulphate complexes of Rh(I1) 
are more active in the ligand-substitution reaction, 
the acetate complex being the most active. The rate 
of formation of the coloured complex from Rh(I1) 
acetate is extremely high. The colour develops at 
room temperature in IO-20 min and is characterized 
by high sensitivity. The high kinetic activity of the 
binuclear Rh(I1) complexes, compared to the corre- 
sponding Rh(II1) complexes, is attributed to the 
higher ability of Rh(I1) to form labile aquo- 
complexes which accelerate many processes, includ- 
ing the ligand-substitution reactions. 

In the case of the sulphate, phosphate, and chloride 
complexes of Rh(II1) it can be suggested that one of 
the intermediate steps in formation of the sul- 
phochlorophenolazorhodanine complex is transition 
of the initial forms into the more reactive binuclear 
acetate and acetate-sulphate complexes of Rh(I1). 
This suggestion is prompted by the fact that the 
conditions for the colour reactions (7M H$O4/6M 
CH,COOH mixture, heating to 60-70”, excess of 
reducing agent) are practically the same as those for 
preparation of these binuclear complexes. Under 
specific conditions the acetate and sulphate com- 
plexes retain their reactivity towards sulphochloro- 
phenolazorhodanine for a long period of time. The 
high kinetic activity of the bin&ear complexes, 
especially the Rh(I1) acetate complex, and the high 
sensitivity of the colour reaction could form the basis 
for new fast methods for determination of rhodium. 

FIELDS OF APPLICATION OF AZ0 DERIVATIVES OF 
RHODANINE AND ITS ANALOCUES 

Spectrophotometry 

Methods have been developed for the spec- 
trophotometric determination of Pt [pt(II) and Pt(IV) 
chlorides, Pt(II1) phosphates and sulphates], Rh 
[Rh(III) chlorides, acetates, and phosphates, Rh(I1) 
acetates and sulphates], Ir [Ir(IV) chlorides], Pd 
[Pd(II) chlorides, sulphates, phosphates and nitrates], 
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Au and Ag with sulphochlorophenolazorhodanine. 
Thiorhodine has been used for the determination of 
Pt [Pt(IV) chlorides, Pt(II1) phosphates and sul- 
phates], and silver (Table 3). The methods for the 
photometric determination of noble metals with these 
two reagents are characterized by high sensitivity and 
selectivity, possibility of the direct determination of 
platinum-group metals when these are present as 
their different complexes with mineral acid anions (or 
acetate) in the presence of other metals, and high 
speed of determination. These methods have found 
application for the analysis of natural and industrial 
samples. Lead can be determined with thiorhodine, 
and mercury with p-hydroxy-3-aminorhodanine. 

Dzfererztial spectrophotometry 

The use of organic acids, acetic acid in particular, 
in the reactions of platinum with thiorhodine in- 
creases the solubility of the reagent and reaction 
products, as well as the stability of the solutions as 
a function of time. The high kinetic activity of the 
sulphate and phosphate complexes of platinum, and 
the possibility of activating the chloride complexes 
with ascorbic acid or copper salts,29 provides fast and 
direct differential-photometric methods for the deter- 
mination of platinum with thiorhodine in 
H,SO, + CHSCOOH medium. Combination of the 
photometric and differential-photometric versions al- 
lows determination of platinum with thiorhodine 
over a Pt range of 0.04-20pg/ml. 

Ruthenium can be determined with sulphochloro- 
phenolazorhodanine in HCl + CH, COOH medium 
over an Ru range of 0.2-40 pg/ml by combination of 
photometric and differential-photometric methods. 
The methods are versatile since both different ruthe- 
nium complexes (e.g. the sulphates and chlorides) can 
be determined individually or as their sum, under 
identical conditions. These methods have found ap- 
plication for the analysis of alloys, composites, etc. 
(Table 3). Silver can similarly be determined at pH 
1.5-5, over the range 0.2-60pg/ml. The selectivity 
for silver can be enhanced by extraction of the 
Ag-sulphochlorophenolazorhodanine-tributyl phos- 
phate system from O.lM HNO, with cyclohexa- 
none.44,45 

A differential-photometric method can be used for 
determination of rhodium in alloys with p- 
sulphobenzenazorhodanine in H,S04 + CHCOOH 
medium.” 

Precipitation 

Gold, platinum and palladium can all be precip- 
itated quantitatively with a small excess of sul- 
phochlorophenolazorhodanine, Au at room tem- 
perature, Pt and Pd on heating (Table 3). 
Precipitation of platinum is done in the presence of 
a reducing agent. 

Detection and identification 

Methods have been developed for use of sul- 
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phochlorophenolazorhodanine to detect and identify 10. M. M. Turkevich, A. S. Konivich and L. I. Petlichna, 
chromatographic and electrophoretic zones of both Tr. L’vovsk. Med. Inst.? 1967, 24, 22. 

individual and total NM (except OS) as different 11. A. P. Grishchuk. G. I. Roslava and S. N. Baranov. 

complexes, including those with chloride, sulphate 
and phosphate. The reagent colours the zones bright 
crimson, against its own yellow background on the 
chromatogram. The limit of visual detection is 
0.01-0.5 pg of a metal in a zone. This method of 
detection is superior to that for p-nitrosodimethyl- 
aniline and p-aminobenzylidenerhodanine, in sensi- 
tivity of visual detection, stability of colour with time, 
and the possibility of identifying the zones for various 
mineral acid anion complexes. Methods have been 
proposed for electrophoretic and chromatographic 
separation on paper and thin layers for Pd-Ir, 
Pd-Rh, Ir-Rh, Pd-Pt-Au, Pd-Pt-Ir, Pd-Pt-Rh, 
Pd-Au, and Pt-Rh mixtures. These methods have 
found application in the analysis of alloys.22~39~40 

12. 

13. 

Khim. Geterotsikl: Soed., 1967,h, 661. 
A. P. Grishchuk and I. R. Barilyak, Zh. Obshch. Khim., 
1963, 33, 3972. 

Separation of NM complexes with azorhodanines 

The electrophoretic mobility and characteristics of 
the noble metals as their coloured complexes with azo 
derivatives of rhodanine have been studied in buffer 
systems based on formic, acetic and oxalic acids @H 
1%1.7), acetic and boric acids @H 2), pyridine and 
oxalic acid (pH 5.9). Distinct separation of zones was 
observed for Pd-Ag, Pt-Ag, Pd-Au, Pt-Au binary 
mixtures as their complexes with sulphochloro- 
phenolazorhodanine and sulphonitrophenolazo- 
rhodanine.@ 

Enrichment and separation on chelating sorbents 

Chelating sorbents based on rhodanine, azo- 
rhodanine, and azothiopropiorhodanine have been 
synthesized.3z33*4’43 Cellulose, the styren&ivinyl- 
benzene copolymers, and Sephadexes were used as 
the matrix. The sorbents are of interest mainly for the 
enrichment and separation of noble metals. These 
sorbents interact with the noble metals under roughly 
the same conditions and with the same selectivity as 
the free rhodanine reagents. The methods have found 
application to the analysis of ores, industrial solu- 
tions and natural waters (Table 3). 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 
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Sammary-A study has been made of the dependence of the sorption of scandium, zirconium, hafnium 
and thorium from aqueous solutions with a silica-based sulphonic cation-exchanger (SCESi02) on the 
concentration and nature of the acid medium, time of contact, concentration of the element, and the ionic 
strength. The selectivity decreases in the order Zr z Hf > Th > Sc > Fe(U). The sorption characteristics 
of silica gel and SCE-SiOr have been compared, and the sorption mechanism is discussed. The SCE-SiO, 
exchanger has been used for lOO-fold concentration of scandium, zirconium, hafnium and thorium from 
their lo-*-lo- M solutions, and a spectrophotometric method has been developed for their deter- 
mination with a detection limit of 0.5 ng/ml for Zr and Sc and 0.1 ng/ml for Hf and Th. Zirconium and 
hafnium have been determined in the solvent phase by X-ray fluorescence and atomic-emission methods. 

Silica-based bonded phases with attached ionogenic 
and complex-forming groups are being increasingly 
used in inorganic analysis14 owing to their high 
mass-exchange characteristics, low swelling, and a 
number of other valuable properties. Though the 
sorption capacities of such modified silicas are 
smaller than those of organic polymeric exchange 
resins, this has little effect on the extraction of 
micro-amounts of inorganic ions. 

The strong-acid sulphonic cation-exchanger 
(SCE-SiO,), which contains arenesulphonic acid 
molecules attached to the silica surface is by far the 
most universal sorbent for cation separation and is 
used in the analysis of organic5 and inorganic6 sub- 
stances by HPLC. It is also doubtless suitable for 
concentration of metal ions and their separation by 
column chromatography, but there is practically no 
published information on the topic. We have investi- 
gated the possibility of using SCE-SiOZ for sorption 
of scandium, zirconium, hafnium and thorium. 

These elements were chosen for several reasons. 
First, the sorbent matrix-silica-has a higher 
affinity for ions of easily-hydrolysed elements, no- 
tably for zirconium and hafnium, which can con- 
tribute to the bonding of these ions on the SCE-SiOr 
sorbent. Secondly, there is a need for fast and efficient 
methods of concentration and separation of metal 
ions from natural materials and alloys which have 
complex compositions. Although a large number of 
polymeric organic ion-exchange and chelating sor- 
bents is known, the problem of selective extraction of 
scandium, zirconium, hafnium and thorium from 
materials with complex composition has not yet been 
fully solved.7-9 

EXPERIMENTAL 

Apparatus 

Spectrophotometric measurements were made with an 
SP-26 spectrophotometer. X-Ray fluorescence deter- 
mination of elements in the sorbent matrix was performed 
with an EGG-ORTEC TEFA-III X-ray fluorescence 
energy-dispersive analyser equipped with an X-ray tube with 
a double MO/W anode. The standard-background method 
was used, in which the analytical parameter is the ratio of 
fluorescence intensity to the peak area of the Compton- 
scattered radiation of the anode material. The sample was 
prepared by grinding the air-dried sorbent-concentrate with 
silica in an agate mortar to SO-pm particle size, and placing 
the mixture in a polyethylene cuvette (32 mm diameter), the 
bottom of which was a polystyrene film 4 pm in thickness. 
The weight of the prepared sample was 1.5 g. 

For atomic-emission analysis of the sorbent a DFS-13 
diffraction spectrograph was used, with the ZrII 327.305 nm 
and Hfi 286.637 and 307.288 nm lines as the analytical lines. 
The sample was prepared by drying the sorbent-concentrate 
in a glassy-carbon crucible over a sand-bath, and then 
grinding it in an agate mortar and mixing the powder with 
high-purity graphite powder (1: 1); 20 mg of the resultant 
mixture was placed in a “wine-glass” electrode soaked with 
IM barium chloride solution. 

Reagents 

The sorbent was synthesized” from “Silochrome C-80” 
silica (specific surface area 80 m*/g, mean pore diameter 50 
nm, particle-size fraction 0.160.25 mm) by reaction with 
benzenetrichlorosilane, followed by sulphonation with chlo- 
rosulphonic acid. The amount of sulphonic groups attached 
was determed by potentiometric titration and found to be 
0.20 mmole/g. 

All reagents used were of analytical reagent grade and 
were prepared by dissolution in demineralized and distilled 
water. Standard solutions of the elements were prepared 
by dissolving the metals, oxides or salts in a suitable acid 
(perchloric, hydrochloric, nitric, sulphuric). 
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Sorption by the batch method 
The required amount of solution containing the metal 

ions to be studied, and a calculated amount of mineral acid 
or sodium hydroxide solution, was diluted with water to 10 
ml in a 20-ml vessel fitted with a ground-in stopper; 0.01 or 
0.1 g of sorbent was added and the vessel was shaken on a 
meohanical vibrator for 30 min. The sorbent was then 
Wered off, and the equilibrium concentration of metal ions 
in the aqueous phase was determined in a suitable aliquot 
by established methods,1’-‘3 zirconium, hafhium and tho- 
rium with Arsenazo III, scandium with Xylenol Orange, 
and titanium with diantipyrylmethane. To eliminate nitrite 
formed in nitric acid oxidation of organic reagents in the 
determination, 2 ml of 2.5% urea solution were added per 
25 ml of reaction mixture. In the scandium determination 
after sorption from hydrochloric acid media (0.2-2M acid), 
the aqueous phase was evaporated to remove the acid. In the 
zirconium determination with Arsenazo III in the presence 
of oxalic acid, a corresponding amount of oxalic acid was 
added to the zirconium standards used for the calibration. 

Concentration and determination 
A 0.3-g portion of SCE-SiO, sorbent was packed in a 

5 mm bore tube. to give a S-cm long chromatographic 
column and washed with a solution of the same acidity as 
the test solution, Then 300600 ml of test solution were 
passed at a linear velocity of 25 cm/min through the column 
and the column was washed with 5 ml of 0. 1M hydrochloric 
acid. The acidity of the test solution for the concentration 
step was as follows: Sc pH 2-3; Zr and Hf 0.1-0.3M 
hydrochloric acid; Th 0.1-0.2M hydrochloric acid. Sc was 
eluted with 1M hydrochloric acid, Zr with 0.05M oxalic 
acid, Hf with 0.5M sulphuric acid, Th with saturated 
ammonium oxalate solution. The eluent volume in all 
experiments was 5 ml. The elements eluted were determined 
by spectrophotometry and those retained in the sorhent 
phase were dete.rmined by X-ray fluorescence or atomic- 
emission. The relative standard deviation S, was calculated 
for the results of 4 or 5 measurements. 

Sample dissolution 
Approximately 1 g of sample (cast iron or alloy steel) for 

10-4-10-3% content of the element(s) of interest, or 0.1 g 
for 1O-3-1O-2%, was placed in a borosilicate glass beaker 
(100 ml), and dissolved by heating with l&20 ml of 5M 
hydrochloric acid, followed by oxidation with 5-8 drops of 
concentrated nitric acid. The solution was evaporated to 
dryness, 5 or 6 drops of concentrated hydrochloric acid were 
added and the acid was evaporated (this treatment was 
repeated twice). The residue was dissolved by heating with 
20-30 ml of water and 5 or 6 drops of concentrated 
hydrochloric acid. The solution was filtered, and the filter 
with residue was placed in a platinum crucible, dried, and 
ignited at 900-1000”. The crucible was cooled, and the 
residue treated with 3 or 4 drops of concentrated sulphuric 
acid, and 2-3 ml of concentrated hydrofluoric acid, followed 
by evaporation until fuming ceased. After this removal of 
silicon, the residue was fused with 0.5 g of sodium potassium 
carbonate at 900-looo” for 15-20 min, then the cooled melt 
was dissolved in 25 ml of 2M hydrochloric acid. This 
solution was added to the filtrate which was then diluted 
with water to 200-300 ml; the hydrochloric acid concen- 
tration should be 0.2-0.3M. 

RESULTS AND DISCUSSION 

Influence of nature and concentration of the acid 

As already mentioned, silica-the base of the stud- 
ied sorbent-has increased affinity for easily hydro- 
lysed elements, which makes it possible for the re- 
sidual silanol groups on the surface of the SCE-SiO, 

sorbent to participate in bonding of metal ions. In 
this connection, we have studied ion sorption on 
“Silochrome C-80” silica, which is the base for the 
SCE-SiO, sorbent. 

A comparison of the dependence of sorption of 
metal ions on SCE-SiO, and on silica on hydro- 
chloric acid concentration (Fig. 1) shows that the 
sorption curves for SCE-Si02 are shifted into the 
acidic region relative to those for silica. This can serve 
as proof that ion sorption on SCE-SiO, mostly takes 
place at the sulphonate groups. The distribution 
coefficients on SCE-Si02 are as high as 3 x lo3 cm3/g 
for Sc, 6 x lo3 cm3/g for Zr and Hf, and 1 x 10’ cm3 /g 
for Th. The reduction in sorption with higher acidity 
is explained, on the one hand, by formation of metal 
chloride and hydroxychloride complexes, and on the 
other by competitive sorption of H30+ ions. As seen 
from Fig. 1, titanium(IV) ions are not sorbed on 
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Fig. 1. Dependence of scandium (O), titanium (V), zir- 
conium (A), hafnium (A) and thorium (a) sorption on 
SCE-SiO, (a) and on silica (b), on concentration of hydro- 
genions: 1.3 x IO-‘MSc; 1.1 x lo-‘MTi;2.2 x IO-‘MZr; 
1.1 x 10WSM Hf: 8.6 x 10m6M Th; sorbent mass 0.1 g (Zr, 

Hf. Th, Ti) and 0.01 g (SC). 
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Fig. 2. Dependence of zirconium sorption on SCE-SiO, on 
acid type nature and concentration: 2.2 x 10e5M Zr; sor- 
bent mass 0.1 g; 1, HClO,; 2, HCl; 3, HNO,; 4, I-&SO,. 

SCE-SiO, or silica in the acidity interval from pH 2 
to 4M hydrochloric acid. At pH > 2, titanium is 
sorbed but as the colloidal hydroxide. 

The influence of the nature of the acid used was 
studied with perchloric, hydrochloric, nitric and 
sulphuric acids, the anions of which decrease 
in complexing ability in the order SOi- > NO; * 
Cl- > ClO;. The results for zirconium sorption with 
SCE-SiOr are in agreement with this series (Fig. 2). 
Similar results were obtained for hafnium, but the 
sorption of thorium is practically unaffected by the 
type of acid. Scandium sorption is reduced in the 
presence of high sulphate concentrations, owing to 
complex formation. 

Influence of duration of phase contact 

The high rate of sorptiondesorption equilibration 
is among the major advantages of modified silicas. 
For instance, when Zr is sorbed from solutions with 
Cz, = 2.2 x 10d5M, the degree of extraction becomes 
constant in under 2 min (Fig. 3). 

In most cases, the rate of sorption increases with 
metal concentration in solution, but as seen from Fig. 
3, Zr sorption on SCE-SiO, from hydrochloric acid 
follows the reverse trend, with equilibrium being 
reached only after 30 min for C,, = 4.4 x 10e4M. The 
corresponding effect for silica is even more drastic; at 
Cz, = 4.4 x 10e4M, it takes more than 8 hr for equi- 
librium to be reached (Fig. 3). 

Differences in the behaviour of silica and 
SCE-Si02 also become manifest in the dependence of 
equilibration rate on acidity. Thus, with hydrochloric 
acid concentration increasing from 0.3 to 0.7M, the 
rate of sorption on SCE-Si02 remains unchanged, 
whereas for silica the equilibration time increases 
from 1 to 4 hr. 

These results can be explained in the following 
way. It is known that at C, > 10m4M in aqueous 
solutions and an acidity of O.l-l.OM hydrochloric 
acid, polynuclear complexes are formed, and equi- 
libration between the various ionic forms is s10w.l~ It 
may therefore be supposed that mononuclear zir- 
conium hydroxy complexes are sorbed, and the rate- 
limiting step of the process at high zirconium concen- 
trations is depolymerization of the polynuclear 
species. Analogous trends in sorption kinetics are 
also observed for hafnium, but are absent for the 
metals which do not form polynuclear species in 
solution. 

A study of sorption of scandium on SCE-SiO, has 
shown that for C, = 2.2 x 10m5-1.8 x 10M3M, the 
sorption rate increases with C,. At C, > 2 x 10-3~, 
70% of the scandium is extracted from the solution 
in 15-20 min. 

Sorption isotherms and reversibility 

Isotherms for zirconium and hafnium sorption on 
SCE-SiO, are presented in Fig. 4, and those for 
scandium in Fig. 5. Two things are worth mentioning 
in connection with these isotherms. First, because the 
element concentration has a strong influence on 
sorption speed, the contact time was increased with 
element concentration in accordance with the data 
found previously. Secondly, very small sorbent sam- 
ples were used (0.01 g) in order to lower the initial 
element concentration and thereby avoid compli- 
cations due to formation of polynuclear species. 

The sorption capacity of SCE-Si02 for Zr and Hf 
in 0.3M hydrochloric acid is 4.3 and 8.9 mg/g re- 
spectively, or 0.05 mmole/g for both elements. With 
increasing acid concentration, both the strength of 
metal ion-sorbent bonding and the sorption capacity 
are reduced. SCE-SiO, has substantially greater (ap 
proximately 2.5-fold) capacity than silica for Zr and 
Hf and provides stronger bonding of the metal ions; 

0 3 -- 20 40 60 2 4 6 6 

t (mln) t (hr) 

Fig. 3. Dependence of zirconium sorption on SCE-SiO, 
(l-3) and silica (4, 5) on duration of phase contact. C,, 
lo-‘M: 0.2 (l), 1.1 (2, 4), 4.4 (3, 5); sorbent mass 0.1 g; 

C”,, 0.3M. 
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EMI, rwJ/l. 

Fig. 4. Isotherms of hafnium (1), zirconium (2, 3) sorption 
on SCE-SiO, from 0.3M HCl (1, 2) and 0.7M HCI (3); A 
and A are points for sorption and desorption, respectively. 

The isotherms for scandium sorption on SCE-SiO, 
have an unusual form (Fig. 5). At scandium concen- 
trations up to 30mg/l., the sorption isotherm is 
described by the Langmuir equation; at higher con- 
centrations the isotherm has an inflection point and 
takes the form of a polymolecular sorption isotherm. 
It can be assumed that at high scandium concen- 
trations polynuclear species are formed and sorbed, 
which explains the greater degree of sorption. 

Sorption reversibility is of great practical and 
theoretical importance. It is evinced by the distribu- 
tion coefficient being independent of the direction 
from which equilibrium is approached. To examine 
this, a solution containing zirconium in 0.3M hydro- 
chloric acid was shaken with SCE-Si02 for the length 
of time needed for equilibrium to be reached; the 
zirconium content in both phases was then deter- 
mined, the aqueous phase was removed and 0.3M 
hydrochloric acid added and the mixture was shaken 
until equilibrium was again attained, and the zir- 
conium content in both phases was determined once 
more. As seen from Fig. 4, the “sorption” and 
“desorption” points are satisfactorily accommodated 
by a single curve. Moreover, it was found that the 
equilibration time was the same for both “sorption” 
and the “desorption” experiments. The combined 
data indicate reversibility of the sorption process. 

Reversibility of sorption on SCE-SiO, determines 
the possibility of ion desorption and sorbent regen- 
eration. Elution conditions can be chosen according 
to the dependence of the element sorption on acidity 
of the medium. Figure la shows that zirconium and 
hafnium can be eluted with 3-5M hydrochloric acid, 
scandium with the 1M acid and thorium with 2M 
acid. Quantitative desorption of 5-200 fig of these 
elements from 0.3 g of sorbent in the dynamic mode 

can be achieved with quite small eluent volumes (5-40 
ml). We have also studied the possibility of zir- 
conium, hafnium and thorium elution with oxalic 
acid and sulphuric acid (Zr, Hf), and saturated 
ammonium carbonate or oxalate solutions (Th). 
Since sulphate and oxalate form stable complexes 
with zirconium and hafnium, it is possible to use 5 ml 
of 0.05M oxalic acid and 5 ml of 0.5M sulphuric acid 
for elution of 5 pg of zirconium and hafnium 
respectively. Using dilute acids as eluents preserves 
the sorption characteristics of the sorbent, and makes 
the work easier. Our experiments have shown that 
the sorbent can be used at least 10 times, with 
regeneration. 

Influence of ionic strength on sorption 

The SCE-SiO, sorbent studied belongs to the class 
of strong acid cation-exchangers, and the degree of 
sorption depends markedly on the ionic strength of 
the solution. In the series of elements studied, the 
dependence of sorption on concentration of back- 
ground electrolyte (sodium perchlorate) is strongest 
for scandium (Fig. 6). Since perchlorate has little 
tendency to complex metal ions, the decrease in 
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Fig. 5. Isotherms of scandium sorption on SCE-SiO, at pH 
2 (1) and pH 1 (2). 

40 

0 

PH CHCl(M) 

Fig. 6. Dependence of scandium sorption on SCE-SiO, on 
pH at different NaClO, concentrations. C, = 1.3 x lO-4M, 
sorbent mass 0.01 g, CNsc,c,, OM (I), O.lM (2) 0.5M (3) 

l.OM (4). 
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Table 1. Zirconium and hafnium sorption on SCE-SiO, in 
the presence of 5 x 104-fold amounts of alkali and alkaline- 

earth metal ions 

Macrocomponent 

Na+ 
Cal+ 
Ml++ 

Zr(Hf) 
added, 

Irg 

7.8 
7.8 
7.8 

Zr(Hf) 
found, 

fig s,, % 

7.7 7 
7.8 4 
7.6 5 

scandium sorption is probably due to a shift of the 
ion-exchange equilibrium to sorption of low-charge 
ions (Na+), the concentration of which is very much 
greater than that of the scandium. 

The influence of sodium perchlorate and chloride 
on sorption of zirconium and hafnium on SCE-SiO, 

in the batch mode is practically the same-increasing 
the salt concentration up to 1M decreases the degree 
of extraction from 95 to 80%. Despite this decrease 
in extraction in the batch mode, sorption in the 
dynamic mode still gives quantitative extraction of 
these elements in the presence of 5 x 104-fold 
amounts of sodium, calcium and magnesium ions 
(Table 1). Analogous results have also been obtained 
for thorium. 

The sorption mechanism 

In our earlier investigation of scandium sorption’5 
on a number of chemically modified silicas containing 
various ionogenic and complex-forming groups, we 
proved that, depending on the nature of the attached 
group, the metal ions can be sorbed at either the 
attached group, or at residual silanol groups. Anal- 
ysis of the data obtained for sorption of the studied 
metal ions on SCE-SiO, indicates that for a sorbent 
with sulphonate groups, the interaction is principally 
by substitution of the sulphonic acid proton. How- 
ever, further analysis shows that is is difficult to 
explain the experimentally observed trends solely in 
terms of bonding of the ion to the sulphonate-group. 
Use of the ion-potentials and pH-values correspond- 
ing to precipitation of the metal hydroxides leads to 
the following theoretical series of cation-exchanger 
affinity for easily-hydrolysed elements sorbed from 
acidic solutions: Ti(IV) > Zr(IV) > HP(N) x Fe(II1) 

> Th(IV) > sC(II1). The selectivity series found in the 
present work, Zr(IV) = Hf(IV) > Th(IV) >SC(III) > 

Fe(II1) B Ti(IV), is different, but can be understood 
by assuming that in the sorption process the affinity 
of ions for the sorbent is determined, along with 
electrostatic factors, by additional donor-acceptor 
interaction that increases the covalency of the 
metal-sulphonate bond. 

Comparison of the sorption behaviour of scan- 
dium and thorium with reference data on their state 
in hydrochloric acid media leads to the conclusion 
that scandium and thorium are sorbed as aquo- 
complexes at pH < 3, and hydroxy-complexes at 
pH > 3. For zirconium, mathematical modelling has 
been used to show that sorption occurs with for- 
mation (on the sorbent surface) of a complex having 
the composition Zr(OH),R, where R is the sorbent 
sulphonate group. 

The sorption behaviour of titanium(IV) deserves 
special mention. Theoretically, titanium should be 
sorbed by silica and other cation-exchangers better 
than zirconium, hafnium and thorium are, but our 
experimental data testify to the opposite. 

Sorption of titanium(IV) on SCE-SiOr and silica 
occurs only in the presence of complex-forming 
agents, notably salicylhydroxamic acid. Mathe- 
matical modelling has shown that mixed-ligand un- 
charged complexes Ti(OH),L and Ti(OH),L, (L is 
the anion of salicylhydroxamic acid) are the species 
sorbed. Extraction of these complexes from the solu- 
tion is explained by physical adsorption at the sor- 
bent surface. 

Concentration and separation 

Combined separation and concentration first of all 
removes complications connected with multielement 
sample composition, and provides for a substantially 
lower detection limit. Organic ion-exchangers are 
very seldom used for concentrating the elements 
studied here, owing to the large solution volumes 
needed for desorption. Results pertaining to element 
concentration are given in Table 2. The concentration 
coefficient was calculated according to the equation 
K = q2 VI /q, Vz, where q1 is the element content in the 
sample solution and q2 that in the eluate, and I’, is 

Table 2. Scandium, zirconium. hafnium and thorium concentration on 
SCE-SiO, 

Volume of test 
solution, Added, Found, Concentration 

Element ml fir? lG? s,, % factor 

SC 300 13.7 13.5 4 58 
600 13.0 3 113 

Zr 300 5.8 5.7 4 58 
600 5.7 4 117 

Hf 300 8.0 8.0 2 60 
600 7.8 4 116 

Th 300 5.0 5.0 2 60 
600 4.9 4 117 
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Table 3. Zirconium (hafnium) separation from other 
elements on SCE-!GO, 

Zr(Hf) 
M:Zr(Hf), added, 

Element w/w Irg /U s,, % 

SC 1 x 10’ 5.8 5.1 5 
2 x 10’ 5 

Ti 1 x 10’ 9.9 1::; 6 
2 x 10” 9.1 5 

Al 2 x 10’ 7.8 1.9 4 
6 x 10’ 1.8 5 

Ni(Co) 1 x 102 5.8 5.1 1 x 10’ 5.6 : 
Cr 1 x 102 1.4 1.4 6 

1 x IO’ 1.2 8 
Fe 2x 10’ 8.0 1.9 I 

1 x IO’ 1.1 I 
La 5 x lo2 8.0 1.9 4 

1 x 10’ 7.1 5 
Nb 1 x lo2 1.6 1.4 8 

2 x 102 1.2 10 
Me(W) 1 x lo2 5.8 5.1 8 

2 x lo2 5.5 9 
Re 1 x 102 5.8 5.1 I 

2 x 102 5.4 9 

the volume of sample solution and V2 the eluate 
volume. Table 2 shows that the elements studied can 
be concentrated lOO-fold; the detection limit can be 
lowered proportionately. 

We have used spectrophotometric methods for the 
determination of the elements in the concentrates. 
For determination of Zr, Hf and Th in the con- 
centrates with Arsenazo III, detection limits of 
5 x 10-5~g/ml for Zr, and 1 x 10e4 pg/ml for Hf and 
Th were attained; for SC, determined with Xylenol 
Orange, the limit was 5 x 10e4 pg/ml. The corre- 
sponding limits for the direct spectrophotometric 
determinations without concentration are 5 x lo-’ 
pg/ml for Zr, 1 x lo-’ rg/ml for Hf and Th” and 
5 x IO-* j4g/ml for ScL2 

The high affinity of SCE-SiO, for zirconium and 
hafnium and the differences (Fig. la) between the 
optimal sorption conditions for these elements on the 
one hand, and for SC and Ti on the other, make it 
possible to separate zirconium and hafnium from 
macroamounts of SC and Ti (Table 3). Moreover, 
metal ions such as nickel, cobalt(II), iron(III), alumi- 
nium, lanthanum and chromium(II1) are not sorbed 
from 0.1-0.3M hydrochloric acid, and have little 
influence on the degree of Zr and Hf extraction 
(Table 3). Zr and Hf can be separated from niobium, 

Table 4. Zirconium determination in cast iron by the 
sorption-spectrophotometric method 

Zr added, Zr found, SV 
Sample % % % 

I 0.0 1.5 x lo-’ 15 
2.0 x lo-” 3.3 x lo-’ 13 

2 0.0 2.0 x lo-” 14 

3 ::oo 
x lo-’ 3.9 x lo-’ 12 

4.5 x 10-d 28 
5.0 x 1o-4 9.3 x 10-d 21 

molybdenum, tungsten and rhenium in the presence 
of hydrogen peroxide; 6 x 10”-fold amounts of per- 
oxide have no effect on sorption of Zr and Hf. 

By use of selective zirconium extraction on ’ 
SCE-SiO*, with a concentration factor of 100, we 
have developed a sorption-spectrophotometric 
method for the determination of lo-“-lo-‘% zir- 
conium in cast iron (Table 4). 

The SCE-SiO, sorbent has also been used for the 
separation of thorium from large amounts of scan- 
dium, lanthanum, aluminium, iron(II1) and titanium 
by sorption from 0.2M hydrochloric acid (Table 5). 

However, attempts to separate scandium and 
iron(II1) by using SCE-Si02 at pH l-3 failed even at 
a 1:1 concentration ratio. To improve the sorption 
selectivity, the system was made 0.02M in sul- 
phosalicylic acid. At pH * 4 iron(II1) forms anionic 
complexes with sulphosalicylic acid, and is not sorbed 
on SCE-SiO, (Table 6). Run 1 shows that the sepa- 
ration is complete at 20: 1 Fe: Sc w/w ratio, but at 
higher ratios the scandium extraction is incomplete 
(runs 2 and 3). 

Determination of zirconium and hafnium in the sorbent 
phase 

Atomic-emission &termination. Atomic-emission 
spectroscopy is one of the possible methods for 
determination of Zr and Hf when both are present. 
Sorption and atomic-emission determination of these 
elements with preconcentration on sorbents with an 
organic polymer base has its flaws. For instance, 
chelate-forming sorbents on an organic polymer base, 
used for extraction of zirconium and hafnium from 
highly-mineralized water and alloy steel, have to be 
subjected to ashing prior to atomic-emission deter- 
mination.’ Otherwise, intense ejaculation of sample 
occurs in the initial stage of the arcing. 

Table 5. Separation of 5 /.qr of thorium from 
other elements on SCE-SiO, 

Th found, 
Element M : Th M? s,, % 

SC 2 x lo2 5 
1 x 10’ 2: 6 

La 1 x 10’ 415 5 
2 x 10’ 4.0 5 

Al 1 x 10’ 4.9 6 
2 x 10’ 4.1 5 

Fe 1 x 10’ 4.9 4 
5 x 10’ 4.1 6 

Ti 1 x 10’ 5.0 4 
2x In’ 4.8 5 

Table 6. Separation of 13.6 /.q of scan- 
dium from iron(III) in the presence of 

sulphosalicylic acid on SCE-SiO, 

Fe added, SC found, 
mg K? s,, % 

0.3 13.5 6 
0.8 11.3 I 
1.0 10.1 10 
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Table 7. Sorption and atomic-emission determination of zirconium and hafnium in 
alloy steels 

Added, % 

Sample Zr Hf 

Zr 
found, 

% s,, % 

Hf 
found, 

% s,, % 

I 0 0 2.3 x IO-* 14 1.8 x IO-’ 
2.0 x lo-* 2.0 x IO-’ 4.1 x 1o-2 11 3.7 x 10-l 

2 0 0 2.0 x 1O-3 23 1.4 x 1O-2 16 
2.0 x 1O-3 2.0 x 1O-2 3.8 x 1O-3 23 3.2 x 1O-2 18 

Interference from the sorbent base is eliminated 
when zirconium and hafnium are extracted with 
SCE-SiO,, and the concomitant concentration low- 
ers the detection limits. Moreover, the replacement of 
a complex base by a unified matrix-the sorbent- 
simplifies standardization and unifies the analysis 
techniques. 

The detection limits of the direct atomic-emission 
determination, calculated according to Rusanov,16 
are 1.5 pg/ml for Zr and 1.8 fig/p1 for Hf. Owing to 
a concentration coefficient of 103, the detection limit 
was lowered to 1 ng/ml for Zr and 2 ng/ml for Hf. 

The method developed has been used to determine 
zirconium and hafnium in alloy steels containing 
boron, aluminium, titanium, chromium, cobalt, mo- 
lybdenum, tungsten, rhenium and rare-earth ele- 
ments. All these elements, which are macro- 
components, have multiline spectra, which makes the 
choice of analytical lines difficult and raises the 
detection limits of direct atomic-emission deter- 
mination of zirconium and hafnium. Moreover, the 
interelement effects in this case may lead to shifts in 
calibration graphs and an increasingly high system- 
atic error in the determination. 

The results of spectral Zr and Hf determination in 
the concentrate were checked by the spiking method. 
The overall error S, for Zr and Hf determination in 
alloy steels is composed of errors pertaining to the 
sorption concentration, and to the spectral deter- 
mination (Table 7). 

X-Ray fluorescence (XRF) determination. This 
method is widely used for determining ions sorbed on 
the surface of modified silica.‘,” One source of error 
in XRF determination is unsuitable chemical com- 
position and physicochemical properties of the test 
solutions and standards. Selective extraction of Zr on 
SCE-SiO, yields a concentrate suitable for XRF 
analysis without further treatment. The detection 
limit for zirconium in the sorbent phase is 30 pg/g. 
Since a concentration factor of 2 x lo3 is attained by 

Table 8. Sorption and X-ray- 
fluorescence determination of 100 fig 

of zirconium in synthetic mixtures 

Hf added, Zr found, 
fig Pg s,, % 

2x102 105 10 
1 x 103 95 11 
1 x 104 110 15 

*Na, Ca, Mg, 2 g; MO, W, 20 mg. 

sorption on 0.3 g of sorbent from 600 ml of solution, 
the relative zirconium detection limit is 15 ng/ml in 
the sample solution. The XRF method with sorption 
on SCE-SiO, has been used for zirconium deter- 
mination in synthetic mixtures containing 104-fold 
amounts of alkali and alkaline-earth metal ions, and 
lOO-fold amounts of tungsten and molybdenum, i.e., 
those elements that interfere with zirconium deter- 
mination. The mixtures also included hafnium in 
lO-loo-fold amounts (Table 8). 

CONCLUSION 

As seen from the data above, the strong acidic 
cation-exchanger based on silica possesses the follow- 
ing major advantages as compared to other sorbents, 
notably silica and sorbents with a polymer matrix: 

(a) high rate of attainment of equilibrium; 
(b) high distribution coefficients; 
(c) quantitative elution of sorbed ions with small 

volumes of eluent. 

These features determine the value of SCE-SiOr 
for concentrating, separating and determining scan- 
dium, zirconium, hafnium and thorium. Direct ele- 
ment determination in the sorbent phase by various 
methods, particularly X-ray fluorescence and atomic- 
emission, looks very promising from the point of view 
of speed and sensitivity. 

1. 

2. 

3. 

8. 

9. 
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Summary-Some new ion-selective electrodes for silver and gold are described. They are based on 
the ion-associate species formed by the cyanide, chloride or thiourea complexes of the metals, with 
hydrophobic anions or cations, as appropriate. The electrodes have been applied to the determination of 
gold and silver in various technological process solutions in industry. 

The development of new methods and improvement 
of the existing ones for determining gold and silver in 
solutions is still a topical problem. It is particularly 
necessary to develop selective methods for deter- 
mining these elements in technological solutions, 
e.g., those formed in the course of extractive and 
sorptive recovery of gold, or used in electrolytic 
baths. One method is to use ion-selective electrodes 
and is characterized by simplicity, speed and suffi- 
ciently high accuracy. 

In the present work liquid and film electrodes 
reversible to complex ions have beeen investigated. 
These electrodes have a number of advantages: (1) 
they can be used to determine metals that form 
relatively stable complexes; (2) by control of the 
degree of complexation it is possible to determine the 
total metal concentration, and not just the concen- 
tration of one of its individual forms; (3) converting 
highly-charged metal aquo-cations into complex an- 
ions makes it possible to decrease the ionic charge 
and thus raise the precision of the potentiometric 
determination. When choosing complex gold and 
silver compounds for the electrode-active membranes 
and the conditions for metal determination we pro- 
ceeded from the relationships between the analytical 
characteristics of the electrodes and the factors deter- 
mining the extraction of the metals as ion-association 
compounds of their complex ions. This allowed us to 
use the available data on the extraction of gold and 
silver complexes, as well as the more general data 
accumulated in extraction chemistry. Moreover, the 
choice of complex ions was determined by practical 
objectives: the need for methods of determining 
gold(I) and (III) in cyanide, chloride and thiourea 
solutions and silver(I) in cyanide and thiourea 
solutions. 

In this way we have developed new ion-selective 
electrodes with respect to Au(CN);, AuCl;, 
Au(TU)$, Ag(CN), and Ag(TU): ions, where TU 
is thiourea. Silver forms Ag(TU): complexes, with 
overall stability constants log /?, = 7.11, log /I2 = 
10.61, log /I3 = 11.73, log /I4 = 13.57, so the com- 
position of a solution containing silver and thiourea 
will depend on their relative concentrations. It is 
therefore important to adhere strictly to the con- 
ditions specified in this paper, under which the pre- 
dominant species will be Ag(TU):; for generality, 
however, the species will be designated Ag(TU),+. 
These complex gold and silver ions were combined as 
ion-associates with hydrophobic cations and anions, 
such as tetraphenylarsonium (TPA), tetradecylphos- 
phonium (TDP), Crystal Violet (CV), tetranitrodi- 
aminocobaltate (TNDC) and 2,4,6-trinitrophenolate 
(picrate, Pit). 

EXPERIMENTAL 

Reagents 

Gold(III) chloride solution was prepared by dissolving an 
accurately weighed quantity of AuCl, in O.lM hydrochloric 
acid. Solutions of gold and silver cyanide complexes were 
prepared by dissolving accurately weighed quantities of 
KAu(CN), or KAg(CN), in 0.45M sodium sulphate. 
Gold(I) thiourea solution was prepared by dissolving a 
weighed quantity of high-purity metallic gold in aqua regia, 
adding concentrated sulphuric acid and heating until a 
moist residue was left (this step being repeated), the residue 
being dissolved in 1M sulphuric acid and the correspond- 
ing amount of thiourea added. Silver(I) thiourea solution 
was obtained by dissolving a weighed quantity of chemically 
pure silver in 6M nitric acid, evaporating the solution to 
dryness, dissolving the residue, and adding the required 
amount of thiourea. 

Solutions of lower concentration were obtained by appro- 
priate successive dilution. All solutions were prepared in a 
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background electrolyte of 0.45M sodium sulphate, the salt 
background and ionic strength of solutions being main- 
tained constant throughout, which made it possible to 
plot electrode potential vs. logarithm of the potential- 
determining ion concentration for the calibration graphs. 

Solutions of potassium chloride, ammonia TNDC, 
2,4,6-~nitrophenol (TNP), TDP bromide, TPA chloride, as 
well as the salts of iron, copper, nickel, zinc and other 
materials were prepared from accurately weighed quantities 
of the corresponding compounds. Organic solvents were 
purified by conventional techniques.’ All aqueous solutions 
were prepared with doubly distilled water. Solutions of the 
following surface-active substances (SAS) were prepar& 
“S~phano~’ (sodium alkyl~nzosuIphonat~ based on ker- 
osene, Q-I,, ,C,H,SOrNa, where n = 12-18); “Progress” 
(sodium sec.-alkylsulphates based on a-olefins of the 320” 
fraction, C,H,+ ,CH(CH,)OSO,Na, where n = 616); 
highly sulphurized castor oil (HCO) based on the 
disodium salt of l-carboxy-8-heptadrn- 1 I-ylsnlphuric 
acid, CH,(CH,),CHOSO,NaCH,CH=CH(CH,),COONa, 
synthesized according to Dauyotis et d, “Nekal”, a mixture 
of dibuty~ph~~~es~phonates [(C~H~~C,~H~SO~Na~. 
Turkey Red oil (TRO), known as alizarin oil, was also 
used, the most widely used raw material for it is castor 
oil, consisting of the esters of ricinoleic acid, 
CHI(CH,)rCHOHCH2CH=CH(CH,),COOH. On treat- 
ment with sulphuric acid the castor oil forms an ester, or 
H$O, is added across the double bond; in addition to this, 
the triglycerides are partially or completely saponified and 
the ricinoleic acid yields formed products of different com- 
position. The SAS concentrations in the solutions, mg/ml, 
were: “Sulphanol” 2; “Progress” 2; “Nekal” 0.34; HCO 3.9; 
TRO 10. 

Preparation of liquid membranes 

Membrane species were prepared by substoic~omet~c 
extraction, with the metal ~n~t~tion exceeding the re- 
agent concentration by an order of magnitude. Cold and 
silver thiourea complexes were extracted from aqueous 
solutions of Au(TU),+ (PH 4.0) and Ag(TU)$ @H 2.0) 
in 0.15M sodium sulphate/0.3M thiourea. The acidity was 
adjusted with O.lM sulphuric acid. When [Au~UK- 
TblDC-] solutions were prepared the aqueous phase con- 
tained, besides AutTIJ)$, the TNDC salt. Extraction was 
conducted in separating funnels, and after ph~~tion 
the organic phase was filtered through a tlher paper and 
used as the liquid membrane. 

Preparation of the plasticized membranes 

TPA+AuCl; , TDP+Au(CN); and TDP+Ag(CN)? ionic 
associates were used as the electrode-active compounds. The 
ion-associate solution in chloroform was thoroughly stirred 
with a 10% solution of nolv(vinvl chloride) PVC) in 
cyclohexanone (CT-I) or tetrahydrofitran (THF),‘and dibutyl 
phthalate (DBP) was added as the plasticizer. After plas- 
ticization an elastic film OS-O.8 mm thick was glued to the 
end face of a vinyl plastic or poly(vinyl chloride) tube with 
PVC solution in CH. The membrane contained the follow- 
ing quantities of components (wt.%): electrode-active sub- 
stances 0.2-0.5, DPB 68.3-69.8, PVC 29.2-29.9. 

Protective films for the Ag(CN)r-selective electrode 

TO protect the electrode from the action of SAS we used 
2-cm diameter discs cnt from films of cellophane [lavsan 
(dacron), brand XE-56, pore diameter 1.4 uml: cellulose 
acetate, pore size 0.55 and 0.85-0.95 pm; t&cellulose, 
pore diameter 0.4 pm; “Serva” dialysis baas (FRGI. wre 
size 4.8 nm. To s&l the gap between the pia&&‘&em- 
brane and the protective film the latter was fixed on the 
electrode with a ring. 

Measurements of potential 

Type pH-121 and pH-340 high impedance pH-meter/ 
voltmeters and an EV-74 universal ion-meter were used for 

measuring the e.m.f. of the following galvanic cells. 

Ag/AgCl Comparison Liquid Investigated External 
solution membrane solution comparison 

electrode 

AgjAgCl Comparison Plasticized Investigated External 
solution membrane solution comparison 

electrode 

Solid Plasticized Investigated External 
contact membrane solution comparison 

electrode 

An EVL-IM flow-type Ag/AgCl electrode served as 
the external comparison electrode. Comparison solutions 
were: for the A&l;-selective electrode, a 0.001 M gold(III)/ 
0.1 M hydrochloric acid/O.6M lithium chloride solution; for 
the Au(CN),-selective electrode, a O.OOlM solution of 
Au(CN), in 0.45M sodium sulphate; for the Ag(CN&- 
selective electrode, a 0.001 M solution of Ag(CN), in 0.45M 
sodium sulphate. The function of a solid contact in the case 
of the cell flout internal comparison solution, was per- 
formed by a graphite rod 6 mm in diameter, or a 3 x 3 mm 
platinum or copper plate. A thoroughly polished end 
face of the graphite rod or a cleaned platinum or copper 
surface was brought into direct contact with the plasticized 
membrane. The response time of membrane potential was 
studied with a KSP-4 automatic recording potentiometer. 
A pH-340 millivoltmeter was used as the amplifier. The 
scheme made it possible to record E 0s. t 5-10 set after 
immersion of the electrodes in the solution investigated. 
The K$,, coefficients were determined graphically by the 
method of mixed solutions3 

RESULTS AND DISCUSSION 

~~10p~nt of ion -selective electrodes 

Choice of the systems. Distribution of the complex 
ion between the organic phase of the membrane and 
the aqueous phase is associated with charge-transfer 
and a potential arising at the interface. That is why 
the following requirements are imposed on an 
electrode-active substance: (1) the complex ion must 
be sufficiently stable in water and in the organic 
phases; (2) this ion must predominate both in the 
membrane phase and in the aqueous solution; it is 
desirable that the ion should have a low charge; (3) 
the ion distribution coefficient must be sufficiently 
high, which usually means the ion hydration energy 
must be low; (4) equilibrium at the interface must be 
rapidly established when potential measurements are 
performed. 

In their complexing capacity gold and silver behave 
as soft acids, forming stable complexes with soft 
bases: CN-, I-, SCN-, thiourea, and others.4 In 
technological solutions goid and silver exist, as a rule, 
in the form of cationic and anionic complexes with 
cyanide, thiourea, and halides. “Inactive” solvents, 
such as nitrobenzene, chloroform, 1,2-dichloroethane 
and chlorobenzene, extract them with sufficient 
specii%ity and high distribution coefhcients, in the 
form of ion-associates with large organic cations or 
anions. The extraction conditions, e.g., the acidity of 
the medium, corresponding to predominance of the 
electrode-active form of the metal ions, determine to 
a considerable extent the selectivity and efficiency of 
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Fig. 1. Electrode function of plasticized electrodes selective 
for dicyanoargentate (I), tetracbloroaurate (2) and 

dicyanoaurate (3). 

the membrane. In these conditions the extent of 
side-reactions in the aqueous phase is low, and the 
electrode potential is a function of the total concen- 
tration of the metal in solution. 

We used the following ion-associates as the 
electrode-active compounds: (C,,H,,),PAu(CN),, 

(W-G, )J’Ag(CN), 7 W-bWAuC4 9 W-b MS- 
AWN), > W-b hANdCN), 3 CVAu(CN), , 
Au(TU),CO(NH,)~(NO~),, Ag(TU),Pic, and others. 
Chloroform, 1,Zdichloroethane and nitrobenzene 
served as solvents. 

The detection limits of the metals were determined 
in accordance with IUPAC recommendations.’ 

The principal potentiometric characteristics. The 
electrode functions E =f(log C,,,) were found to 
be linear for all the systems, over a broad range of 
metal concentrations, with close to Nemstian slope 
(Fig. 1). The increase in e.m.f. with increase in overall 
metal concentration shows that the electrodes react to 
complex species. The detection limit depends on the 
nature of the solvent used for the liquid electrodes, 
and decreases in the series chloroform > 1,2-di- 
chloroethane > nitrobenzene (Figs. 2 and 3). The 
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Fig. 2. Solvent effect on detection limit of the elec- 
trode selective for AgO: ion. Membrane: 1 x 10m3M 
[Ag(TU): pie-] in nitrobenxene (l), 1,2dicbloroetbane (2), 
chloroform (3). Comparison solution: [Ag(TU):]rSO, in 

0.45M Na,SO, . = bathophenanthroline; pben = 1 , lO-phenantbroline). 

Fig. 4. E&t of the nature of ion-exchanger organic 
cation on detection limit of electrode selective to Au(CN); 
ion. Membrane: 1 x lO-)M Cation”+[Au(CN),]” solu- 
tion in 1,2dicbloroetbane. Cations: CH&-C,,),N+ (l), 
Fe(bphen)$+ (2). Crystal Violet (3), Fe(phen):+ (4); (bphen 

-10gC*“(T”)‘(~) 
2 

Fig. 3. Solvent effect on detection limit of electrode selective 
to Au(TU): ion. Membranes: 1 x 10e3M [Auk 
Co(NH,),(NO,);] in nitrobenzene (I), 1,Zdichloroetbane 
(2) chloroform (3). Comparison solution: [Au(TU),]$O, in 

0.45M Na,SO, . 

distribution coefficients of the metals (extracted as 
their complex anions) increase in this series. All other 
things being equal, the detection limit for gold is 
lower than that for silver, owing to the higher distri- 
bution coefficients of the gold complexes. The detec- 
tion limit also depends on the nature of the organic 
cation, and for a given solvent decreases in the order 
Fe(phen)$+ > CV+ > Fe(bphen)i+ > (CJIH,),As+ > 
CH&8-C,0)3N+ (Fig. 4), which is the opposite of the 
order for the cation extractive capacity. A decrease in 
the electrode-active compound concentration in a 
liquid membrane results in a decrease in the detection 
limit. There is, however, a lower limit of liquid 
ion-exchanger concentration imposed by the in- 
creasing time taken for the equilibrium potential to 
be established, and the growing ohmic resistance of 
the membrane. The optimum liquid ion-exchanger 
concentration is 5 x 10-‘-l x lo-“M. 

The detection limit is thus associated with the 
parameters characterizing the extraction. Deviation 
of the function from linearity at relatively low con- 



Fig. 5. Effect of pH on the e.m.f. of galvanic cell with 
electrodes for Ag(CN); and Au(CN);. Membrane: 
fTDP+Ag(CN);] (1) or [TDP+Au(CN),] (2) in poly(vinyl 
chloride) matrix. Concentration in solutions: silver- 

1 x IO-4M (I), gold-5 x 10-4M (2). 

centrations of the notential-determinina ions is 
caused by the ion-exchanger distribution between the 
organic (electrode membrane) and the aqueous 
phase, and by its ~ss~iation in the aqueous phase, 
resulting in an increase in the concentration of the 
metal-containing ions in the test solution. 

Comparison of the analytical and performance 
characteristics of film and liquid electrodes (Table 1) 
has shown that the detection limits for the metals, 
slope of the calibration graph, ~tentiomet~c select- 
ivity and working pH-range are practically the same 
for both types of electrodes. The film electrodes, 
however, have the advantages of ease of handling and 
manufacture. 

The effect of the acidity of the test solution on the 
e.m.f. of the electrochemical cell with M(TU),f- and 
M(CN);-selective electrodes is associated with a 
change in the concentration of the potential- 
dete~ning ions. The upper limit of the working 
pH-range is determined by the region of existence of 
the complex ion in the aqueous phase. The higher 
stability of gold thiourea and cyanide complexes 
(log &*ru~ = 25.3; log &,u(CN)~ = 56), compared to 
that of the silver complexes (log ~~~~~ = 13.57; 

log/L&W): = 21.1), causes a wider pH-range within 
which the e.m.f. of the electrochemical cell remains 
constant (Figs. 5 and 6). The lower stability of the 
silver complexes leads to the working pH-interval 
for the Ag(TU),+- and Ag(CN);-selective electrodes 
increasing with increase in the concentration of thio- 
urea and cyanide ions in solution. The increase in the 
e.m.f. of the electrochemical cell in highly acid solu- 
tions seems to be explained by the destruction of the 25 

electrode-active compounds and a change in the 
diffusion ootential at the test solution/external com- '; 0 

parison interface. It is thus seen that,’ depending on 
E 

h -25 

E&et of surface -aczive substances. Numerous tech- 
nological solutions, in particular those containing 
silver, include SAS which hinder the analysis.d-8 On 
prolonged immersion in “Sulphanol”, “Progress”, 
“Nekal” and other SAS solutions, the electrode 
becomes unfit for use. The SAS are slowly desorbed 
from a plasticized membrane by soaking in Ag(CN); 
solution, but even after prolonged treatment the 
initial characteristics of the electrode are not com- 
pletely restored. The strong negative shift of the 
Ag(CN);-selective electrode potential seems to be 
explained by the fact that the SAS organic anion has 

the nature of the complex ion, the electrodes can be 
used in different media: the electrodes for gold and -50 

silver thiourea complexes can be used in solutions 
with a high concentration of hydrogen ions; the 
electrodes for cyanide complexes can be used in 
alkaline solutions. 

The electrode systems studied have a high selec- 
tivity. An inte~e~ng effect is exerted by metals 
forming stable complexes with the ligands in question 
and capable of being extracted by the membrane 
organic phase with high distribution coefficients 
(Fig. 7). It has been established that the poten- 

tiometric selectivity series coincides with the extract- 
ability series. The interfering effect decreases in the 
same order as the extractability of the complexes. 
Solvent replacement leads to a change in the 
numerical value of the selectivity coefficients, but 
the selectivity series remains the same. Potentio- 
metric selectivity is not affected by the nature of 
the organic cation (anion) and the concentration of 
ion-exchanger in the membrane. The interfering effect 
of urea and cyanide ions can be reduced by varying 
the concentration of hydrogen ions. 

The response time of the electrodes depends on the 
concentration of the potential-determining ions and 
varies from 5-7 min in the most dilute solutions to 
10-20 set in the solutions of highest concentration. 
All other things being equal, the response time in- 
creases in multi-component solutions, particularly in 
t~hnolo~~l solutions, presumably because of con- 
current reactions taking place or a change in the 
formation rate of the double electrical layer at the 
interface (Fig. 8). 

Fig. 6. Effect of pH on the e.m.f. of galvanic cell 
with electrodes for Ag(TU)z and Au(TU)$. 
Membrane: 1 x 10e3M fAg(TU)$Pic-] (l-3) or 
[Au(TU)$ Co(NH,)~(NO&] (4) in nitrobenzene. Coneen- 
tration in solutions: silver-l x lO+M (1, 2), 1 x IO-‘,A4 
(3); gold-5 x 10-4M (4); thiourea-O.lM (1, 3) and 

0.3M (2). 
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Fig. 7. Selectivity coefficients of AuCl;-, Ag(CN),-, Au(CN),-, Ag(TU):- and Au(TU):-selective 
electrodes, determined by the method of mixed solutions. Conditions of measurement: Au(TU)J--SE, Ag, 
Cu, Fe, Pd O.lM, TU 0.3M, pH 3; Ag(TU),+SE, Au, Cu, Fe, Pd O.lM, Tu 0.3M, pH 2; Au(CN),-SE, 
Ag0.01M,Zn,Fe,Cu0.1M,CN~0.1M;Ag(CN)~-SE,Hg,Zn0.01M,Cu,Fe0.1M,SCN-0.01M,CN- 

O.OlM, pH 5-12; AuCl;-SE, Bc, Fe O.lM, Ce- 6M, pH 1. 

high affinity for the solvent and the membrane 
electrode-active compound, penetrates into the mem- 
brane surface layer, and becomes competitive with 
Ag(CN); ions. 

The interfering effect of SAS can be eliminated in 
two ways: (1) extraction of the SAS from the electro- 

E (mV) 

mln 

Fig. 8. Time for the establishment of the potential of the 
plasticized electrode for Au(CN),- ions in standard (l-3) 
and process (4) cyanide solutions. Gold concentration (M): 

1 x 10V3 (l), 1 x IO-’ (2) and 1 x lOAs (3, 4). 

lyte with coagulants, e.g., calcium aluminate or 
activated charcoal;’ (2) the use of protective films. 
Calcium aluminate has been shown to precipitate 
SAS slowly and incompletely, and the time for silver 
determination increases to 1 hr. Activated charcoal 
adsorbs Ag(CN); as well as SAS. Having decided to 
use protective films, we first established their 
influence on the detection limit and response time of 
the Ag(CN&-selective electrode. The hydrophilic 
properties of the films used decrease in the order 
cellophane > dialysis bag > nitrocellulose > cellulose 
acetate > lavsan (dacron). Before work the plas- 
ticized electrode together with the protective film was 
soaked in O.OlM KAg(CN), solution for 1 hr. The 
protective properties of the films were investigated at 
a constant SAS concentration and a variable concen- 
tration of the potential-determining ion. 

The protective properties of the films can be ten- 
tatively explained on the basis of current concepts of 
the structure of electrolyte solutions, and of the 
capillary-filtration model for separating mixtures of 
substances by reverse osmosis and ultrafiltration.‘O 
On the surface and inside the pores of a lyophilic 
membrane immersed in electrolyte solution a layer of 
bound water is formed, which, not being a solvent for 
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Table 1. Properties of ion-selective electrodes 

Ion 
determined Ion-exchanger 

Lower detection 
Solvent* limit, M 

Liquid electrodes 
CB 3.2 x lo-’ 

AuCW: AUK Co(NH,)r(NO,)i DCE 5.5 x lo-5 
NB 1.0 x 10-S 

Au(TU); Pic- 9.9 x lo-4 
2.8 x lO-4 

Ag(TU),+ Ag(TU): Pit - DCE 1.2 x lo-’ 
NB 7.2 x lO-s 
NB 1.0 x 10-e 

Au(CN), (Cd%),As+Au(CN), DCE 6.8 x IO-6 
CL 1.0 x 10-S 

Operating 
range of 

acidity or pH 

4M H,SO,-pH 4.0 
4M H,SO,-pH 4.0 
4M H,SO.,-pH 4.0 
4M H,SO,-pH 4.0 
1M H,SO,-pH 3.0 
1M H,SO,-pH 3.0 
1M H,SO,-pH 3.0 

2.5-l 1.5 
2.5-l 1.5 
2.5-11.5 

NB 3.0 x lo-6 6.&l 1.0 
Ag(CN)i (C&),As+Ag(CN)i DCE 1.8 x lO-s 6.0-I 1 .O 

AuCli (C6Hs),As+AuCli %E 
4.8 x lo-’ 6.0-I 1.0 
8.2 x lO-6 2.3-3.5 

CL 8.4 x lo-’ 2.3-3.5 

Film electrodes 

;$!j% (Cid%XP+Au(CN)i DBP 9.9 x 10-e 2.5-l 1.5 
Ag(cWi (C6Hs)dAs+AuCli (Cid%i)~P+AgKW DBP DBP 5.2 1.1 x x lO-6 lo-6 6.5-12.0 1.0-3.5 

*CB-chlorobenxene, DCE-1,2dichloroethane, NB-nitrobenxene, CL-chloroform, DBP- 

the substances in question, prevents their penetration 
into the membrane, and hence determines its selec- 
tivity. Moreover, at the film-solution interface the 
SAS molecules are orientated as a result of the 
surface activity of the dissolved molecules. The hy- 
drophobic part of the molecule, directed towards the 
membrane surface, and its hydrophilic part, directed 
into the solution under the influence of hydration 
forces, form an additional SAS layer playing a 
significant part in the SAS penetration. The amount 
of SAS in the hydrophilic surface of the film reaches 
its maximum when the equilibrium solution concen- 
tration approaches the critical concentration for 

micelle formation. The surface hydroxyl groups of 
the protective films form hydrogen bonds with water 
molecules, with an energy close to 20-22 kJ/mole.” 
This value exceeds the decrease of molar free energy 
on dispersive interaction of the hydrocarbon moieties 
of the SAS ions with the atoms of the surface of 
the hydrophilic films, and so the SAS hydrocarbon 
chains cannot be sorbed at the sites on the surface 
occupied by hydroxylic groups. 

Figure 9 presents the data on the electrode per- 
formance with and without use of a protective film. 
The effectiveness of using films was estimated from 
the ratio of the detection limits in the presence of 

: 

200 - 

150 - 

50 - 

2 3 4 

-109 G,o,,;(M) 

Fiq. 9. SAS effect on the electrode function of electrode for Ag(CN); without (a) and with a protective 
iii __I (b). (a)-SAS concentration, mg/mh l-O.25 (Sulphanol), 2-0.39 (I-ICO), 3-2.0 (RTO), A.034 
(Nelcal), 5-0.05 (Progress). (b)-Sulphanol; film: l-cellulose acetate, 2-nitrocellulose. 3--cellophane, 

4-lavsan, 5-dialysis bag. 
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Table 2. Ratio of electrode detection limits for Ag(CN), in the presence of SAS without use of 
a protective film to those found by use of a protective film 

SAS 

Cellulose 
acetate 

Cellophane Lavsan (0.55 pm) 

Cellulose 
acetate 

(0.9 rm) 
Dialysis 

Nitrocellulose bag 

“Sulphanol” 12.1 9.1 22.9 14.5 18.4 2.9 
‘Progress” 21.6 34.8 21.0 12.3 4.4 13.2 

HCO 10.0 1.5 10.5 8.3 2.0 5.0 
“Nekal” 8.3 1.3 17.4 4.2 5.0 7.3 

TRO 19.9 12.6 2.0 1.6 4.4 4.5 

SAS, with and without the protective films. The 
results are listed in Table 2. Films made of cel- 
lophane, lavsan and cellulose acetate proved to be 
effective. When choosing the protective film, to elim- 
inate the interfering action of SAS it is necessary to 
take into account, apart from the sieving effect, the 
interaction of the film with the SAS. 

New electrodes. The investigations Served as the 
basis for the development of new ion-selective elec- 
trodes. The following electrodes have good per- 
formance characteristics. 

1. Electrode with a liquid membrane based on 
tetraphenylarsonium dicyanoaurate in 1,2-dichloro- 
ethane, selective with respect to the Au(CN), ion. 

2. Film electrode based on tetradecylphosphonium 
dicyanoaurate, selective with respect to the Au(CN); 
ion. 

3. Electrode with a liquid membrane based 
on tetraphenylarsonium tetrachloroaurate in 1,2- 
dichlorethane, selective with respect to the AuCl; 
ion. 

4. Film electrode based on tetraphenylarsonium 
tetrachloraurate, selective with respect to the AuCQ 
ion. 

5. Electrode with a liquid membrane based on the 
ion-associate Au(TU):Co(NH,),(NOz); in nitro- 
benzene, selective with respect to the Au(TU): ion. 

6. Film electrode based on tetradecylphosphonium 
dicyanoargentate, selective with respect to the 
Ag(CN); ion. 

7. Electrode with a liquid membrane based on the 
ion-associate Ag(TU)i Pit-, selective with respect to 
the Ag(TU),+ ion. 

DETRRMINATION OF COLD AND SILVER 

These electrodes have been used to develop tech- 
niques for determining gold and silver in a broad 
concentration range in solutions of complex com- 
position: citrate and cyanide gilding electrolytes, 
technological and waste thiourea and cyanide solu- 
tions from gold-extraction plants, chloride gold solu- 
tions, cyanide and dicyanoargentate-thiocyanate 
silvering solutions. The accuracy and precision satisfy 
technological control requirements and the methods 
have been introduced into practice at numerous 
plants. Some of them are described below. 

Determination of gold in citrate gilding electrolytes 

The electrode with a liquid membrane based on 
O.OOlM tetraphenylarsonium dicyanoaurate in 1,2- 
dichloroethane was used for gold determination in 
citrate gilding electrolytes. These electrolytes com- 
prise KAu(CN), solutions in a mixture of potassium 
citrate (75 g/l. K,C,H,O,. H,O) and citric acid (20 g/l. 
H3CsH~0,.HzO), and containing as impurities Na, 
Mg, Ag, Mn, Fe, Cu, Bi, Al (10-3-10-4M). The 
concentration of gold, impurities and base electrolyte 
changes in the course of cell operation. The analysis 
was performed by the calibration graph method.’ 
Standard gold solutions (20 mg/ml) were prepared in 
pH 5.05 citrate buffer. 

To determine gold, 0.5 ml of test solution was 
transferred into a 25-ml standard flask and diluted to 
the mark with citrate buffer solution. After equi- 
librium had been established the e.m.f. was measured. 

When gold was determined in gilding electrolytes 
that had been used for a long time the results were 
improved by adding small quantities of oxalic acid 
(0.2 g per 25 ml) to the flask prior to sample dilution. 

Replicate analyses of samples with different gold 
concentrations gave a relative standard deviation of 
2-3% (Table 3), and the results were in good agree- 
ment with those of gravimetric determination by 
reduction with thioglycollic acid in 6M hydrochloric 
acid medium, cupellation, and weighing as the metal. 
The potentiometric method is much simpler and 

Table 3. Results of gold determination in 
citrate gilding electrolytes, w/ml 

Potentiometric method 
(a = 9; P = 0.95; r, = 2.31) 

Gravimetric 
method 

S,,§ % (n = 3) 

3.90*0.05 
5.46 f 0.09 
6.30f0.13 
7.09 f 0.09 
8.17 j--O.14 
8.40 f0.13 
9.96 kO.19 
10.08 kO.14 
10.28 kO.13 
13.38 f0.22 

2. 
2 

: 
2 
2 
3 
2 
2 
2 

3.96 
5.46 
6.17 
7.03 
8.17 
8.37 
9.87 
10.02 
10.36 
13.30 

16.6910.32 3 16.38 

tS = standard deviation. 
IS, = relative standard deviation. 
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Table 4. Results of gold and silver determination h/ml) in the liquid phase of cyanide pulps 
(n = 5, I’ = 0.95, ‘,, = 2.78) 

Quantity of gold found Quantity of silver found 

Potentiometric method 
Electrode for Au(CN), Potentiometric method 

x*!?.? Atomic-absorption K*lps Atomic-absorption 
J;; S,,% method n s,, % method 

1.45 f 0.30 
t; 

1.35 5.6 f 0.5 5.8 
1.85 f 0.32 2.10 8.9 f 1.0 :: 11.0 
2.00 f 0.20 20 1.75 5.8 f 0.5 25 5.2 
2.40 f 0.28 24 2.50 13.5 f 0.8 30 15.2 
2.70 f 0.20 17 3.20 19.8 f 1.5 20 23.4 

faster, and has satisfactory accuracy and re- 
producibility. 

Determination of gold and silver in cyanide solu- 
tions. To determine gold and silver in cyanide solu- 
tions one Au(CN);-selective film electrode was used. 
The silver concentration was determined by the 
difference between the e.m.f. values of two mea- 
surements: 

c,,=p cAu (RF’S - l), 
K Au/A8 

where AE = E2 -E,, E, and E2 being the e.m.f. 
before (E,) and after (E2) acidification of the sample, 
K Au,& is a constant* depending on the pH of the 
solutions and s is the slope of the calibration graph. 

A 25ml portion of sample solution was placed in 
a polyethylene measuring cell, sodium sulphate was 
added to give 0.45M concentration and dissolved, 
and E, was measured. The solution was then acidified 
to pH 3.5 by addition of concentrated sulphuric acid 
and E2 was measured. The value of E2 gave the gold 
concentration, and the silver concentration was 
found from the equation above. The e.m.f. readings 
were taken 5 min after immersion of the electrodes in 
the test solution. 

The results thus obtained for gold and silver in the 
liquid phase of the pulp formed in sorptive extraction 
of the metal had relative standard deviations (S,) of 
17-25% and 20-30%, respectively, and were in agree- 
ment with the results of atomic-absorption analysis 
(Table 4). The proposed method satisfies the require- 
ments of production control at the low levels con- 
cerned. 

Determination of gold in cyanide solutions of gold- 
extracting plants. The electrode with O.OlM tetra- 
phenylarsonium dicyanoaurate solution in nitro- 
benzene as the liquid membrane was used to 
determine gold in the process and waste solutions of 
gold-extracting plants. At such plants it is necessary 
to control the gold content at several points of the 

l Gu,b 
. 

is the selectlvlty coeffiaent Kh~cNh-,Mm~i, the value 
of which depends on pH [which affects the conditional 
stability of the Ag(CN), complex]. 

process: (1) in the liquid phase of the pulp during 
cyanide complexation and sorption, (2) in the solu- 
tions after elution or stripping, and (3) in the waste 
solutions. The wide range of gold concentrations in 
these solutions (2 x 10-‘-l g/l.) requires the use of 
different methods of potentiometric control. 

To determine gold, a known volume of test solu- 
tion, acidified with concentrated sulphuric acid to pH 
3, was placed in a measuring cell, and sodium sul- 
phate solution was added till the Na$O, concen- 
tration was 0.45M. The e.m.f. was measured 3 min 
after immersion of the electrodes in the solution. The 
results for gold have good reproducibility (Table 5, 
S, = 26%) and show satisfactory agreement with the 
atomic-absorption analysis results. However, when 
gold is determined in the liquid phase of the pulp in 
the cyanide treatment, a large discrepancy is observed 
between the results of potentiometric and atomic- 
absorption analysis, and the reproducibility becomes 
much poorer (S, = 14-27%), but even in this case 
the proposed method satisfies the requirements of 
production control. 

To improve the reproducibility of gold deter- 
minationin the liquid phase of the pulp, two variants 
of the method of standard additions were used. 

(1) Two equal portions (0.04 ml of each) of stan- 
dard 5 x 10e3M NaAu(CN)* solution (method of 
double additions) were successively added, with con- 
stant stirring, to 25 ml of test solution. The gold 
concentration (C,) was found with the help of tables 
of R = f(CJAC). The value of R was calculated from 
the equation 

E,-E log(cX;~c) 
R=-= 

E1 -E C,+A ’ 
log 7 

( 3 x 

where E, E1 and E2 are the e.m.f. values for the 
sample and after the introduction of the first and the 
second addition, respectively; AC is the increment in 
gold concentration due to the addition. 

(2) Portions of 0.04-0.1 ml of standard 5 x lo-‘M 
NaAu(CN)r solution were added to the test solution 
with constant stirring. Each addition (AC) caused a 
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Table 5. Results of gold determination in process solutions of gold-extraction plants, 
mglml 

Potentiometric method 
(n = 10, P = 0.95, tp = 2.26) 

119 

Substance analysed 
K*fps Atomic-absorption 

J;; s,, % method 

(1.20 f 0.23) x IO-’ 21 1.0 x 10-j 
Liquid phase of pulp (1.46 f 0.15) x 1O-3 14 1.9 x lo--3 

during cyanide (1.62 f 0.35) x lo-‘* 17 2.0 x lo-’ 
complexation (1.95 & 0.32) x 1O-3 14 2.6 x 1O-3 

0.91 f 0.02 4 0.82 
1 .o!J f 0.03 4 1.13 

Solutions after 1.24 It: 0.09* 6 1.27 
stripping 1.36 f 0.06 6 1.38 

1.38 + 0.03 3 1.32 
1.52 f 0.04 2 1.60 

*Mean values for results of five measurements (n = 5, P = 0.95, r, = 2.78). 

change (AE) in the e.m.f. of 7-10 mV. Additions were 
continued until the total e.m.f. change reached 40 mV 
(which required less than 1 ml of standard solution). 
The gold concentration (C,) and the electrode func- 
tion slope (s) were found by calculating 

E =f(AC) = S log 

by the least-squares method on a computer. 
The results obtained by both variants had better 

reproducibility (S, d 8%) and agreed well. The anal- 
ysis took about 30 min. The method of standard 
additions not only improves the reproducibility but 
also makes it possible to use the Au(CN);-selective 
electrode without preliminary calibration with stan- 
dard solutions. 

For the Au(CN); waste solutions the selective 
electrode was used only to indicate whether the 
concentration was above or below a preselected level. 

The Au(CN);-selective electrode can be used for 
laboratory and continuous automatic control of the 
gold content in the process and waste solutions of 
gold-extracting plants. 

Determination of gold(ZZZ) in chloride solutions. 
With the plasticized AuCl;-selective electrode 

Table 6. Results of gold determination in model solutions @g/ml) (n = 9, 
P = 0.95, t, = 2.31) 

Gold 
found. 

Gold 
introduced, 

102.X 

gold(II1) was determined in chloride solutions con- 
taining copper(H), nickel, platinum(I1) and pal- 
ladium. Such problems arise in the analysis of gold 
concentrates and alloys. Known volumes of solutions 
with a known concentration of copper, nickel, 
platinum and palladium were added to standard 
AuCl, . solutions in O.lM hydrochloric acid. The 
TPA+AuCQ ion-associate served as the electrode- 
active compound in the AuCl;-selective electrode. 
The correctness of analysis was estimated by the 
t-criterion; S, was 2-6% (Table 6). 

Determination of gold and silver jointly present in 
thiourea solutions. Since gold has a large interfering 
effect on silver determination in thiourea solutions, 
direct silver determination is possible only with the 
use of some calculations, which fortunately are rather 
simple. The method is based on measuring simul- 
taneously the potentials of Au(TU): [electrode- 
active compound the Au(TU):Co(NH,),(NO,); ion- 
associate dissolved in benzene], Ag(TU),f- and TU- 
selective electrodes in the sample and standard solu- 
tions [the TU-selective electrode’* is used because the 
TU concentration limits the range of the 
Ag(TU):-selective electrode and needs to be mea- 
sured]. In the general form the e.m.f. of a cell with 
such ion-selective electrodes can be described by the 

Molar ratio of metals 
in solutions 

Au:Cu = 1:lO 1.97 
Au:Cu= I:10 0.20 
Au:Cu= 1:lO 0.02 
Au:Cu:Ni = 1:lO:lO 1.97 
Au:Cu:Ni = 1:lO:lO 0.20 
Au:Cu:Ni = 1:lO:lO 0.02 
Au:Pt= 1:l 1.97 
Au:Pt= I:10 1.97 
Au:Pd= I:10 1.97 

( > z*t,S 102 

J;; 
I .93 f 0.07 
0.20 z 0.00 
0.02 + 0.00 
1.88 f 0.06 
0.21 f 0.01 
0.02 f 0.00 
1.96 f 0.04 
1.97 f 0.06 
I .92 f 0.08 

s,, % t 
-P 

I .29 
1.15 
1.66 
0.26 
0.03 
0.26 
0.52 
0.05 
1.42 
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Table 7. Results of silver and potassium thiocyanate determination (mg/mZ) in 
silvering electrolytes containing Ag(CN), 

Silver Thiocyanate 

Potentiometric Potentiometric 
method (n = 9) method (n = 9) 

; 

Reverse 
a+-e Thiocyanate 

S,, % method (n = 3) 
z.fP 

; S,, % t;z;; 

26.8 f 0.5 2.5 27.2 143.7 f 2.4 2.1 135.2 
18.5 f 0.6 3.4 18.2 84.4 It 1.6 2.4 80.3 
22.7 f 0.5 2.7 22.0 100.1 f 1.5 2.0 97.2 

following set of linear equations: 

Y .WW, + = C,,,,$ + Z~;,,;+C$;+, 

yAS(TU), = CA,,); + zKi$M; + 
c;/2+ 

where YMCTU~; = Gqru): ,st exp[AE/n), and AE is the 
difference in potential of the M(TU),f-selective elec- 
trode, measured in the test solution and standard 
solutions of similar composition. 

The ZKW’C”z+ values depend on the number 
of interfering ions. The potential of the 
M(TU),+-selective electrode depends on both the 
M(TU): concentration and the concentration of 
extraneous M:+ ions. The maximum value of the 
deviation of concentrations (ACY ) from the average 
C--T can be estimated from 

AC2,: = ‘(+) - % 
2 

where C(+, and C,_, are the upper and lower limits of 
the extraneous ion concentration in the solution. The 
number and admissible concentration of interfering 
ions are determined by the analytical accuracy re- 
quired. It has been established that errors caused 
by the presence of Zn(II), Fe(II1) and Fe(I1) are 
insignificant, at least within the range of their concen- 
tration in the process solutions. The expressions for 
the apparent concentrations in solutions at pH 2-3 
are 

CA,,,: = CA, + 0.38C,@U,: + o.18cc,Lou,: 

C&TU): - - CA, + 0.53C,,(,“,; + 0.3OCc”,TU,: 

Solution of the set of equations for the boundary 
conditions makes it possible to find mutually consis- 
tent values of the coefficients and use them in formu- 
lae to calculate the gold and silver concentrations 
when they are present together: 

C Au = yAucm): + o.219yAScTu): 

C AS = YAB(TU): + 0.470 Y,Q(Tu~ + 0.0182 

The results have satisfactory reproducibility and the 
proposed technique is sufficiently selective. 

Determination of silver and thiocyanate in 
dicyanoargentate-thiocyanate silvering electrolytes. 
The total concentration of dicyanoargentate and 

thiocyanate ions is determined with the help of the 
Ag(CN),-selective film electrode. The di- 
cyanoargentate complex is then broken up with so- 
dium sulphide, and the thiocyanate ions are deter- 
mined with an SCN--selective electrode (IWO 
“Analitpribor”, Tbilisi). The concentration of 
Ag(CN); ions is then calculated from 

C -C Ap( - AB(CN)j’ + SCN- - KAB(CN)+ISCN- C SCN- ) 

where KAelcNjiAcN- is the Ag(CN);-selective elec- 
trode selectivity co-efficient, equal to 0.128 + 0.01. 

Standard silver solution (O.lM) was prepared by 
dissolving KAg(CN), in 0.45M sodium sulphate and 
adding a standard potassium thiocyanate solution to 
give O.lM thiocyanate concentration. The salt con- 
tent and ionic strength of the solutions were kept 
constant. 

One ml of tenfold diluted electrolyte was placed in 
a 50-ml standard flask, 25 ml of 0.9M sodium sul- 
phate were added and then water up to the mark. The 
solution was transferred to a beaker and stirred, and 
the Ag(CN);-selective electrode and a reference elec- 
trode were immersed in it. Three minutes later the 
e.m.f. was measured and CAB(cNji + a_ was found 
from a calibration graph. Then 0.1 ml of 1M sodium 
sulphide was added and the concentration of thio- 
cyanate was determined with the SCN--selective 
electrode and a calibration graph, and CAdcNq was 
calculated as shown above. The analysis of a single 
sample takes 20 min. Results are given in Table 7. 
The method can serve as the basis for continuous 
automatic control of the content of silver and thio- 
cyanate. 
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Summary-This paper reviews the problems of atomic-spectrometry, mass-spectrometry and activation 
methods in elemental analysis of high-purity substances. The specific techniques of sample preparation, 
preconcentration of impurities and the determination of gas-forming trace elements are discussed. 

High-purity substances have been attracting the 
attention of scientists for more than half a century. 
The chemical purity of materials is often the main 
criterion for their applicability in new fields of science 
and engineering. The purity required is constantly 
increasing. In the ’40s the limiting impurity level 
was 10-4-10-3%, in the ’50s 10-~-10-40~, in the ’60s 
10-7-10-60~ and nowadays a number of materials 
require an individual impurity content of not more 
than lo-*-lo-‘% and sometimes even less (down to 
lo-*I%), with a total impurities level of lO-7-lO-5%. 

Analytical control is an integral part of prepara- 
tion of high-purity substances since the total impurity 
content is generally taken as the main criterion of 
purity, mainly because of the practical impossibility 
of achieving a precision of even 1 part in lo6 in 
determination of the matrix material. Attempts to 
measure purity by means of physical properties, such 
as the residual electrical resistance of metals at low 
temperatures,’ have failed to give the results hoped 
for, owing to the dependence of these properties not 
only on composition but also on the perfection of the 
sample crystalline structure, on impurity inclusions, 
and on the chemical form of impurities. 

The impurity composition of a substance is usually 
determined by several methods of analysis, one being 
of multi-element or survey nature and the others 
chosen for their selectivity and sensitivity or to detect 
components not found by the survey method.* Pro- 
cedures for estimating total impurity concentration in 
a sample by means of an incomplete analytical data 
set are being developed.3 

Proof of the precision of a determination is the 
main problem in the analysis of high-purity sub- 
stances. An analysis is often performed at the limits 
of detection of the methods used, and even a slight 
departure from the correct procedure may lead to 
appreciable error. Specific methods are applied for 
precision control. In particular, in the methods based 
on recovery of known amounts of added materials, 

preference is given to use of the radioactive and 
less-common stable isotopes of the analytes, which 
makes it possible to introduce a very small amount of 
the impurity of interest without the danger of con- 
tamination. To introduce a trace of an analyte into 
the sample the ion implantation method is generally 
used, but even in this case there is a high probability 
of error. Therefore it is recommended to use several 
techniques simultaneously. Table 1 shows the results 
of analysis for the iron content of germanium dioxide 
by different methods. Comparatively high re- 
producibility is obtained. 

Multi-element methods of analysis 

Multi-element methods include spark-source mass- 
spectrometry, atomic spectrometry and activation 
analysis; single-element methods include electro- 
chemical, spectrophotometric and kinetic methodsk9 
Let us consider the trends in development of the most 
widely used multi-element methods. Some aspects of 
this problem are discussed in a number of mono- 
graph&&l3 and reviews.‘4*‘5 

Atomic-spectrometry metho&*mission, absorp 
tion and fluorescence spectrometry-are widely used 
to detect the impurities in high-purity substances. 
The application of atomic-emission methods with an 
arc source and of atomic-absorption methods with 
electrothermal atomizers is especially effective in con- 
junction with preconcentration of impurities; in this 
case preference is given to physicochemical methods 
which do not require chemical reagent@.” or use 
them in minimum (stoichiometric) amount.‘* Con- 
centration of impurities on a collector (most often on 
graphite powder) or directly in a graphite-electrode 
crater, makes it possible to use spectral reference 
samples (standards) prepared from metal salt solu- 
tions in acids or water. Another advantage of precon- 
centration is that it decreases the fluctuation in 
results that arises from inhomogeneous distribution 
of the impurities in the sample. The drawbacks are 
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Table 1. Comparative results for the iron content in high-purity germanium dioxide samples, 
IO-‘% w/w 

Sample No. 

No. Method of analysis 1 2 

1. 
2. 

3. 

4. 
5. 

6. 

I. 

8. 

9. 
10. 

Extraction calorimetric method 
Atomic-emission method with concentration 
in open system 
Atomic-absorption method with electrothermal 
atomization from solid sample 
Extraction photometric method 
Atomic-emission method with excitation 
in direct current arc after vapour-phase 
autoclave concentration 
Atomic-emission method with electrothermal 
atomization from solution after vapour-phase 
autoclave concentration 
Atomic-emission method with excitation in 
inductively-coupled plasma after vapour-phase 
autoclave concentration 
Atomic-emission method with excitation in 
inductively-coupled plasma after concentration 
in open system 
Spark-source mass-spectrometry 
Instrumental neutron-activation 
Average value 

2.6 4.2 

1.8 3.5 

2.0 5.1 
2.1 3.7 

2.5 4.8 

3.1 5.4 

3.0 5.5 

2.0 5.0 
2.2 4.1 
2.0 5.0 

2.4 f 0.6 4.6 + 0.9 

the possible distortion of results owing to loss of 
impurities and sample contamination during the pre- 
concentration and also loss of possible information 
about the homogeneity of the material. 

The progress in lowering the limits of detection in 
atomic spectrometry is primarily related to devel- 
opment of more effective excitation sources. The 
advances made in the period 1966-1981 have been 
reviewed.r9 During this period the limit of detection 
for many elements was lowered by about 3 orders of 
magnitude.” The use of the inductively coupled 
plasma (ICP) makes possible the multi-element anal- 
ysis of many high-purity liquid substances without 
preconcentration, with limits of detection in the range 
lo-‘-lo-‘% w/w. However, the potentialities of the 
method for analysis of solids are sharply reduced by 
the need to bring the sample into solution. To 
overcome this shortcoming “combined sources” are 
used, i.e., two separate high-temperature units, one 
for atomization and the other for excitation and 
observation and are coupled “on-line”.20 

A substantial lowering of the limits of detection for 
individual impurities down to 10T9% is achieved in 
atomic-emission analysis by application of a hollow- 
cathode discharge as an excitation source.16~2r~*2 The 
current potentialities of the method have been com- 
prehensively surveyed. **,*’ Although the precision is 
not very high, the method seems rather promising in 
atomic-absorption and mass-spectrometry analysis. 

Spectroscopic analysts place their main hopes on 
use of lasers.24‘28 The progress in analytical laser 
spectrometry is mainly related to the development of 
frequency-tuned lasers which may drastically lower 
the limits of detection impurities. The most promising 
applications of lasers in the analytical chemistry of 
high-purity substances are to atomic-fluorescence, 

intracavity-type absorption and photoionization 
methods. 

In atomic-fluorescence analysis with laser exci- 
tation2V3’ the sample vapours are exposed to laser 
radiation tuned to the absorption-line frequencies of 
the analyte atoms. In this case it is often possible to 
saturate the quantum transition, so about half the 
atoms irradiated are excited. The fluorescence at a 
frequency-shifted line is usually recorded, which 
simplifies the detection of the signal against the 
background of scattered exciting radiation. The lin- 
ear range of calibration covers 3-6 orders of mag- 
nitude. The extrapolated limits of detection for a 
number of metal impurities in reference water solu- 
tions are as low as 10-14-10-L3 g/m1.30*31 For cobalt 
determination in high-purity silicon dioxide, after 
preconcentration a limit of detection of lo-‘% w/w 
has been obtained.32 

In laser stepwise-photoionization analysis33*34 the 
sample is atomized in a vacuum chamber and a 
directed atom flux is formed. The radiation pulses of 
two or three lasers, with wavelengths tuned to reso- 
nance transitions of the impurity atoms, excite the 
atoms stepwise to the Rydberg state. The highly 
excited atoms are ionized by an electric field. The ions 
generated are forced out from the ionization region 
and detected. The method of laser stepwise- 
photoionization has the highest selectivity among the 
methods of laser atomic-spectrometry analysis but 
only a few methods have been developed.33g35 For 
aluminium and sodium determination in high-purity 
germanium33 without preconcentration a limit of 
detection of 2 x 10e9 atom% has been obtained. 

Great problems are encountered in sample atom- 
ization when methods of micro-impurity deter- 
mination in high-purity substances are being devel- 
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Fig. 1. Impurity spectrum range. in high-purity germanium. Contactless spectrum recording. Ordinate: 
photocell response, arbitrary units. Is] = 2 x lo-‘* atom%; [Al] = 5 x lo-” atom%; [Gal = 3 x 10-i’ 

atom%. 

oped. One of the ways to overcome this problem is 
the formation of a directed atom flux of high in- 
tensity. It eliminates chemical preparation of the 
sample, and hence lowers the blank level. In atom- 
flm fluorescence excitation deactivation effects are 
practically absent, which gives this atomization 
method an advantage over the others. 

Photothermal ionization spectroscopy in the in- 
frared range3”3* is one of the most sensitive methods 
of semiconductor analysis, and provides the deter- 
mination of donor and acceptor impurities of chem- 
ical elements and complexes, directly in the semicon- 
ductor crystal bulk. The measurements are done at 
liquid-helium temperatures. A contactless technique 
of recording photothermal ionization spectra has 
been worked out,j9 which eliminates sample con- 
tamination from ohmic contacts, and broadens the 
range of ~miconductor materials that can be anal- 
ysed. In this method surface contamination does not 
influence the analysis results and makes it possible to 
determine electroactive impurities at the level of 10-r* 
atom% and less (see Fig. 1). 

. , 

Mass spectrometry methods are among the most 
informative methods of ~~-pu~ty substance anal- 
ysis. Spark-source mass-spectrometry (SSMS) is the 
most important, and provides data on the content of 
up to 70 impurity elements in a sample, in a single 
determination, with a limit of detection of 
lO-7-1O-s% w/w with a IO-mg sample.“’ Un- 
fo~unately, the precision is not very high @O-45%), 
though attempts to improve it continue.” The 
analysis may be done without reference samples, the 
matrix element being used as internal standard. The 
impurity content is determined with an accuracy 
dictated by the relative sensitivity coefficient (RSC). 

There are reasons to believe that the RSC of an 

est.” The current state of SSMS and the application 

element does not depend on concentration, and the 
RSC values of different elements generally differ by 
not more than a factor of 5. The potentialities of 
SSMS have led to this method becoming in essence 
the main means for multi-element analysis of high- 
purity substances. The universal nature of SSMS 
makes it possible to conduct a survey analysis of most 
solids and many liquids without time-consuming 
methodological developments. It should be pointed 
out that the first 25 years of development of SSMS 
did not greatly increase the potentialities of the 
method. Only a few improvements were made. How- 
ever, modem instruments have high resolution, which 
lowers the limit of detection for some impurities and 
they are equipped with devices for automatic mainte- 
nance of the spark gap as well as with a recording 
system for ion current. With application of the 
systems for additional evacuation of the ion-source, 
techniques for carbon, nitrogen and oxygen deter- 
mination at 10-6-10-4% w/w levels have been 
worked out.*’ Computer techniques of spectra pro- 
cessing are being developed,@ which greatly reduce 
the time of mass-spectra identifi~tio~ and improve 
the reproducibility of results. The trends in develop- 
ment of SSMS are mainly connected with improve- 
ment of the ion-source and techniques for impurity 
concentration.4’ The impurity concentrates can be 
analysed with su&iently intense and stable ion 
current by the “frozen drop”45 and “thin layer“ 
methods6 The combined application of SSMS as a 
survey method together with atomic-absorption spec- 
trophotometry for precision determination of indi- 
vidual technology important impurities is of inter- ._ 
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of the ICP as a mass-spectrum ion-source in the distribution of oxygen in selenium5* and of impurities 
analysis of solutions have been discussed.“‘49 in gallium arsenide.59 

In the USSR, mass spectrometers with laser ion- 
sources are being manufacturedSo and corresponding 
analysis techniques have been developed? The appli- 
cation of laser mass-spectrometry (LMS) for the 
determination of trace impurities has been dis- 
cussed,52,53 In general, LMS is equivalent to SSMS 
with respect to limits of detection but has certain 
advantages in layer analysis as well as in analysis of 
non-conducting material. The work on mass-spectral 
laser microanalysis of high-purity substances is con- 
tinuing.54j55 

Activation analysis remains one of the most sensi- 
tive methods. The low absolute and relative limits 
of detection, and the possibility of completely 
precluding the influence of surface contamination, 
the environment and reagent purity, make acti- 
vation methods indispensable for analysis of high- 
purity substances. Like SSMS among mass-spectral 
methods, neutron-activation analysis (NAA) plays 
the leading part among activation methods, as it 
provides simultaneous determination of more than 60 
elements with high precision. 

Secondary-ion mass-spectrometry (SIMS) finds 
wider and wider application owing to its high sensi- 
tivity and ability to give data on distribution of 
sample components. A specific feature of secondary- 
ion emission is a high yield of polynuclear ions 
and, as a consequence, a superposition of lines in the 
mass spectrum. Various methods have been suggested 
for dealing with such interference lines; but the 
use of high-resolution mass analysers (resolution 
5000-10000) remains the most reliable way for lower- 
ing the limit of detection. Secondary-ion emission 
differs considerably between various elements and 
depends on the sample material. That is why in 
survey analysis of high-purity materials SIMS is 
inferior to spark-source and laser mass-spectrdmetry 
except for some advantages in determination of alkali 
metals. 

SIMS is certainly more advantageous than the 
other methods of analysis for investigation of element 
distribution in thin surface layers, as it provides a 
low limit of detection with high depth-resolution (to 
several nm). Most research on element distribution in 
ion-implanted, diffusion and thin epitaxial layers of 
semiconductor materials is done by SIMS. To obtain 
a reliable concentration profile it is necessary to 
develop a special technique. 

There have been no basic changes in NAA in the 
last decade, and the main improvements of NAA 
have been in the development of new high-efficiency 
methods of radiochemical separation.@ Thanks to the 
development of such methods the range of materials 
analysed has been substantially expanded, and 
now includes such “difficult” subjects for NAA as 
mercury.6’ Great attention has been paid to the 
development and application of reference samples 
specific to NAA.” To further increase the sensitivity 
of NAA, research has been done on the potential 
of using a high-flux nuclear reactor (flux 1 x lOi 
n.cme2. set-‘). As follows from Table 2, the limit of 
detection for the impurities in silicon has been low- 
ered by an order of magnitude. Further improvement 
of the technique is expected to lower the limit of 
detection by two orders of magnitude. It is interesting 
that with improvement of the sensitivity the number 
of detected impurities has greatly increased. It may be 
expected that the use of charged particles63*64 and the 
methods of nuclear microanalysis65 will provide con- 
siderable progress in activation analysis of high- 
purity substances. 

Sample preparation and concentration of impurities 

SIMS may also be used to determine the surface 
contamination composition, but generally high- 
resolution instruments must be used because in sur- 
face atomization there is a large yield of polynuclear 
ions. 

Various models for secondary-ion emission have 
been suggested.56 The techniques for determination of 
element content from the secondary-ion current, 
based on these models, give results which vary from 
the mean by a factor of -3, which is why it is 
necessary to use reference samples to improve the 
precision of SIMS analysis. Great problems are en- 
countered in making and using reference samples, 
owing to the dependence of the secondary-ion yield 
on the form of the element in the sample. It seems 
that one of the most reliable techniques is intro- 
duction of a predetermined quantity of analyte into 
the surface layer of the sample by ion implantation, 
The results are calculated either from the total dose 
of the implant or the maximum of its distribution 
profile. 57 Good results have been obtained for the 

The analysis of ever purer substances demands not 
only the development of highly sensitive methods of 
analysis but also imposes strict requirements on the 
cleanliness of all chemical operations, and the reduc- 
tion and control of surface contamination, and the 
background signals from the environment and equip- 
ment. A considerable amount of research is devoted 
to these problems. We may point out the necessity to 
work in specialized “clean” rooms,66 control reagent 
purification,67 clean the sample surface, and use 
efficient and sterile methods of sample decom- 
position’s 

Automation of all operations-from sampling to 
producing the results-should preclude con- 
tamination of the substance by human contact. Cur- 
rent interest is in sample decomposition in autoclaves 
or other sealed pressure vessels, to minimize con- 
tamination, prevent the loss of volatile components, 
and accelerate the decomposition process.13*15,18,67 It 
has been showni that the development of special 
microtechniques for all preliminary chemical 
operations-from reagent purification prior to de- 
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Table 2. Detection limits (L) for impurities in high-purity silicon by the 
NAA method with high-flux reactor, % w/w 

Element 

Traditional 
technique, 

L’ 
6 x 1O-9 
5 x lo-‘0 

With high- 
flux reactor, 

L, 

Na 
SC 
Cr 
Fe 
cu 
Ni 
co 
Zn 
Gd 
As 
Br 
Ag 
Cd 
Sb 
CS 
La 
Eu 
Lu 
Hf 
Ta 
W 
Ir 
Au 
Ha 

5 x 10-S 
2 x 10-G 
2 x 10-S 
2 x 10-j 
5 x 10-S 
2 x lo-’ 
2 x 1o-9 
2 x IO-9 
2 x 1o-9 
5 x 10-S 
5 x lo-* 
1 x IO-9 
1 x 10-S 
1 x 1o-9 
5 x lo-‘O 
1 x 10-S 
5 x 1o-9 
1 x 1o-8 
3 x 10-9 
5 x lo-‘O 
1 x lo-‘0 
1 x lo-’ 

2 x 1o-9 
5 x lo-” 
2 x 10-S 
1 x lo-’ 
2 x 1o-9 
5 x 10-7 
2 x lo-‘0 
6 x 1O-9 

4 x 1o-9 
1 x IO-10 
5 x IO-‘0 
1 x lo-‘0 
4 x lo-” 
1 x 10-10 

; ; ;;I:: 

5 x lo-‘0 

; ; ;;I;: 

1 x 1o-8 

Attainable 
value with 
high-flux 

reactor and 
improved 

technique, L, 

; ; ;;I;: 

5 x 1o-9 
4 x 10-S 
1 x 1o-9 
1 x IO-’ 
5 x lo-” 
3 x 1o-9 

: ; ;;I:: 

: ; ;;I:: 

1 x 1o-9 
5 x lo-” 
1 x lo-‘O 
5 x lo-” 
3 x 1o-‘2 

: ; ;;I;: 

2 x lo-‘O 
1 x lo-‘0 
3 x 1o-‘2 
2 x lo-l2 
5 x 10-Y 

Expected 
gain, 
&IL, 

12 
50 
10 
50 
20 

200 
100 
70 
10 
40 
10 

100 
50 
20 

100 
20 

220 
33 

100 
50 
30 

170 
50 
20 

composition and concentration, to introduction of 
the concentrate into the instrument for the final 
analysis-makes it possible to reduce the blank by 
several orders of magnitude. This combination of 
relatively simple devices and chemical operations 
minimizes the most common types of analytical error, 
and allows the introduction of the impurity concen- 
trate into the analyser without substantial losses or 
contamination, and thereby lowers the detection lim- 
its. A number of new concentration techniques in 
trace analysis have been described.6%72 

In recent years gas-phase methods of detecting and 
concentrating micro-impurities have been devel- 
oped.7*75 The traditional conversion of a sample into 
the liquid state before concentration of the impurities 
is often far from the best solution. The dissolution 
process may lead to substantial increase in the blank, 
and decrease in the analyte concentration owing to 
dilution with solvent ezc. Transfer of the impurities 
into the gas phase by reaction gas extraction (RGE) 
is a more efficient solution of the problem. In RGE 
the analytes are converted into gaseous compounds 
which can be identified and determined directly in the 
gas phase. These methods provide a new limit of 
detection owing to the efficiency of concentration in 
the gas phase and the use of minimum (often stoi- 
chiometric) quantities of reagent. RGE methods are 
especially promising in determination of non-metal 
micro-impurities (primarily silicon, phosphorus and 
arsenic) which are difficult to determine. High- 

temperature extraction for the determination of gas 
impurities (oxygen, hydrogen, and nitrogen) may be 
preferred to RGE methods.“js” In the last few years 
there has been a rapid increase in research on the 
determination of arsenic, selenium, tellurium, tin, 
germanium, etc. as their volatile hydrides.7gs0 Atomic 
emission and absorption spectrometers are now 
equipped with volatile-hydride generators. Analysis 
with extraction of volatile halides is being developed 
in two directions-the search for highly efficient 
halogenation agents and optimal conditions for 
transfer of the analyte into the gas phase, and the 
choice of a rational analytical technique.s1~82 

Determination of gas-forming impurities 

Oxygen, nitrogen, carbon and hydrogen are com- 
monly called gas-forming impurities, because in their 
determination by high-temperature extraction they 
are isolated in gas form from the samples. Many 
other elements are now isolated and determined by 
this method.75 This aspect makes the term “gas- 
forming” ambiguous, but it is convenient to combine 
these four elements into one group and retain the 
existing terminology. The gas-forming elements are 
widely spread in the environment and are of high 
reactivity. These characteristics impede the 
purification of substances and materials on the one 
hand, and considerably complicate the analytical 
determination on the other. Despite intensive efforts 
by analysts, the methods for determining the gas- 
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Table 3. Oxygen and carbon determination with activation by IO-MeV helium-3 ‘ions 

Analysed material 
Method of 

determination 

Lower 
boundaries 
of detected 

content, 
% w/w 

Al, Si, Hf, Ta, W, Re 
Al, Si, Sic, SC, Ti, V, Cu, 
Ge, Ga, P, GaAs, Y, Zr, Nb, 
MO, Ag, In, Sb, La, Hf, Ta, 
W, Re 
Lanthanides 

Instrumental 
Radiochemical separation 
of analytical isotopes 

‘sF and “C 

lo-‘-lo-6 

forming elements in pure substances remain the most 
difficult, mainly because of sample-surface con- 

tamination and the high background. Activation and 
high-temperature extraction are the most widely used 
methods of analysis. 

The activation methods used for the determination 
of gas-forming impurities differ both in the type of 
radiation used for activation and in the type of 
products of the nuclear reactions.64 

Fast neutrons are used for rapid determination 
of oxygen and nitrogen, with lower limits of deter- 
mination of 10-5-10-40~ w/w. For the determin- 
ation of oxygen and carbon at concentrations of 
10-6-10-4% w/w deuterons may be used. Protons 
are used to determine nitrogen at lo-*% w/w levels. 
Helium-3 ions provide oxygen and carbon deter- 
mination at concentrations of lo-‘% w/w. The same 
high level of sensitivity is achieved in oxygen deter- 
mination with a-particles. Bremsstrahhmg from 
linear accelerators or microtrons of 25-30 MeV 
power is used to determine oxygen, carbon and 
nitrogen with detection limits of 10-6-10-5% w/w. 

Up till now, techniques have been developed and 
used for the determination of oxygen, carbon and 
nitrogen by activation with helium-3 ions and pro- 
tons, for more than 30 different pure materials 
(Tables 3 and 4). To preclude any influence of the 
impurity composition on the results a universal tech- 
nique for isolation and purification of the analyte 
isotopes has been developed, based on distillation of 
volatile compounds containing these isotopes. The 
technique is applicable to all the materials in Tables 
3 and 4 with minor changes in the purification system 
for the gases distilled. 

High-temperature extraction is the most well- 
known and widespread method of determination of 
gas-forming impurities. In the USSR new modifi- 
cations of the vacuum extraction method have been 
developed: oxidative melting in vacuum for carbon 
determination, “neutral” melting for nitrogen deter- 
mination, and techniques for removal of surface 
contamination.83~84 

Carbon is usually determined by combustion in 
oxygen. In analysis of high-purity substances this 
method has considerable limitations due to sample 
surface contamination and high blanks due to the 
carbon content of the ceramic crucibles and oxygen 
used. That is why oxidative fusion in vacuum is used 
to determine carbon contents < 10e3% w/w;~ a blank 
of 0.06 k 0.02 pg has been achieved, two orders of 
magnitude lower than that for the combustion 
method. Such sensitivity may be gained by reducing 
the influence of “surface” carbon on the analysis 
results. For this purpose the sample surface is scav- 
enged with oxygen before the analysis. 

The application of reductive vacuum-fusion in 
graphite crucibles in the analysis of pure metals 
(especially refractory and less-common metals) has 
led to problems as the degree of nitrogen extraction 
is low and variable. That is why “neutral” vacuum- 
fusion, i.e., extraction of nitrogen from a melt which 
does not contain appreciable amounts of oxygen and 
carbon, has been used.s3 

For oxygen determination a crucible made of 
high-purity graphite has been used, and a blank of 0.1 
pg obtained. To reduce the surface contamination a 
high-temperature interaction of methane with surface 
oxides was applied before the analysis.” 

Table 4. Nitroaen determination with 65lo-MeV nroton activation 

Analysed material 

Al, Si, V, Nb, La, Ce, Nd, Eu, 
Tb, Ho, Ta, Re 

Method of 
determination 

Instrumental 

LOWCI 
boundaries 
of detected 

content, 
% w/w 

10-s - 10-e 

Al, Si, Sic, SC, Ti, V, Cu 
Ge, Gap, GaAs, Y, Zr, Nb, 
MO, Hf, Ta, W, Re 

Lanthanides 

Radiochemical separation 
of analytical isotopes 

“C 
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Table 5. Results of oxygen, carbon and nitrogen determination in pure 
metals by vacuum-extraction methods, X f S, w/g, n = 4 

Traditional Direct surface 
Material treatment of cleaning in Detected 
analysed sample surface the plant impurity 

Copper 
Nickel 
Molybdenum 

, Rhenium 
Iridium 
Niobium 

Copper 
Nickel 
Molybdenum 

Nickel 
Molybdenum 
Silicon 

4 f 0.5 
4*1 

7.5 f 2 
15*2 
10*2 
6&l 

3.5 + 1 
5 f 0.5 

1.2 f 0.2 
2.8 f 0.2 

0.9 + 0.2 
1.2*0.2 
1.4 f 0.4 

1.2*0.1 
1 *0.1 

2.1 *0.3 
2.8 f 0.3 
3.5 * 0.5 
1.2 f 0.3 

0.2 f 0.1 
0.4 f 0.1 

0.02 f 0.01 
0.2 f 0.05 

0.2 f 0.05 
0.2 f 0.03 
0.6 + 0.2 

Oxygen 

Carbon 

Nitrogen 

The results for oxygen, nitrogen and carbon deter- 
minations in pure metals are given in Table 5. The 
data show the efficiency of oxygen removal from the 
surface by methane, and of nitrogen and carbon by 
oxidation. The accuracy of analysis is confirmed by 
comparison of the results obtained with those found 
by other methods (Table 6). Table 7 shows the lower 
limits for determination of oxygen, carbon and nitro- 
gen. These values are substantially lower (by an order 
of magnitude or more) than those for traditional 
methods. The blank due to “surface” oxygen does 
not exceed 0.1 pg/g, and that for carbon and nitrogen 
is 0.02 pg/g and these do not limit the analysis 
sensitivity as a whole. 

The variants of high-temperature vacuum extrac- 

tion shown bring the performance of this method 
nearer to that of the nuclear methods of analysis, and 
need only relatively simple operations and equip- 
ment. The analysis of low-melting and especially of 
highly volatile substances demands new approaches, 
however. For high-purity materials used in modem 
engineering, such as phosphorus, arsenic, mercury, 
tellurium, selenium, cadmium and their compounds, 
reliable methods of determination of gas-forming 
impurities are lacking, and on the whole, analysis for 
oxygen, carbon, nitrogen and hydrogen traces re- 
mains one of the main problems in the analytical 
chemistry of high-purity substances. 

The determination of suspended particles in high- 
purity substances should be considered as an individ- 

Table 6. Comparative results for oxygen, carbon, and nitrogen determination 
in pure metals, X f S, up/g 

Sample 
Vacuum-extraction Comparative 

method analysis 
Comparative 

method 

Oxygen 
Nickel-l 1 f 0.2 0.6 
Nickel-2 0.7 f 0.2 0.4 Accelerated ion 
Molybdenum-l 2.1 f 0.3 2.1 activation 
Molybdenum-2 <0.2 0.03 
Niobium-l 1.2kO.3 1.3 

Niobium-2 2 f 0.2 2 Fast-neutron 
Niobium-3 0.2 0.1 activation 
Molybdenum-3 4fl 4.4 

Carbon 
Silicon-l 1.8kO.3 2 Accelerated 
Silicon-2 <0.5 f 0.05 0.5 3He-ion 
Niobium-4 0.2 * 0.05 0.3 activation 

Niobium-5 0.4*0.1 0.2 Deuteron activation 
Niobium-6 0.3 *0.1 0.4 with radiochemical 

separation 

Nitrogen 
Nickel-3 1.5 *to.1 1.5 f 0.1 
Nickel4 0.2 f 0.03 0.3 f 0.05 Isotope 
Molybdenum-l 0.2 f 0.03 0.3 f 0.05 dilution 
Niobium-l 0.4 f 0.1 0.5 f 0.2 

Note: each result obtained by the vacuum-extraction method is the average of 
5-10 parallel determinations; by the other methods the average of 3-5 parallel 
determinations. 
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Table 7. Detection limits for oxygen, carbon and nitrogen in various 
materials by vacuum-extraction methods, ,ug/g 

Material analysed Oxygen Carbon Nitrogen 

Cu, Ag, Au and their alloys 0.2 0.1 0.2 
Fe, Co, Ni and their alloys 0.4 0.1 0.2 
Pd, Pt, Rh, Ru, Ir 0.5 0.1 0.2 
MO, W, Re and their alloys 0.5 0.1 0.2 
Nb. Ta and their alloys 0.6 0.2 0.4 
In,.Ga, Sn 3 1 - 
Si, Ge - 0.2 0.3 
V, Hf and their alloys 5 0.5 1 
Ti, Zr 100 1 1 
Rare-earth metals 50 1 1 
Rare-earth metal fluorides 10 1 - 

ual problem. Particles of sub-pm size are hard to 
remove by traditional methods of purification so their 

contribution to the total impurity content increases 
with increasing purity of the substance. Methods for 
determination of particle size and concentration need 
further development. 

To put things into perspective we may state that 
there are all the possibilities for development of 
analysis techniques with limits of detection of 
10-‘“-lO-s% w/w for a large group of impurity 
elements in a wide range of solid and liquid high- 
purity materials, but in some cases there is still a 

need for determination of even lower contents. Devel- 
opment of the necessary techniques and ancillary 
equipment needs special attention. 
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Summary-Two main types of impurities in high-purity liquids have been determined. One consists of 
suspended particles of sub-pm size, and optical counters are the most suitable for their determination. 
Their main characteristics are given, The errors of suspended particle determination are discussed. The 
data on particles dispersion composition and concentration in some high purity liquids as well as on their 
nature are given. 

High-purity substances play an important part in 
scientific and engineering progress. It is safe to say 
that the development of some fields of modern sci- 
ence, such as the physics of semiconductors and 
superconductors, optics and materials technology, is 
directly related to achievements in the preparation of 
increasingly pure substances. In the last few years 
some branches of science have needed substances 
which are practically free from all impurities. Hence 
extensive research on impurity composition is an 
urgent problem in the chemistry of high-purity sub- 
stances. A set of data on impurity composition has 
been accumulated within the framework of the All- 
Union Permanent Exhibition of high-purity sub- 
stances.’ The Permanent Exhibition comprises about 
70 samples of liquid substances: inorganic volatile 
halides and hydrides, organometallic compounds, 
and some organic substances. On the basis of the 
analyses of these samples it is possible to obtain the 
concentration distribution of the impurities. This 
relation is bimodal in nature.2 Figure 1 shows the 
concentration distribution of impurities for germane. 
The first maximum of the distribution curve refers to 
the dissolved impurities. The second is related to the 
presence of suspended particles. Thus, there are two 
kinds of impurities in high-purity liquid substances, 
which differ in their solubility in the matrix. 
Classification of impurities according to solubility is 
of vital importance, since each type demands a 
different approach in choice of sampling and concen- 
tration technique as well as of method of detection. 

The soluble impurities are usually detected by gas 
chromatography, infrared spectrometry, mass- 
spectrometry and atomic-emission methods and have 
been comprehensively reviewed in monographs.3-7 
The determination of the suspended particles has so 
far not been sufficiently considered, though this type 
of impurity determines many important properties of 
liquids and the substances obtained from them. It 
should be pointed out that high blank values, which 
limit the accuracy of solid substances analysis, may 

also be related to the presence of suspended particles 
in liquid reagents.8 

Of all the characteristics determining the behaviour 
of particles, size is the most important, closely fol- 
lowed by the nature of the particle. That is why the 
particle analysis demands the determination of the 
particle size distribution and of the nature of the 
particles. 

Particle detection by light -scattering 

High-purity liquids may be considered as highly 
diluted disperse systems, which is why the methods of 
suspended particle determination may be used for 
their analysis. The method used should meet the 
following requirements. It should, if possible, be 
non-destructive and use small sample volumes in a 
sealed system. It should also have low limits of 
detection with respect to size and concentration, the 
two main characteristics in the ultramicroscopic anal- 
ysis of high-purity liquids. Application of techniques 
such as electron and optical microscopy,g*‘O conduc- 

8 
t (b) 

Fig. I. Distribution of (a) dissolved impurities and (b) 
impurities in the form of suspended particles in germane; 
C-impurity concentration; N-number of impurities in the 

given concentration range. 
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timetry,” Auger-spectroscopy,‘* atomic-emission 
spectroscopy,” and gravimetry14 is problematic. 
These methods assume the collection of particles on 
substrates and filters. The change of medium in the 
process of sample preparation may influence the 
particle composition. Also, incomplete particle ex- 
traction and aerosol contamination may occur during 
sample preparation. Non-destructive techniques pro- 
vide the determination of particles directly in the 
sample volume by radiation probes. Among non- 
destructive methods the light-scattering methods’>*’ 
are the most highly developed at the present time and 
their application makes it possible to achieve low 
limits of detection with respect to size and concen- 
tration. 

The integral light-scattering methods register the 
radiation scattered by the disperse system as a whole 
and provide the determination of mean particle size 
down to 5 A and the polydispersion index.22-26 How- 
ever, these methods require that the content of sus- 
pended particles is not less than 10m3 % w/w and thus 
are not applicable for the analysis of high-purity 
liquids. Particle counters which register light scat- 
tered by individual particles’7,27-30 are the most suit- 
able for that purpose and provide simultaneous 
determination of the size-distribution and concen- 
tration of the suspended particles. 

The method of individual particle registration by 
scattered light is termed ultramicroscopy. A flow 
ultramicroscope for the analysis of liquids has been 
developed by Deryagin and Kudryavtseva,3’ and has 
served as the basis for several models of counters, 
including counters with automatic registration.32*33 

Filament lamps were initially used as the radiation 
source, which prevented attainment of a low limit of 
detection with respect to size. Substantial reduction 
of the limit becomes possible when the laser is used 
as the source of radiation. 

The advantages of lasers are: the small spatial 
divergence of the light flux, which drastically lowers 
the level of background noise and does not require 
complicated collimation; monochromatic radiation, 
so background light can be precluded by filters; high 
density of radiation power attained by simple beam 
focusing.30*3’ The application of lasers also greatly 
improves the signal/noise ratio at the photodetector 
output. Application of multimode lasers provides the 
most uniform energy distribution in the beam,30 
which reduces the drawbacks caused by non- 
uniformity of illumination of the volume examined.” 

Various counter designs differ in the angle at which 
the scattered light is recorded.353* Some devices reg- 
ister the light scattered at small angles to the direction 
of incidence. This design is chosen on account of the 
asymmetry of light-scattering by individual particles; 
the scattering is maximal in the direction of the 
incident beam,16 and the symmetry diminishes with 
decrease in particle size. On the other hand, with 
recording of the light scattered at 90” the con- 
tribution of background noise is minima130 and the 

instrumentation is simpler. Hence most apparatus 
makes measurements at 90” to the incident beam. 

Most counters are equipped with flow-cells, but 
their use is not convenient for the analysis of liquids 
available only in small quantity. Application of con- 
vective flow to provide directed movement of the 
particles in the cell makes it possible to use only S-10 
ml of liquid for the analysis and to analyse high- 
purity liquids, including corrosive liquids, in a sealed 
non-flow cell.39 Use of refrigerated cells permits the 
analysis of volatile inorganic hydrides in the liquid 
state.40 

The main problem of dispersion analysis is the 
correct determination of particle size from the in- 
tensity of the scattered light. The intensity is de- 
pendent not only on the particle size, but also on the 
particle shape and relative refractive index, and the 
intensity and wavelength of the incident radiationI 
The analytical signal also depends on the character- 
istics of the photodetector and the recorder. Two 
main approaches are used to plot the analytical curve 
which relates the signal to the particle size. The first 
uses a number of monodisperse colloidal systems 
(synthetic samples) which contain particles of known 
size and refractive index.30~“~35~4’ In the other the 
analytical curve is explicitly based on the laws of the 
electromagnetic radiation theory of scattering. 

The Rayleigh approximation of the theory of scat- 
tering is applicable for the analysis of high-purity 
liquids.16 In this approximation the intensity of light 
scattered at 90” by a spherical isotropic particle and 
received by a photodetector is given by the expression 

z=o.125zoB47.)l~~)r (1) 

where Z, is the power of the incident radiation, B the 
solid angle in which the scattered light is collected, 
K the light-transmission factor of the focusing system 
positioned in front of the photodetector, d the par- 
ticle diameter, L the wavelength of the incident 
radiation, n, the refractive index of disperse medium, 
and m the relative refractive index of the particle. 

The intensity of the scattered light depends on the 
sixth power of the particle diameter, and the data 
on the particle nature are contained in the term 

W - l)/(m* + 2)12. The Rayleigh approximation is 
valid for ndn,/l Q 2. 42 Thus, with HeNe lasers 
(A = 630 mn) the application of an analytical curve 
based on equation (1) is possible for particles with 
size down to about 0.3 pm. According to the Kaiser 
criterion43 the limit of detection for particle size is 
that corresponding to an analytical signal which is 
three times the standard deviation of the background 
noise. 

Table 1 gives some performance characteristics of 
commercial and laboratory counters for particles in 
liquids. As follows from the data given, these coun- 
ters provide determination of particles with sizes 
down to 0.04408 pm in liquids. It is also shown that 
under the same conditions the determination of low 
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Table 1. Ontical-counter characteristics 

135 

Radiation Registering Scattering Size range, Concentration 
source unit geometry llm range, cm -’ References 

H+Ne laser, 
2mW 

A = 630 nm 
He-Ne laser 

HeNe laser 
50 mW 

H+Ne laser, 
2.5 mW 

1 amp 

HeNe laser, 
5mW 

He-Ne laser, 
20 mW 

Photomultiplier, 
recorder 
Photomultiplier, 
multichannel pulse 
analyser 
Photomultiplier, 
amplifier, multichannel 
pulse analyser 
Photomultiplier, 
multichannel pulse 
analyser 
Photomultiplier, 
multichannel pulse 
analyser 
Photomultiplier, 
high-speed recorder 
Photomultiplier, 
high-speed recorder 

90 

0 

light collection 
in solid angle 
from 3” to 13” 

r0.5 

0.525 

0.3-30 

up to 5 x 103 

up to 1.2 x 104 

10-10’ 

WI 

Royce-346 
description 

[451 

30”, 20” 0.2-20 - I381 

90 0.1-30 104-10’ 

3.5” 0.08-10 

90 0.04-0.3 104-5 x 10’ 

1321 

136,371 

I461 

Table 2. Suspended-particle concen- 
trations in some high-purity liquids 

Concentration, 
Substance WI:’ 

SiCl, <lo4 
SiHCl, 5x 104 
ccl, 7 x 105 
GeCl, 5 x lo6 
HNO, 4x 106 
i-C, H, OH 9 x 105 

::CH,), 
3x 105 
1 x 105 

TafOC, H5 I5 >5 x 10’ 
Cd(CH, )r >5 x IO’ 
Hz0 3 x 10s 

number concentrations is possible only for relatively 
large particles. This is because it is necessary to 
increase the counter volume, which lowers the inci- 
dent radiation power and thus degrades the limits of 
size detection. 

On the other hand, the determination of very small 
particles requires a high radiation power and low 
particle velocity to reduce the bandwidth of the 
recorder and increase the signal/noise ratio. Reduc- 
tion of both the minimum detectable concentration 
and particle size is possible only by changing the 
independently acting parameters of wavelength, radi- 
ation power and observation time. 

Table 2 gives the content of suspended particles in 
some high-purity liquids.46 The average content of 
particles of size >0.04 pm is lo’-106/cm3. Figure 2 
shows typical histograms of suspended-particle distri- 
bution with respect to size. Such histograms may 
be approximated by functions of two types: (a) a 
function with a maximum which is usually near the 
lower boundary of determinable size, and (b) a 
monotonically decreasing function. It follows from 
the figure that there are no particles with a size of 
more than 0.3 pm. 

Sources of error 

The operation of particle counters is characterized 
by a number of errors.17J9,30A7-50 The random error in 
measurement of particle concentration is due to 
errors in the determination of the scattering volume, 
observation time, the time needed for particles to 
cross the scattering volume and number of detected 
particles. The relative standard deviation is 30%.& 

Systematic errors may be instrumental and meth- 
odological in origin. The latter errors are due to 
incompatibility between the model used for the ob- 
jects measured and the shape of actual particles. 
Instrumental errors are due to non-uniform radiation 

0 10 

d (pm) 

004 0 IO 0 20 

d (pm) 

Fig. 2. Typical histograms of suspended particle distribution 
with respect to size in high-purity liquids: d-particle 
diameter; X-fraction of particles in each histogram 

interval. 



distribution in the measurement volume, vignetting 
(i.e., unsharpness of the edge of the beam), and 
coincidence. The influence of vignetting increases 
with reduction in measurement volume. The proba- 
bility of the simultaneous presence of two or more 
particles in the scattering volume (coincidence) in- 
creases with concentration, and leads to distortion of 
the values for both the particle concentration and 
size. The systematic error of instrumental origin can 
be estimated by analysis of synthetic samples which 
contain particles corresponding to the model used for 
the objects measured. The ultramicroscopic analysis 
of synthetic samples based on isopropyl alcohol and 
germanium powders of different dispersion has been 
performed.50 The powders consisted of spherical par- 
ticles with a diameter of 0.0842 pm; the particle size 
was determined by electron microscopy.” The results 
are given in Table 3. A t-test showed that the 
discrepancy between the two sets of concentration 
values was not statistically significant. 

Methodological systematic error in the analysis of 
samples is related to possible incompatibility in the 
refractive index values for the suspended particles 
and the model used for the system. To assess the 
influence of methodological errors on the accuracy of 
particle-size determination possible values of the term 
[(m*- 2)&n* + 2)12 have been estimated for sus- 
pended particles in carbon, silicon, germanium, and 
tin tetrachlorides on the basis of the data for the 
nature of the particles found in these materials.‘* Its 
range is 0.0341, which means that the correspond- 
ing relative systematic error does not exceed 70%. 
The accuracy of particle determination in liquids may 
also be affected by gas bubbles, which in the ultra- 
microscopy method are interpreted as solid particles 
of the same size. These gas bubbles are thermo- 

dynamically unstable and may exist only if stabilized 
by factors which reduce the interfacial surface ten- 
sion, such as surface-active agents or by stabilizing 
ions. Surface-active agents manifest a stabilizing 
effect at concentration of 0.1 %.s3 High-purity liquids 
may contain similar impurities of considerably lower 
concentrations. Estimation of the possible surface 
concentration of ions adsorbed by gas bubbles, on 
the basis of electrophoretic measurements,” has 
shown that the charge on the bubble is far less than 
the critical value. Thus, gas bubbles are unstable in 
high-purity liquids and should instantly dissolve.55 

The comparison of results of ultramicroscope anal- 
ysis of the chlorides mentioned with those of spectral 
analysis of the particles isolated with nuclear fllters, 
indicates that the discrepancy does not exceed 50%.52 

The problem of the stability of suspended-particle 
aggregates is of importance for analytical measure- 
ments. The presence of water micro-impurities in 
high-purity chlorides produces ionic stabilization of 
particles in germanium and tin tetrachlorides.” The 
particles in silicon tetrachloride are stabilized by 
polysiloxanes. In carbon tetrachloride both sta- 
bilizing factors are absent. The suspended particles 
are stable in silicon tetrachloride for months, in 
germanium and tin tetrachlorides for days, and in 
carbon tetrachloride for hours. 

Chemical composition 

As already pointed out, the high-purity liquids 
contain high concentrations of suspended particles. 
The problem of the chemical composition of the 
suspended particles is of great importance. In- 
vestigation of the elemental composition of aerosols 
has shown that the particle composition is as follows: 
calcium up to lo%, iron up to 3%, aluminium 1.5%, 
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Table 3. Results of triplicate determinations of powder concentration in synthetic samples 

Powder concentration (C) Standard deviation 
known from synthesis Mean value of powder of powder 

Synthetic technique, concentration (C), concentration (S,), 
g/cm3 g/cm3 glcm3 

,JC-Cl& 

Sample s, 

1 (1 f 0.1) x 1o-6 1.32 x 1O-6 4.6 x lo-’ 1.20 
2 (1 *0.15)x IO-’ 7.6 x 10-s 2.2 x 10-n 1.89 
3 (1 f 0.2) x lo--* 9.7 x 10-g 3.3 x 1o-9 0.16 
4 (1 f 0.2) x 1o-9 8.7 x lo-‘O 3.3 x lo-‘O 0.68 
5 (1 + 0.2) x lo-‘0 8.5 x lo-” 3.2 x lo-” 0.81 

Table 4. Composition of total suspended particles in inorganic volatile hydrides, 
% 

Impurity 

NaCl 
cue 
W3 

SiO, 
Fe@, 
MnO, 
NiO 
Mt!O 

Germane Ammonia Phosphine Arsine Stibine 

2.2 
2.2 
3.0 

18.1 
11.0 
11.5 
44.0 

0.5 
0.3 
- 
14.2 

- 1.5 2.2 
0.5 3.5 0.8 

27.7 1.5 4.2 
61.5 39.0 32.1 

5.6 2.0 8.2 
0.2 0.6 0.2 
- 0.2 0.1 
2.3 30.2 10.2 

26.0 
2.4 

24.0 
38.0 
2.6 
2.9 
0.3 
- 

‘4e3 10.3 0.4 2.2 21.5 42.0 4.8 
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copper 0.5%, silicon 5%, nickel 1.5%, potassium 
I%, magnesium 1 %, manganese 0.5% and traces of 
other elements.56957 The same common elements may 
be present in the particles in liquids. 

The elemental composition of suspended particles 
in inorganic volatile hydrides has been determined by 
spectral and electron micrograph methods.5* The 
results are shown in Table 4. The determination of 
the nature of the suspended particles in these volatile 
chlorides is complicated by the fact that metals and 
silicon may be present in these substances in the 
dissolved state.59*60 The total impurities content in 
these chlorides has been determined by the atomic- 
emission method with preconcentration of the im- 
purities on a carbon collector.6’ The elemental com- 
position of the suspended particles has been 
determined by spectral analysis of deposits separated 
by filtration of the chlorides through porous mem- 
branes (nuclear filters). 52 Table 5 gives the total 
content of metals and suspended particles. It follows 
from these values that the concentrations of im- 
purities which are present in the form of particles in 
these chlorides are at the level of 10m6% w/w, the 
main contribution being from iron and silicon. Com- 
parison of the concentration data obtained by 
filtration and distillation methods shows that the 
fraction of metal and silicon impurities present in the 
form of suspended particles is high and approaches 
10% of their total content in these chlorides. It is seen 
from Tables 4 and 5 that though the particles in 
high-purity liquids and in aerosols contain the same 
common elements, the relative content of these ele- 
ments is different, probably owing to specific features 
in preparation of the high-purity liquids. 

Conclusions 

The application of lasers as light-sources and of 
sealed cells makes it possible to determine particles 
with sixes down to 0.04 pm even in corrosive 
liquids.& Lowering the detection limit to this value 
is achieved owing to the low speed with which the 
particles cross the scattering volume of lo-* cm3, but 
leads to degradation of the detection limit with 
respect to concentration, increasing up to 1V/cm3. 
However, the investigations showed the validity of 
the approach-in most cases high-purity liquids 
contain sub-pm particles at concentrations of 

3 105-106/cm . 46 In analysis of aerosols a sharp increase 
in particle concentration with decrease in particle size 
has been observed.62 This impels a search for ways to 
further reduce the limit of detection for particles with 
respect to size. A certain reduction (down to 0.01 pm) 
may be obtained by application of powerful short- 
wave lasers. Another way to reduce the limit of 
detection is to examine the particles in supersaturated 
vapour, which by condensing on the particles en- 
larges them and makes it possible to determine the 
particles of smaller size. For an aerosol the particles 
of size down to 1 run have thus been determined.63 
The particles with sire of about 1 nm may also be 
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recorded by the use of the cavitational chamber.& 
Irradiation of a liquid with a powerful laser pulse 
produces gas bubbles on the particles, by means of 
which the particles can be determined. 

The determination of particles of nm size is also 
possible by electron microscopy. The application of 
electron microscopy with X-ray spectral analysis 
alongside electron-energy analysis spectroscopy pro- 
vides determination of both particle size and com- 
position. However, the application of this destructive 
method demands that sample prepa~tion and anal- 
ysis be done in isolation from the environment, with 
special apparatus. 
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THE EFFECT OF THERMAL SAMPLE PRETREATMENT 
ON THE ABSORPTION SIGNAL IN GRAPHITE 
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!Summaq-The origin of the unusual maxima observed in the decomposition curves for pure solutions 
of some elements has been investigated theoretically and experimentally. An increase in the atom residence 
time caused by longitudinal redistribution of the analyte in the tube during the pyrolysis step was found 
to be responsible. The effect can be observed only if the sample is atomized under gas-flow conditions. 
To prevent any influence on analytical results, atomization should be done in the gas-stop mode. 

Graphite-furnace atomic-absorption (AA) analysis of 
samples of complex composition includes, as a rule, 
a stage of thermal pretreatment of the sample prior 
to its atomization. The purpose of this is to remove 
as completely as possible the volatile material re- 
leased in the thermal decomposition of the matrix. 
The charring temperature chosen is the maximum 
temperature at which no loss of the analyte is ob- 
served. To determine it, the absorption signal is 
measured as a function of the charring temperature. 
There is a wealth of data on the thermal pretreatment 
of ~amples.‘-~ In the book by Lindsjo and Riekkola,* 
for example, there are decomposition curves for 42 
elements. For some of these (Be, Bi, Na, La, Si, etc.) 
the fall-off in the curve corresponding to the start of 
loss of analyte is preceded by a noticeable increase in 
the signal.2*3 

The present work was undertaken in an attempt to 
explain this effect, which at first glance might seem 
anomalous, by considering the longitudinal distribu- 
tion of the sample in the furnace. 

THEORY 

Formulation of the problem 

The technique of finding the optimal thermal sam- 
ple pretreatment regime involves maintaining the 
sample in the furnace at a chosen temperature for a 
given time, with subsequent determination by AAS of 
the amount of analyte remaining, under standard 
conditions. The temperature dependence of the ratio 
of the absorbances measured with (Q,) and without 
(Q,), thermal pretreatment is called the decom- 
position curve. 

Let us consider possible causes of variations in the 
absorption signal at the atomization stage. It is well 
known4 that the integrated absorbance (Q,) is pro- 

portional to the amount of analyte in the sample and 
the mean residence time (7) of atoms in the analytical 
volume. If the sample vaporization conditions at the 
atomization stage are the same, variations in the 
absorption signal may be due either to analyte losses 
in the course of the thermal pretreatment or to a 
change in the residence time of the atoms in the 
furnace. In the first case, the signal can only diminish, 
and decrease in QJ(Q&, can then be readily related 
to the extent of sample loss during the thermal 
pretreatment. In the second case both an increase and 
decrease of the absorption signal can be observed, 
depending on the actual change of the magnitude 
of t. 

Consider the factors affecting the magnitude of 
7. For a tube furnace, 7 depends on the rates of 
diffusional transfer of the analyte vapour through the 
sample-injection hole and side openings and of con- 
vective transfer of the atoms by the purge gas. When 
the purge-gas flow is stopped (the gas-stop mode), the 
analyte vapour can escape from the furnace volume 
only by diffusion, whereas if the furnace is purged 
with an inert gas, convective transfer predominates. 
Let us now consider how variations in the dimensions 
and longitudinal position of the sample spot can 
affect the residence time of the atoms in the furnace 
volume in the two cases. 

Eflect of sample position on 7 in the gas-stop mode 

Earlier publicationss*6 dealing with models of 
diffusional transfer of the vapours from the furnace 
considered the sample as a point source of atoms 
located at the centre of an isothermal furnace. Gil- 
mutdinov and Fishman’s* have proposed a diffusional 
transfer model for a sample with finite dimensions 
along the furnace axis, taking into account the longi- 
tudinal temperature gradient. The treatment was 
limited, however, to consideration of atom removal 

141 



142 B. V. L’VOV et al. 

only through the open tube ends, and a Gaussian 
temperature distribution. For HGA furnaces such a 
distribution is appropriate only at low temperatures; 
at high temperatures the distribution is nearly trap- 
ezoidal.’ The model in question’s* implies that the 
atom residence time in the furnace should decrease 
monotonically with increasing length of the atom 
source. 

Let us now evaluate the importance of taking into 
account the diffusional escape of vapours through the 
injection hole. In this simulation of the process, only 
the case of a point atom-source will be considered, 
and, to further simplify the model, the non- 
uniformity of the atom distribution over the furnace 
cross-sectional area will be neglected. Then, from 
symmetry considerations, the problem of the 
diffusional vapour transfer through the open tube 
ends and the injection hole for a furnace of length 1 
may be reduced to that of diffusional transfer of 
vapour out of a tube of the same diameter and length 
l/2 with one end open and the other stoppered by a 
plug having a channel of cross-sectional area half that 
of the injection hole, and of length equal to the 
furnace wall thickness (Fig. la). 

In the steady state, the diffusion flux J of atoms 
through a hole is determined by Fick’s equation 

J=Z$ (1) 

where S is the hole cross-sectional area, D the vapour 
diffusion coefficient in the purge gas, R the gas 
constant and dp/dx the partial pressure gradient of 
the diffusing vapour along the x-axis. 

-1 0 5 9 14 

mm 

a 

Fig. 1. (a) An equivalent model of the furnace., (b) longi- 
tudinal temperature distribution, (c) calculated longitudinal 

vapour distribution, for the atom source at x = 9 mm. 

Integration of equation (1) yields p(x) distribu- 
tions for various source positions along the furnace 
axis. Figure lc presents such a distribution for a 
particular source position. The calculation included 
vapour transfer through both holes, their cross- 
sectional-area ratio being 25. The plug channel was 
assumed to be 1 mm long for a tube length of 14 mm. 
The furnace temperature profile (Fig. lb) was ap- 
proximated (in accordance with the results of Slavin 
et CZ~.~) by: T = 2300 K for x from - 1 to + 5 mm, 
and T=[2300-200(x-5)] K for 5 mm<x<14 
mm. The temperature-dependence of the diffusion 
coefficient was assumed to bei 

D = Do(T/273)‘,75 (2) 

the boundary conditions for p(x) being obviously 
~(-1 mm)=p(l4 mm)=O. 

The p(x) distributions found for different atom- 
source positions in the furnace were then used to 
calculate from equation (1) the two diffusion fluxes 
(5, and J2), and also the total number of the atoms 
in the furnace 

N= s II2 P(x) s dx 
oRT ’ (3) 

From the obvious relationship 

r(x) = NW, + Jz), 

the function of interest 

(4) 

f(x) = r(x)/rtO) (5) 

can now be calculated. This characterizes the relative 
variation of the atom residence time in the furnace 
and, hence, of the absorption signal vs. atom source 
position with respect to the furnace centre (x = 0). 

Figure 2 illustrates the calculations of the function 
f(x) with and without taking into account the vapour 
diffusional transfer through the injection hole. As 
seen from the data, neglect of the latter process leads, 
just as in the previous model,‘** to a monotonic 
decrease inf(x) to 18% at x = 8 mm. If the vapour 
diffusional transfer through the injection hole is 
included, then the quantityf(x) exhibits first a slight 
increase (by 10%) followed by a fall-off starting from 
x = 5 mm. The quantityf(x) approaches 1 at 8.5 mm 
from the furnace centre. Thus, the diffusive transfer 
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Fig. 2. Relative variation of the absorption signal vs. atom 
source position for the gas-stop mode with diffusional 
transfer through the injection hole (1) taken into account, 
(2) neglected. The points are the experimental data 

(@-Be; O-Bi). 
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of vapour through the injection hole should favour 
stabilization of the mean atom residence time in the 
furnace as the atom-source position is varied along 
the furnace axis. It must be noted that this conclusion 
assumes use of the gas-stop mode. 

Eflect of sample position on z in the gas-flow mode 

In the gas-flow mode, the diffusional vapour trans- 
fer for a sample at the centre of the furnace may be 
neglected, to a first approximation. It is further 
assumed that the vapours escape from the furnace at 
a constant rate and over the shortest path, of length 
d, for the atom source at the furnace centre. If the 
source is at a distance x from the centre, the length 
of the escape path is (x2 + d2)‘12. Then as the atom 
source is moved along the furnace axis the relative 
atom residence time in the furnace should increase 
according to 

f(x) = JTTG@. (6) 

Naturally, as x increases, the diffusional vapour 
transfer through the tube ends will play an ever 
increasing role, so that beyond a certain value of x, 
the atom residence time in the furnace will start to 
decrease. 

Sample redistribution at the thermal pretreatment 
stage 

Variations in the dimensions and position of the 
atom source at the thermal pretreatment stage may 
result from a redistribution of the analyte in the 
course of gas-phase thermochemical processes. One 
of the possible mechanisms is the thermal reduction 
of oxides by carbon. This mechanism has been 
shown” to consist of transfer of carbon by the 
gaseous metal-carbide molecules to oxide particles. 
If, at a given temperature, the partial pressure of 
analyte in the gas phase greatly exceeds the saturated 
vapour pressure, the reduced metal should condense 
near the oxide particles. In this case, little or no 
sample transfer occurs. If, however, the partial 
vapour pressure of analyte reached in the course of 
the thermal reduction of oxides by carbon is close to 
the saturated vapour pressure of the metal, the 
sample may become redistributed over a fairly large 
area of furnace surface. 

Another possible process starting at the thermal 
pretreatment stage is the thermal dissociation of 
oxides. Since the metal vapour pressure reached here 
is less than the saturated vapour pressure of the 
analyte in question, the decomposition curves should 
exhibit a fall-off of absorbance. Only at low tem- 
peratures can the metal condense at the furnace walls, 
because there is a greater longitudinal temperature 
gradient from the furnace centre to the ends at low 
temperature. The temperature gradient in the central 
part of the furnace at low temperatures should 
favour condensation not only of metal vapours 
but also of gaseous compounds which vaporize at 

low temperatures without decomposition (e.g., alkali 
metal chlorides). 

This leads to the following conclusions. The pos- 
ition of the atom source can change during the 
sample thermal-pretreatment stage, as a result of 
gas-phase thermochemical processes. If atomization 
is performed under gas-flow conditions, this may 
cause an increase in the residence time of atoms in the 
furnace volume, and hence an increase in the absorp- 
tion signal. If a sample is atomized in the gas-stop 
mode, variations in the atom-source position (for 
x G 8 mm) should not affect the absorption signal. 

EXPERIMENTAL 

The experimental investigation of the possible causes of 
enhanced absorption signals in the decomposition curves 
included, first, a study of the effect of the purge-gas flow 
conditions on the absorption signal with the atom source 
shifted from the furnace centre toward the tube end, second, 
a study of the dependence of Q,/(Q,), on furnace tem- 
perature at the charring stage for diKerent purge-gas 
flow conditions at the atomization stage, for a number of 
elements (Be, Bi, Na, Si). 

Perkin-Elmer models 603 and 5000 atomic-absorption 
spectrometers fitted with models HGA-76 and HGA-500 
electrothermal atomizers, respectively, were used, with stan- 
dard pyre-coated tubes. The purge gas was high-purity 
argon (oxygen content < lo-‘%). The lines used were Be 
234.9 nm, Bi 221.1 nm, Na 330.2 nm, and Si 251.6 nm. 

The variation of the absorption signal with longitudinal 
position of the sample for different purge-gas flow-rates was 
studied for bismuth and beryllium. The experiments were 
performed in the following way. A hole was drilled in the 
1.5mm thick wall of a ring of outer diameter 6 mm and 
length 3 mm, fabricated from a carbon rod. A shallow 
indentation was made in the inner surface of the ring 
opposite the hole. The ring was placed inside the furnace so 
as to bring the ring hole in line with the injection hole of the 
furnace. A IO-PI sample was injected into the indentation on 
the ring with an Eppendorf pipette. After drying of the 
solution the ring was moved to the desired position in the 
furnace, and the absorption signal Q, was measured under 
standard conditions’* (without the thermal pretreatment 
stage). 

The effect of purge-gas flow at the atomization stage on 
the shape of the decomposition curves was studied for 
beryllium, bismuth, sodium and silicon. A IO-PI sample was 
deposited on the inner surface of the furnace. Beryllium and 
bismuth were introduced into the furnace as nitrate sol- 
utions, silicon as a solution of sodium silicate and sodium 
as sodium chloride solution. The nitrates decompose at 
about 409-500 K with the formation of the oxides. Sodium 
silicate also decomposes into sodium and silicon oxides. 
Thus the compounds actually studied were Be0 (lo-* g), 
Bi,Or (lo-* g), SiO, (lo-’ g), and NaCl (lo-’ g). The 
thermal pretreatment was applied at the maximum argon 
flow-rate (300 ml/mm), for 40 sec. Atomization was in the 
“gas-stop” or “full-flow” mode. 

Figures 2 and 3 present the experimental curves 
showing the dependence of the absorption signal for 
beryllium (3 ng) and bismuth (10 ng) on the sample 
position, varied from the centre to the end of the 
tube, as obtained in the gas-stop and full-flow modes. 
In the gas-stop mode the absorption signal remains 
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Fig. 3. Relative variation of the absorption signal as a 
function of atom source position for the full-flow mode 
(with d = 4.5 mm). The points are the experimental data 

(@---Be; O-Bi). 

practically constant up to x = 8 mm, after which it 
drops off monotonically (Fig. 2). When the tube is 
purged with argon at a flow-rate of 300 ml/min, the 
f(x) US. x plot reveals a strongly pronounced maxi- 
mum (Fig. 3) corresponding to the ring with the 
sample being placed at a distance of 8 mm from the 
furnace centre. In both cases the experimental data 
were found to agree with the theoretical estimates. 
This supports our suggestion that the increase in the 
absorption signal in the thermal decomposition 
curves originates from a change in the atom-source 
position and from using the gas-flow mode at the 
atomization stage. 

The magnitude of the effect observed in the decom- 
position curves (Figs. 4 and 5) depends on the actual 
extent of sample redistribution. This, in its turn, 
depends on several factors, namely the mechanism 
and rate of the process involved, the metal vapour 
pressure, and the character of the longitudinal tem- 
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Fig. 4. Decomposition curves for 500 ng of NaCl (1, 2) and 
80 ng of Be0 (3, 4) for different sample atomization 
conditions: 1, 3-argon flow stopped, 2,4-full argon flow. 
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5. Decomposition curves for 15 ng of B&O, (1, 2) and 
ng of SiOz (3, 4) for different sample-atomization 

conditions: 1, 3-argon flow stopped; 2,4-full argon flow. 
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perature distribution during the pretreatment stage. 
As seen from Figs. 4 and 5, the increase in the 
absorbance is different for beryllium and bismuth 
oxides, although in both cases the effect is seen at 
similar temperatures. This may result from the 
differing decomposition processes-for beryllium, 
thermal reduction of the oxide by carbon,” and for 
bismuth, thermal dissociation of the oxide.14 

In the case of silicon oxide (Fig. 5) the sample 
redistribution again results from thermal reduction of 
the oxide by carbon, since the calculated temperature 
of the initiation of this process (around 1400 K)” is 
in accord with the beginning of the rise in the 
absorption signal. Transfer of sodium (Fig. 4) results 
from the sodium molecules being transported to the 
colder tube ends owing to the noticeable temperature 
gradient present (at < 1000 K) in the central part of 
the furnace. 

Thus, in all the cases considered, the rise in the 
absorption signal in the decomposition curves results 
from sample redistribution occurring at the thermal 
pretreatment stage. To prevent this process from 
affecting the analytical results, atomization should be 
done under gas-stop conditions. This recommen- 
dation conforms to the conditions favouring inter- 
ference-free analysis by use of platform fumaces.“~‘6 
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Summary-A review is given of the use of atomic-absorption methods for determining the trace impurities 
in high-purity metals. 

Atomic-absorption spectrometry (AAS) is one of the 
most promising methods of modern analytical chem- 
istry and is used for analysis of a great variety of 
materials. The low detection limits and sufficiently 
high accuracy provided by AAS with electrothermal 
atomization serve as the basis for application of this 
method for analysis of high-purity substances. The 
ability of AAS to compete successfully with emission 
spectrometry (ES) and spark-source mass- 
spectrometry (SSMS) methods for this purpose is 
shown in Table 1, which shows the detection limits 
for a wide range of elements, for the three methods 
being compared. In many instances AAS gives de- 
tection limits as low as those of SSMS but with better 
accuracy and precision: the relative standard devi- 
ation is in most cases 4-20% for AAS and 20-30% 
for ES and SSMS. The analysis time for 10-15 

micro-impurities is nearly the same for all three 
methods, but AAS is more convenient for running 
reagent blanks and especially for using the standard- 
additions method to deal with matrix effects. 

We have used AAS with electrothermal atom- 
ization for development of methods for analysis of 
some high-purity metals (Ag, As, Au, Ga, In, Re, Sn). 

DIRECT ATOMIC-ABSORPTION ANALYSIS 
OF HIGH-PURITY MATERIALS 

The potential of AAS is not always realizable, 
because of the matrix effects on the analytical signals, 
especially when they result in strong degradation of 
the sensitivity. Hence development of any atomic- 
absorption procedure starts with an investigation of 
matrix effects and ways of eliminating any un- 

Table 1. Absolute detection limits of impurities by ES,’ AAS and SSMS* methods 

Detection 
limits, R ES* AAst 

SSMS 
“thin layer”6 

lo-“-lo-‘* - 

10-‘*-10-” - 

lo-“-IO-‘0 - 

lo-R-10-9 

10-9-10-8 

lo-~-lo-’ 

lo-‘-lo-6 

Ag, B, Be, Cd, 
Cu, Ga, Mn, 
Pb, Zn 

Au, Ba, Bi, Co, Cr, 
Fe, In, Mg, MO, 
Ni, Pd, Se, Sn, 
Ti, Tl, V, Y, Zr 

Al, As, Ca, Hf, 
La, M, R, Sb, 
Te, W 

Ir, P, Ta 

Ag, Cd, Mg, Zn 
Be, Cd, Cr Cu, 
K, Li, Mn, Na, 
Yb 

Al, Au, Bi, Co, Cs, 
Fe, Ga, In, MO, 
Ni, Pb, Pd, Rb, 
Rh, Sb, Si, Sn, 
Sr, Ta 

As, Ba, Eu, Ru, 
Sc, Se, Te, V 

B, DY, Hg, 
Ho, Ir, Pt, Y 

- 

- 

Be, Mn, V 

Ag, As, Co, Cr, Cs, 
Cu, Ga, Hf, In, 
Ni, Rb, Re, Rh, 
Ru, Sb, Se, Sn, 
Sr, Te, Zn, Zr, 
REE 

Al, Ba, Ca, Cd 
Fe, Ir, K, Mg, 
MO, Na, P, Pb, 
S, Pt, Se, Ti, 
Tl, W 

Au, Bi, Nb 

- 

*Sample matrix-graphite powder (20 mg) + 0.5% NaCl. 
tAqueous solutions of salts of elements. 
$Impurities on the surface (area 1 cm*) of a polished silicon plate. 
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desirable ones. It often becomes in many cases neces- 
sary to remove major elements in a preliminary 
chemical separation. 

Analysis of tin and arsenic 

When readily volatile matrices are analysed it is 
possible to remove the interfering matrix by distilling 
it off from the graphite furnace at pre-atomization 
stages. We did this when developing methods for 
analysis of high-purity tin3 and arsenic:4 tin was 
volatilized as the tetrabromide and arsenic as the 
chloride and oxide. Much attention was given to 
optimizing this step. It was established that as the 
drying temperature was increased to 250-300” and 
the ashing temperature to 900-lOOO”, no more than 
1% of the As and l-5% of the tin remained in the 
furnace. At lower ashing temperature these quantities 
were higher and liable to interfere in determination of 
the trace analytes, but on the other hand, losses of 
these analytes may occur during matrix distillation, 
making a compromise necessary. In consequence of 
this we checked the change in the analytical signals of 
trace impurities as different quantities of the main 
components were distilled off. All the impurities were 
determined under the optimal conditions previously 
chosen (in the absence of matrix). It was shown that 
when the test solutions contained up to 20 mg of As 
or Sn per ml, Ag, Ba, Be, Ca, Co, Cr, Cu, Ni, Sr, V 
and Yb could be determined without interference. 
However, up to lO-22% of any Cd, Fe, Mg or Mn 
present could be lost during the matrix distillation so 
they were determined by making appropriate cor- 
rections. It was possible to determine Al, Ca, Co, Cr, 
Cu, Fe, Li, Mg, Mn, Ni, Sr in solutions containing 
As up to 20 mg/ml, and Cd, Pb, Zn in solutions 
containing As up to 10 mg/ml. There were losses of 
up to 90% of microimpurities of Al, Bi, Ca, Pb, Sb, 
Zn during distillation of Sn, and of Au, Sb, Si and Ga 
during distillation of As. These impurities cannot be 
determined by this method. 

Gn the basis of these investigations the following 
procedures for analysis of high-purity tin and arsenic 
are suggested. The tin sample (100 mg) is placed in 
a PTFE beaker, 1.5 ml of concentrated hydrobromic 
acid and 0.05 ml of bromine are added, and the tin 
is dissolved by heating at 65-68” for 4-5 hr in a 
thermostat. Demineralized water is then added to 
bring the volume to 5 ml, and the solution is analysed 
directly. The arsenic (200 mg) is dissolved in a mix- 
ture of 1.5 ml of 6M hydrochloric acid and 0.5 ml 
of 12M nitric acid by heating at 70” for 3-4 hr in 
a thermostat. The solution is diluted accurately to 
10 ml with demineralized water and analysed directly 
for all the impurities except Pb, Cd and Zn, for which 
an additional dilution is required. 

Ag, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, 
Sr, V and Yb are determined in tin, and Ag, Al, Ca, 
Cr, Cd, Co, Cu, Fe, Li, Mg, Mn, Ni, Pb, Sr, Zn in 
arsenic, with detection limits of lo-‘-lo-‘%, and 
relative standard deviation of 2-3%. 

Analysis of rhenium 

The opposite method-fractional evaporation of 
impurities from a very involatile matrix-was used 
for analysis of high-purity rhenium.s*6 The perrhenic 
acid obtained by dissolution of rhenium in hydrogen 
peroxide or nitric acid can be reduced to rhenium 
(m.p. 3167”, b-p. 5370”) in the graphite furnace. To 
ensure this, programmed thermal decomposition was 
used; under the optimal conditions used (Table 2) 
rhenium does not even melt, and micro-impurities of 
Ag, Al, Bi, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Zn 
can be determined with detection limits in the range 
10-7-10-4%. However, rhenium slightly depresses 
the signal from some of the impurities and consid- 
erably decreases the signal for Bi. An attempt to 
lower the detection limits through extractive sepa- 
ration of the matrix with 0.3M tri-n-octylamine oxide 
in toluene decreased the detection limits for Cd, Cr 
and Pb by one order of magnitude, for Ni by two 
orders, and for Bi by three orders, but limits for Al, 
Ca, Fe, Mg, Mn, Zn either did not decrease or 
sometimes grew, because. of an increase in the blank 
signal, due to the large quantities of reagents used 
and additional operations necessary. Thus it is expe 
dient to employ two methods for analysis of rhenium: 
the direct method for the determination of Ag, Al, 
Ca, Cu, Fe, Mg, Mn, Zn with detection limits ranging 
from 5 x lo-’ to 2 x 10e5%, and the extraction 
method for the determination of Bi, Cd, Cr, Ni, 
Pb with detection limits in the range 4 x lo-* - 
1 x lo-6%. 

ATOMIC-ABSORPTION ANALYSIS OF HIGH-PURITY 
METALS WITH CONCENTRATION OF IMPURITIES 

As noted above, the direct AAS analysis of pure 
substances is not always possible because of strong 
depression of the analytical signal by the main com- 
ponent. To eliminate this effect, the matrix must be 

Table 2. Conditions for determination of impurities in 
rhenium* 

Ashing 

Time of 
temperature Final Atomization 

increase, temperature, temperature, 
Element set “C “C 

AS IO 600 2500 
Al 60 1450 2700 
Bi 70 600 1900 
Ca 60 1400 2340 
Cd 70 600 1900 
cu 75 1000 2550 
CI 45 1200 2700 
Fe 35 1150 2530 

Mg 80 1150 2500 
Mn 15 1000 2600 
Ni 1150 2560 
Pb ;: 700 2100 
Zn 85 700 1900 

*Drying for 20-60 set at 100”. 
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separated from the analytes and this is usually done 
by extraction of the matrix or the impurities. 

Analysis of indium and gallium 

Because of the matrix effect, only Al, Ca, Cu, Mg 
and Mn can be directly determined in gallium with 
sufficiently low detection limits (5 x 10m6 - 
1 x lo-9%). The extractive separation of In and Ga 
by /3,fi’-dichlorodiethyl ether (chlorex) has been em- 
ployed for widening the number of determinable 
impurities. It is necessary to reduce the quantity of 
matrix metal in the aqueous phase to not more than 
50 pg. In and Ga can be most completely removed 
by extraction with freshly distilled chlorex at pH Q 1. 
The aqueous phase must contain no nitrate, as gal- 
lium nitrate is not extracted by chlorex. The pro- 
cedure recommended is as follows. Metallic gallium 
(1 g) is dissolved in a mixture of 3 ml of 12M 
hydrochloric acid and 1 ml of 14M nitric acid by 
heating at 95” for 1618 hr in a thermostat. The 
solution is evaporated to a syrup, 1 ml of 12M 
hydrochloric acid is added and the solution evapo- 
rated again, to give more complete conversion of 
gallium nitrate into the chloride complexes. The 
residue is transferred into a separating funnel with 10 
ml of 12M hydrochloric acid and Ga extracted with 
three lo-ml portions of chlorex. The aqueous phase 
is evaporated at 80” and the residue dissolved in 2 ml 
of 0.3M hydrochloric acid, and this solution anal- 
ysed. Metallic indium (1 g) is dissolved in 4 ml of 8M 
hydrobromic acid at 60-70”. The solution is evapo- 
rated to dryness, and the residue is taken up in 5 ml 
of 8M hydrobromic acid and transferred into a 
fused-silica separating funnel. In is separated by 
extraction with three lo-ml portions of chlorex at the 
phase-ratio org : aq = 2 : 1. The temperature control 
during the dissolution and the use of small volumes 
of the acids minimize the content of impurities in the 
blank run. The methods make it possible to deter- 
mine 23 impurities in Ga and 21 impurities in indium 
with detection limits of lo-*-lo-9% and relative 
standard deviations of 4-30%.‘.* 

Analysis of gold and silver9*‘0 

An initial study of the mutual effects of the anal- 
ytes in hydrochloric and nitric acid media showed 
that 50-fold w/w ratio of each of the other impurity 
elements does not affect the determination of As, 
Cd, Co, Cr, Cu, Fe, Ir, Ni, Mn, MO, Pd, Rh, Sb, Zn 
in nitric acid medium, and As, Cd, Co, Cr, Cu, Fe, 
Ir, Mn, MO, Ni, Pd, Rh, Zn in hydrochloric acid 
medium, but considerable interfering effects are 
found for Ag, Sb, Fe, Bi, Pb, Pt and Se in hydro- 
chloric acid medium and for Bi, Pb, Se and Te in 
nitric acid medium. To eliminate the interfering 
effects buffering with copper sulphate (5-mg/ml Cu) 
can be used. Matrix effects are caused by lOO-pg/ml 
Ag and I-mg/ml Au for all the impurities being 
determined. To eliminate the matrix effects an 
extractive separation of the matrix was used: silver 

was extracted with a solution of O-isopropyl-N- 
methylthiocarbamate in chloroform, and gold with a 
solution of di-n-butylsulphide in chloroform. All the 
micro-impurities except Pd remain completely in the 
aqueous phase. Pd was therefore determined in a 
separate sample: in gold after extractive separation of 
the gold with diethyl ether, and in silver by extraction 
of the Pd with 0.3M dioctylsulphoxide in toluene. 

Sample preparation is as follows. Gold (l-10 g) is 
dissolved in a mixture of nitric and sulphuric acids 
(1: 3) with addition of hydrogen peroxide, then the 
nitric acid is removed by repeated evaporations with 
concentrated hydrochloric acid. Gold is then ex- 
tracted from 2M hydrochloric acid with 1M di-n- 
butylsulphide in chloroform, and the aqueous phase 
is evaporated to give a moist residue. This is dissolved 
in 5-25 ml (accurately measured) of O.lM hydro- 
chloric acid and aliquots are analysed for Ag, As, Bi, 
Cd, Pb, Pt, Se and Te after addition of copper 
sulphate. Silver (0.5 g) is dissolved in 1.8 ml of 6M 
nitric acid and the solution diluted to 5 ml with 
demineralized water. Silver is then extracted with an 
equal volume of 2M O-isopropyl-N-methylthio- 
carbamate in chloroform. The aqueous phase, after 
washing with a 0.2M chloroform solution of the 
extractant is evaporated, the residue is dissolved in 
O.lM nitric acid and the solution obtained is analysed 
for As, Bi, Cd, Pb, Sb, Se, Te with copper sulphate 
added as buffer. Use of the buffer improves the sensi- 
tivity and precision for all these elements, whether 
they are subject to mutual interference or not. 

To bring Rh and Ir completely into solution, a.c. 
electrolytic dissolution of a separate sample is used. 
The detection limits for impurities in Ag and Au are 
1 x 10-9-2 x lo-6%. 

Silver and gold can be analysed for P and Si by an 
indirect method based on atomic-absorption deter- 
mination of the molybdenum in phosphomolybdic 
acid (PMA) and silicomolybdic acid (SMA) formed 
from these elements. Gold is first separated by extrac- 
tion with diethyl ether then PMA is formed with 
ammonium molybdate and extracted with a mixture 
of n-butanol and carbon tetrachloride (1: 3), and the 
molybdenum is stripped with 3M ammonia and 
determined by AAS. Because silicon may be lost by 
conversion into inactive silica during the decom- 
position of the sample, the silicon was co-precipitated 
on AgCl as carrier and subsequently converted into 
an active form by heating the AgCl with sodium 
hydroxide, filtering, and adding the filtrate to the 
main solution for analysis. PMA was extracted 6rst 
with a mixture of n-butanol and carbon tetrachloride 
(1: 3) from nitric acid, then SMA was extracted from 
sulphuric acid medium with isoamyl ether. To deter- 
mine silicon, the absorption of the molybdenum in 
the organic phase was measured; phosphorus was 
determined by stripping the PMA and measuring 
molybdenum in the aqueous phase. The detection 
limit for P and Si in silver and for P in gold was 
5 x lo-‘%, the relative standard deviation <6%.” 
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Table 3. Detection limits for flameless atomic-absorption determination of trace. impurities in pure 
metals (%) 

Metal analysed 

Impurity AS Sn Re In Ga Ah A8 

Ag 
Al 
As 
Ba 
Be 
Bi 

:: 
co 
Cr 
cu 
Eu 
Fe 
In 
Ir 
Li 

M8 
Mn 
MO 
Ni 
Pb 
Pd 

2 
Sb 

: 
Sr 
Te 
V 

Yb 
Zn 

2 x 10-e 2 x lo-6 9 x 10-7 
9x 1o-6 - 2 x lo-5 

- 
- 
- 
- 

3 x lo-’ 
5 x lo-’ 
5.x lo-6 
1 x 10-e 
2 x lo-6 

- 
9 x 10-C 

- 
- 

2 x lo-6 
5 x 10-h 
8 x IO-’ 

- 
7 x lo-6 
4 x lo-6 

- 
- 
- 
- 
- 
- 

6 x lO-6 
- 
- 
- 

5 x 10-e 

- 
6 x lO-5 
3 x 10-7 

- 
2 x 10-J 
3 x 10-7 
5 x 10-e 
1 x 10-b 
2 x 10-6 

- 
6 x lO-6 

- 
- 
- 

5 x lo-6 
1 x 10-C 

- 
7 x lo-6 

- 
- 
- 
- 
- 
- 
- 

5 x 10-b 
- 

1 x 10-5 
2 x 10-G 

- 

- 
- 
- 

2 x IO-’ 
2 x IO-5 
4 x 10-g 

- 
3 x 10-7 
7 x 10-e 

- 
8 x lO-6 

- 
- 
- 

6 x lo-’ 
6 x IO-’ 

- 
1 x lo-6 
1 x 10-7 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

6 x IO-’ 

5 x 10-E 2 x lo--* 
5 x 10-S 2 x 10-h 

- 5 x lo-’ 
2 x 10-6 2 x 10-e 
5 x lo-* 5 x 10-n 
5 x 10-7 2 x lo-’ 
5 x IO-5 4 x 10-S 
3 x 10-a 2 x IO-9 
2 x lo-’ 2 x lo-’ 
3 x lo-’ 4 x 10-s 
1 x lo-’ 1 x 10-7 
1 x 10-e 1 x lo-6 

- - 
- 1 x lo-’ 
- 

- 6 x lO-8 6 x lo-* 
9 x lo-6 4 x 10-6 
9 x 10-7 1 x lo-’ 

- 
- 9x10-’ 4 x lo-6 

9 x lo-’ 1 x 10-7 
- - 
- - 
- - 
- 

- 2 x 10-6 2 x 10-b 
- 

- 2x10-7 2 x lo-’ 
- 

- 3x10-6 3 x 10-b 
4 x lo-* 4 x lo-s 
3 x lo-5 9 x 10-e 

4 x IO-8 
- 

2 x IO-’ 
- 

- 
- 

2 x 10-7 
- 

- - 
2 x 10-s 2 x IO-8 

- - 
2 x 10-g 2 x lo-9 
2 x lo-’ 2 x 10-7 
8 x lo-* 8 x lo-* 
1 x lo-’ 1 x 10-7 

- - 
8 x lo-’ 8 x IO-’ 

- - 
4 x 10-h 4 x 10-7 

- - 
- 

6 x lo-* 
4 x IO-’ 
2 x lo-’ 
2 x lo-’ 
1 x 10-h 
4 x 10-7 
2 x 10-7 
4 x 10-7 

- 
2 x 10-b 

- 
1 x 10-e 

- 

- 
6 x lO-s 
4 x lo-’ 
2 x lo-’ 
2 x lo-’ 
1 x lo-6 

- 
2 x 10-7 
4 x lo-’ 

- 
2 x 10-G 

- 
1 x lo-6 

- 
- 

2 x lo-s 
- 

2 x 10-8 

The possibility was also examined of determining 
platinum metals in Ag and Au by direct analysis of 
solid samples in a graphite furnace,‘* which elimi- 
nates the time-consuming sample pretreatment and 
significantly reduces the interelement effects. A IO-mg 
sample was placed in the hollow of a L’vov platform 
installed in the central part of the graphite furnace. 
Standards were made of artificial alloys made from 
Ag and Au of 99.9999% purity. For analysis of silver 
the heating conditions chosen made it possible to 
distil off as much as 8&90% of the matrix before 
atomization of the analytes began. A two-stage 
temperature programme was used: stage I-distilling 
off the matrix at 2100” for l-l.5 min; stage II- 
atomization of impurities at 2650” for 15-20 sec. 
The detection limits for Pt, Pd and Rh in silver are 
(2-S) x 10m9 g, relative standard deviation c lo%, 
and the limits for Pd and Rh in gold are 6 x 10T9 and 
2 x lo-’ g, respectively. Under the optimum condi- 
tions for determining Pd and Rh in gold (stage 
1-1100-1200” for 30 set; stage 11-2650” for 
15-20 set) only 30-40% of the gold is distilled off, so 
a control sample is used to correct for the residual 
matrix effect. No interelement effects have been de- 
tected. 

DISCUSSJON 

Application of electrothermal AAS has allowed us 
to develop sensitive methods for analysis of some 
high-purity metals for a wide range of elements. The 
detection limits for the impurities in all the metals 
tested are summarized in Table 3. AAS also makes it 
possible to determine the impurities that give poor 
sensitivity in emission spectrometry. These include P, 
Si and Hg. The “cold vapour” technique can be used 
to determine Hg in pure Cd, Ge, In and Te, with a 
detection limit of N 10d6%.13 

There are still possibilities for lowering the de- 
tection limits for some impurities, particularly the 
common ones by better optimization of the experi- 
mental conditions and greater purification of re- 
agents. 

Problems arise however, when concentration tech- 
niques are used. As a rule, a l-g sample is used with 
extractive concentration. Electrothermal AAS for 
15-20 micro-impurities requires about 1 ml of solu- 
tion, so the impurity concentration (w/w) in the 
solution analysed is about the same as in the original 
material. With larger sample weights (up to 10 g) a 
higher concentration can be achieved in the same 
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volume of solution, as shown above for gold. How- 
ever, this frequently leads to an increase in the 
content of impurities in the reagent blank and hence 
in the detection limits. Consequently it is preferable 
to use those methods of enrichment which use large 
sample weights but with minimum consumption of 
reagents. These include distillation, precipitation and 
so on. The advantages of such methods are illustrated 
by the analysis of high-purity tin by combination of 
electrothermal AAS determination of impurities with 
distillation of the matrix as tin tetrabromide, the 
detection limits for determining Ag, Ca, Co, Cr, Fe, 
In, Mg, Mn, Ni, Pb, Zn then being as low as 
1 x 1o-9-5 x 10-E%. 
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!3ummary-A new method has been devised for determination of oxygen in fusible metals and compounds 
based on them, viz., by electrochemical extraction of oxygen with the help of a specially designed solid 
electrolyte cell. The physiocochemical conditions for the method to be used, and the analytical 
characteristics, are discussed. Results are given for determination of oxygen in a number of high-purity 
fusible metals. The relative standard deviation is inversely proportional to the mean oxygen concentration 
in the sample. 

High-purity fusible metal8 are widely used as com- 
ponents of semi-conducting materials.’ Many studies 
have stressed the great influence of oxygen on 
some galvanometric and optical properties of semi- 
conducting compounds,2-5 but this influence cannot 
be examined quantitatively until reliable methods for 
determining elemental oxygen in these materials are 
available. 

Many workers have tried to determine the oxygen 
content of fusible metals and the experience gained 
has been summarized. H’ The existing methods are as 
follows: high-temperature extraction, chemical, 
nuclear-physical, mass-spectrometric and molecular 
and electron spectroscopic. The last three can some- 
times provide information on the surface content of 
oxygen in the sample. In spite of some progress, the 
problem of determining oxygen concentrations at the 
level of 10m5% w/w in such materials as cadmium, 
antimony, gallium, tellurium and their combinations 
is yet to be completely solved. When high- 
temperature extraction methods are used, the analysis 
is difficult owing to the high vapour pressures of these 
elements. The use of molecular spectroscopy methods 
is restricted because it is difficult to identify the 
spectra. Also, like the nuclear-physical methods they 
call for special procedures and precision equipment. 
Implementation of the existing methods is faced with 
the problem of calibrating the equipment, since stan- 
dard samples of fusible metals or reference gaseous 
mixtures are practically unavailable. 

This paper partially summarizes our long experi- 
ence in using solid electrolytic cells (SECs) for prac- 
tical analysis with a view to determ@ng oxygen in 
fusible metals. A new method of analysis, electro- 
chemical extraction of oxygen with the help of SECs 
has been described.12 This method is devoid of the 
shortcomings listed above and requires no cali- 
bration. The sample to be analysed is dissolved in a 
fusion mixture in an inert atmosphere, and as this 
takes place, the oxygen present in the sample passes 

into the melt and is removed from it with help of an 
SEC immersed in the melt and working in a coulo- 
metric mode. The quantity of electricity required to 
remove the oxygen gives the initial content of the 
latter in the sample analysed. 

The factors to be taken into account when the new 
method is used are as follows: the electrophysical 
characteristics of the SEC, the type of bath for fusing 
the sample, the oxidation potential of oxygen in the 
gaseous phase above the bath, the electrochemical 
deoxidation of the melt, and selection of the optimum 
analysis conditions. Further interpretation of the 
results for high-purity substances (containing 
10-4-10-5% w/w oxygen) requires the background 
concentration of oxygen in the bath to be taken into 
account and the corresponding calculation formulae 
to be derived. 

PHYSICOCHEMICAL PRINCIPLES 
OF THE METHOD 

Electrophysical characteristics of SECs 

The key problems are to find the temperature range 
in which the SECs possess practically uni-polar 
oxygen-ion conductivity adequate for efficient 
electrochemical extraction and to select SEC elec- 
trodes that will provide high exchange currents and 
reversibility. In our work, we used the well-known 
electrolytes based on Zr02 doped with the oxides 
of bi- or tervalent metals: calcium, yttrium and 
scandium. In the 40-800” temperature range the 
ion transport number of these SECs is close to 1, 
the electric conductivity being 10-3-10-’ ohm-‘. 
cm-1.13~14 This is sufficient for efficient mass transfer 
of oxygen. The electrochemical aspects of SECs have 
been well studied and discussed.15*16 Thus, analysis of 
literature sources and experimental investigations 
helped US to choose platinum-air SEC electrodes for 
purification of the inert gas and measuring its poten- 
tial. In the reactor, the oxygen solution in liquid 
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metal is used as the cathode and platinum-air or 
silver-air electrodes as anodes. 

Type of fusion bath 

The type of bath is selected with a view to serving 
three purposes simultaneouslv: 

(a) the bath is the SEC cathode, and the oxygen 
dissolved in it has a certain activity and its electrical 
conductivity should not be lower than that of the 
SEC; 

(b) the bath is a solvent for the sample being 
analysed and should have low vapour pressure; 

(c) the bath is a reservoir for the oxygen present in 
the sample; it must be possible for oxygen to be 
introduced into it or removed from it, without risk of 
oxygen loss into the gaseous phase and binding in a 
chemical compound that is not susceptible to dis- 
sociation under the experimental conditions. 

Analysis of the literature data with due regard to 
all these requirements helped us to select as optimal 
the melts of fusible metals, tellurium-based com- 
positions and of alkali-metal halides. Some of 
the recommended bath compositions are given in 
Table 1. 

The oxidation potential in the gaseous phase above 
the melt is preset with a view to preventing oxidation 
of the melt. Inert gases, argon or helium, are used as 
the gaseous phase. The procedure involves electro- 
chemical removal of oxygen from the inert-gas flow 
by means of the SEC working in coulometric mode. 
The electrochemical cell is 

Pt,O, in inert gasl0.85 ZrOr + 0.15 CaO(Pt, air 

By application of an electromotive force to the SEC 
electrodes, mass transfer of oxygen from the inert gas 

Table 1. Recommended fusion baths 

Sample 

Tin, lead, cadmium, silver 
Bismuth, antimony, copper 
Gallium 
Tellurium 
Zinc 
Magnesium 

Electrical 
Bath connection 

Tin, lead Molybdenum 

Gallium Platinum 
Tellurium Platinum 
Zinc, tin Molybdenum 
Tin Molybdenum 

Salt melts are used for selective desorption of surface-sorbed 
oxygen into the melt. 

into the air is ensured (through the SEC). The 
oxidation potential is kept under control by a similar 
SEC working in potentiometric mode.” A schematic 
diagram of the apparatus is given in Fig. 1. Electro- 
chemical removal of oxygen from the inert gas flow 
is done in block 1 and PO2 is controlled in block 3 
located after the reaction chamber 2. Provision is 
made for switching the gas flow from block 1 directly 
into the oxidation-potential control block 3, and 
by-passing block 2. Curves of the SEC e.m.f. in 
block 3, and the corresponding PO, levels, vs. time, 
are shown in Fig. 2. In section a the PR in the inert 
gas is measured, without introduction of purification. 
Section b corresponds to electrochemical purification 
of the inert gas in block 1 to remove oxygen. P,, 
levels as low as lo-*’ Pa may be achieved. Section c 
corresponds to the gas flow being switched over to 
the inlet of the reaction chamber 2. Section d charac- 
terizes the removal of oxygen from the reaction 
chamber. Curves 1, 2 in this section correspond to 
different inert gas-flow rates. At high flow-rate, oxy- 
gen is carried through block 1 too rapidly for com- 
plete reaction, resulting in inadequate purification of 
the inert gas. Curve 3 corresponds to instances of 

I- I 
I E Sample I 

Ar 

[ 

Ar 

Fig. 1. Schematic diagram of experimental installation: l-block for experimental removal of oxygen 
from the gaseous phase; 2-the reaction chamber; 3-block for control of Pa in the gas phase. 
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Fig. 2. Curves of PO, in block 3 vs. time: a-Po, in AK without purification; 6-P,, in Ar after switching 
to purification in block 1; c-gas-flow switched over to the inlet of the reaction chamber; d-removal 
of oxygen from the reaction chamber. Curves 1,2 correspond to 12 and 4 m&c inert-gas flow respect- 

ively; curve 3 shows the effect of leaks in the gas lines. 

large quantities of oxygen accumulating in the reac- 
tion chamber (owing to leaks in the gas lines). The 
shape of these curves is determined by the volume 
of the reaction chamber and gas lines. The oxidation 
potential values in block 3 are adjusted by altering the 

Pu~IpH~o ratio in the inert gas during electrochemical 
removal of oxygen in block 1. 

Electrochemical deoxidation of the baths 

This is done in order to make the oxygen concen- 
tration in the melt much lower than the equilibrium 
concentration. A simplified diagram of the electric 
circuit for switching on the SEC in the reaction 
chamber is shown in Fig. 3. For the open circuit, I&c 
may be written as 

E SEC = 

RT (Pgf)“* AG 
%ln--- 

[Olf 2F 
(1) 

where R is the gas constant, F the Faraday constant, 
Pg is 0.21 atm, [0] is the oxygen concentration in the 
bath, % w/w, f is the oxygen activity coefficient, and 
AG is the Gibbs free energy of oxygen dissolution in 
a given melt. 

On application of an impressed e.m.f. 
E ,mp = 1.3-1.5 V to the SEC electrodes and closing 
the key K (Fig. 3), oxygen is electrochemically re- 
moved from the bath. Here, the current flowing 
through the SEC is 

i= (-%p - &EC - 4,) 
R 

(2) 

where f-l is the overall electric circuit resistance and 

Recorder 

i IL_ 
1 I 1 I 1 

+ 

Fig. 3. Electrical circuit scheme. 

t.A.L. Y/I-K 

’ E,, is the SEC polarization voltage when the current 
i is passed through it. On the other hand, owing to 
convective stirring of the melt and cathodic concen- 
tration polarization of the SEC, the current corre- 
sponding to the stabilized stationary oxygen flow 
through the diffusion layer at the melt/SEC interface 
is given by 

i = a([O] - [0],) = y [O]; ([0], = 0) (3) 
100 

where a is a proportionality constant, S is the elec- 
trode surface area (cm’), D is the oxygen diffusion 
coefficient (cm*/sec), 6 is the thickness of the 
melt/SEC interface diffusion layer (cm), [0] is the 
oxygen concentration in the bath (% w/w) [O], is the 
oxygen concentration in the melt/SEC interface (% 
w/w) 6 is the electrochemical equivalent of the O*- 
ion (g), and p is the density of the melt (g/ml). Typical 
melt deoxidation curves are shown in Fig. 4. 

There is a dynamic equilibrium between the oxygen 
flow accumulating in the melt from the gaseous phase 
or due to dissociation of oxygen-containing phases 
on the bath surface and the flow of oxygen removed 

6- 

I I I 
5 10 15 20 

t (min) 

Fig. 4. Typical melt deoxidation curves: curve I-Te melt, 
mass of melt 3.724 g, 2’ = 570”, Eimp = 1.51 v; curve 2-Pb 

melt, mass of bath = 6.923 g, 7’ = 586” Eimp = 1.49 V. 
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’ GiSEC 

Fig. 5. Correlation between flow of oxygen from the gaseous 
phase to the melt and flow of oxygen removed from the melt 
by the SEC during the deoxidation-schematic presentation 
{section A is responsible for removal of more than 90% of 

the initial oxygen content). 

from the bath through the SEC, and this equilibrium 
corresponds to the ultimate value of the oxygen 
removal current i+. With this in mind, and taking into 
account the fact that initially the oxygen flow from 
the gaseous phase into the melt is zero (the melt and 
the gaseous phase are in equilibrium), the conclusion 
can be drawn that as the melt is deoxidized the 
oxygen flow from the gaseous phase into the melt 
varies from 0 to its peak value of i&E/F. Figure 5 
explains this schematically. The oxygen removal 
curves (see Fig. 4) show that the initial value of the 

electrode 

I 

I 
S 

SEC >’ 'G, SEC 

imrl+/SEC ” ’ G/SEC 

Fig. 6. The optimal geometry of the SEC for deoxidation. 

oxygen removal current (iO) exceeds its final value (i+) 
by one or two orders of magnitude. 

Therefore, it can be said that during electro- 
chemical removal of the bulk oxygen from the non- 
deoxidized melt (section A in Fig. 5) the contribution 
of oxygen accumulation in the bath is negligible. 
Experiment has shown that it is section A (Fig. 5) 
that is responsible for more than 90% reduction of 
the oxygen concentration from the saturation level to 
the background concentration. Thus, equation (4) 
can be used to describe the oxygen removal in this 
section: 

i-i+_ SDpt 
In-_ -_ 

iO - i+ mbh 6’ 
(4) 

where &, is the current corresponding to the oxygen 
saturation concentration in the bath. By finding the 
oxygen mass transfer coefficient (D/6) from equation 
(4) it is easy to evaluate the oxygen concentration in 
the bath from the value of the current flowing 
through the SEC. 

[O] = KdSiJD (3 
where K is a constant and the ion transfer number is 
about 1. To create conditions for equation (4) to be 
satisfied, the oxygen flow from the gaseous phase into 
the melt and on to the SEC must be co-ordinated. 
The PO2 in the gaseous phase is made almost equal to 
PO2 for equilibrium with Me,O,, in the bath. In this 
case, the oxygen concentration in the melt/gaseous 
phase interface is close to that of saturation and no 
oxygen leakage from the bath into the gaseous phase 
takes place. The deoxidation effect can be enhanced 
by selecting the correct shape for the SEC, making 
the oxygen-removal flow through the SEC much 
greater than that of oxygen accumulation in the melt 
from the gaseous phase. This is achieved by making 

~s~c~~~~~~~~~ pi (see Fig. 6). 

Determination 

Dumping the sample into the melt results, as a rule, 
in greater oxygen activity in the bath, owing to the 
oxygen introduced into the melt by the sample. 
According to equation (l), this causes the SEC e.m.f. 
to decrease, and consequently the analytical signal to 
appear (the current passing through the SEC in- 
creases) [see equation (2)]. As oxygen is removed 
from the bath, the current passing through the SEC 
will tend to acquire its original background value. 
From the material balance of oxygen in the system we 
obtain for the oxygen concentration in the sample (c): 

C={E/(it-io)dt)+C& % w/w (6) 

where C& is the background oxygen concentra- 
tion in the bath, % w/w. Experience has shown 
that C&,, is in the range 1O-6-1O-5% and can 
generally be neglected in comparison with C values 
of 10-4-10-3% w/w. 
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Fig. 7. Typical analytical signals; curve l-mass of Pb 
sample=0.039 g, Q =0.139 x lo-* C, G = 1.1 x lo-’ g, 
C = 2.9 x lo-‘% w/w; bath Pb (7.210 g); curve 2-mass of 
Te sample = 0.042 g, T = WY, G =0.99 x IO-’ g, 
Q = 0.121 x lo-* C, C = 2.4 x lo-‘% w/w, Elmp = 1.52 V. 

If necessary, CL, is determined by either equation 
(5) or (7): 

CL, = 
1 OOGi+ 

Ai(mb + m-J 
% w/w (7) 

where G = eQ/F and Ai = i_ - i+. Both formulae 
yield results that agree satisfactorily. The spread of 
results from formulae (5) and (7) is characterized by 
a relative standard deviation S, of about 12-15%. 
This spread is due to the approximation in modelling 
the convectively stirred melt as a series of standard- 
depth diffusion layers. Also, when the sample is 
dumped into the melt the conditions corresponding 
to the initial sections of the curve for 
ln(i - i,)/(i,, - i$) =f(t) are disturbed. 

The experimental system was assembled according 
to Fig. 1. Partial oxygen pressures were built up to 
the level of lO_” Pa in the gaseous phase. The 
pre-chosen bath was deoxidized to lO-6-lO-s % w/w 
residual oxygen concentrations. The current yield 
through the SEC for the background level indicated 
when the system was ready for operation. 

The analyses done showed that dry mechanical 
machining of the sample surface with a scalpel or 
chipping-off the sample from the bulk of the material 
were the most efficient means of sampling. The 
samples were weighed to f 1 mg, which was sufficient 
precision for the overall sample mass of N-100 mg. 

Typical analytical signals and the results of deter- 
mination of oxygen in a number of high-purity 
fusible metals are shown in Fig. 7 and Table 2. The 

Table 2. Determination of overall oxygen content 
(C) in samples (volume + surface; dry machining of 

sample surfaces; n replicates) 

Element 
(C *w, . 

lo-4% w/w n Sample No. 

Tellurium-l 
Bismuth 
Lead-l 
Lead-2 
Tin-l 
Tellurium-2 
Tin-2 
Lead-3 
Cadmium-l 
Antimony 
Cadmium-2 
Gallium 
Tellurium-3 
Tellurium-4 
Tellurium-5 
Tellurium-6 
Tellurium-7 

28.6 f 8.4 18 
7.5 f 1.6 16 : 
6.3 f 1.6 23 3 
5.3 f 1.3 18 4 
5.0 f 1.0 19 5 
4.6 f 1.9 7 
3.7 f 0.7 15 ! 
3.2 f 0.9 12 8 
3.0 f 0.6 18 9 
2.5 f 0.5 18 19 
2.1 f 0.6 13 11 
1.4 f 0.7 10 12 
1.3 It: 0.3 18 13 
0.9 f 0.2 14 14 
0.4 &- 0.2 6 15 
0.3 f 0.2 6 16 
0.2 + 0.2 7 17 

Samples 13-17 were prepared by chipping-off from 
the bulk of the material. 

correctness of the determinations for lead, tin, cad- 
mium, copper and indium samples was established 
by the analysis of samples with a weighed oxygen 
content and by analyses with control methods (see 
Table 3). The limit of detection was assessed by the 
2s criterion. The spread of data observed is due to 
heterogeneous oxygen distribution in the sample vol- 
ume and to surface contamination of the samples. 
Table 4 gives the detailed results for determination of 
oxygen in cadmium. Analyses of bismuth (n = 16) 
and antimony (n = 18) samples gave mean oxygen 
contents of (7.5 + 1.6) x lo-‘% and (2.5 + 0.5) x 
lo-‘% w/w (95% confidence limits), respectively. A 
tin sample (n = 30) gave (5.3 k 1.0) x lo-‘% and two 
tellurium samples (n = 18) gave (2.9 + 0.8) x 10e3% 
and (1.3 & 0.3) x lo-‘%. 

Sources of error 

The main sources of error are in weighing the 
sample and determining the amount of electricity 
required to reduce the oxygen. From the law of 
propagation of independent random errors we can 
write 

S, = { /~}lOO,F% (8) 

Table 3 

Metal 

Lead (3.2 f 1.1) x IO-’ 
Tin (4.4 f 0.8) x IO-’ 
Cadmium (2.1 f 0.6) x IO-’ 
Copper (4.5 f 0.4) x 10-2 
Cu-10 (8.1 f 0.7) x IO-’ 
In VHP-90 (1.0 f 0.7) x lo-’ 

(C f w, 
Sa, % n comparison % w/w 

10 12 ’ (4* 1) x 10-4 
10 19 (4 f 1) x lo-’ 
10 13 (1.4 f 0.7) x 10-4 
5 16 (4.9 f 0.7) x lo-* 

10 10 (8.0 f 0.6) x lo-’ 
10 (0.91 f 0.05) x IO-’ 

(1.1 f 0.4) x lo-’ 

Method of 
comoarison 

neutron activation 
neutron activation 
isotopic dilution 
vacuum fusion 
copper standard 
y-activation analysis 
reduction fusion 
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Table 4. Determination of oxygen* in cadmium 

Sample 
No. weight, g Q, IO-’ C G, lo-’ g C, 10-4% w/w T, “C 

1 
2 
3 
4 
5 
6 

; 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0.040 0.124 1.0 
0.020 0.083 0.7 
0.033 0.125 1.6 
0.026 0.130 1.1 
0.115 0.423 3.5 
0.013 0.024 0.2 
0.016 0.076 0.6 
0.014 0.050 0.4 
0.045 0.079 0.6 
0.058 0.086 0.7 
0.109 0.522 4.3 
0.086 0.180 1.5 
0.034 0.160 1.3 
0.031 0.161 1.3 
0.019 0.068 0.6 
0.095 0.131 1.1 
0.122 0.731 6.0 
0.145 0.248 2.1 

::: 
4.9 
4.2 
3.1 

:*; 
3:o 
1.4 
1.2 
4.0 
1.7 
3.9 
4.3 
3.0 
1.1 
5.0 
1.4 

610 
610 
610 
610 
610 
602 
602 
602 
602 
602 
598 
598 
598 
598 
596 
598 
598 
598 

*95% confidence limits: C = (2.9 f 0.6) x 10-40h w/w. 

where (dm) and (dQ) are the precisions of measuring 
mass and charge respectively. With (dm) = 0.001 g, 
(de) = 1.2 x 10-5, Q = 4 x 1O-4 C, m = 0.100 g, 
w/w, which are typical values, we get S, = 5% for an 
oxygen content C,, of 5 x 10-50h w/w, and 20% for 
C = 3 x lo-‘% w/w. The practical range for S, 
m?be taken as 20-5% for C-,=(1-10) x 1O-so~ 
w/w. 

One of the systematic errors is binding of some of 
the oxygen from the sample dissolved in the bath, to 
form an Me,O,-type compound which does not dis- 
sociate under the conditions used. Traces of elements 
such as Al, Ti, Zi, Hf, V, Nb, Ta, present in the bath 
or in the sample, would cause such an effect. How- 
ever, by making the baths from pure metals produced 
by zone-refining with a residual aluminium (or simi- 
lar metal) content of about 10-7-10-6% w/w, we can 
disregard irreversible losses of oxygen caused by its 
binding as M,O,, in the bath metal. The presence of 
such a metal in the sample, however, would simply 
result in determination of the dissociable oxygen 
content, and not the total oxygen content. 

Another systematic error is due to the SEC ion 
transfer number not being equal to I. Nevertheless, 
this need be kept in mind only in analysis of high- 
purity substances when the overall oxygen content in 
the sample is determined against the background 
oxygen concentration in the bath. In other cases, the 
differential signal is integrated. In baths deoxidized 
with help of the SEC the background oxygen concen- 
tration is lO-‘j% w/w, so in the majority of cases it 
can be disregarded and the error caused by the non- 
ionic component of the conductivity in the SEC is not 
great (the ion transfer number is approximately 1). 

In special cases, the ion transfer number is deter- 
mined beforehand by one of the known methods.‘s 

Surface contamination of the sample is the main 
source of systematic error. Experiments have shown 
that if the surface is cleaned in the dry state with a 

scalpel in air, C,, is at the level of 10-5-10-4% w/w 
or 0.1-0.01 pg/cm*. Judging by the order of mag- 
nitude, this conforms to the data obtained from the 
literature.lB 

Thus, the main limitations of the method are: the 
impossibility of completely deoxidizing the metallic 
melts containing aluminium and similar refractory 
oxide-forming elements as impurities and, con- 
sequently, failure to determine all oxygen in the 
sample; the necessity for correct estimation of 
oxygen-containing compounds sorbed on the sample 
surface. 

We feel that the future of the method is subject to 
these shortcomings and limitations being overcome 
and to expansion of the range of materials to be 
analysed. 
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!hmmary-The problem of preparation of a block copolymer of precise molecular-weight distribution 
(MWD) and with heterogeneous composition on the basis of gel-permeation chromatography (GPC) 
data has been investigated. It has been shown that in MWD calculations the distribution f(p) of 
the com~sition p in individual GPC fractions should be taken into account. The type of the f(p) 
functions can be simultaneously established by an independent method, such as use of adsorption-column 
or thin-layer chromatography sensitive to the composition of the copolymer. It has also been shown that 
the actual f(p) may be replaced by a corresponding piecewise distribution, of simple form, without 
deerease in the precision of calculation of the MWD and average molecular weights of most known block 

Gel-permeation chromatography (GPC) has long 
been a powerful tool for analysis of polymer samples, 
because calibration of the chromatographic system 
by various methodsI makes it possible to obtain 
easily the most important characteristic of the poly- 
mer under analysis, its molecular-weight distribution 
(MWD), from the gel chromatogram. 

Right from its inception, GPC was used not only 
for the analysis of homopolymers but also for that of 
copolymers.~’ However, the information obtained 
was only qualitative, mainly because adequate cali- 
bration was not available. 

Almost all modem plastics are copolymers or 
polymer composites. Hence, the application of GPC 
to the determination of their molecular heterogeneity 
as well as to the specific problem of their com- 
positional heterogeneity is one of the most important 
tasks in characterizing the physics and chemistry of 
polymers. 

The present paper is concerned with investigation 
of the molecular characteristics of block copolymers 
with heterogeneous composition, by use of GPC. 

THEORY 

Proceeding from the segregated conformation of 
components of most BC in a dilute solution, and 
using the principle of universal calibration in GPC, 
we have proposed8*9 a method for the calculation of 
their mol~ar-want ~st~bution (MWD) and 
compositional distribution by using the equation 

Z = A4,{(p’“‘+’ K,M”$,)2’3 

+ [(l -ZI)4+‘K&&]r’3}3’2 (1) 

where Msc is the molecular weight of the two- 
component block copolymer (BC), Z? is the average 
value for the first component determining the average 
composition of the BC, K,, Kr, a, and a2 are the 
Mark-Kuhn-Hou~nk constants for components 1 
and 2 respectively (as indicated by subscript) and Z is 
the universal calibration parameter related to the 
hydrodynamic volume V,, of the corresponding 
BC molecules by the equation Z = 5 VaNA/ (NA is 
Avogadro’s number). 

Equation (1) may be written in another form more 
suitable for the subsequent calculations 

M; x (BZj”‘M& + (1 -Zj)QM&]‘/=2 (2) 

where M; is the molecular weight of component 2, 
the molecules of which are eluted at the same reten- 
tion volume as the BC molecules, a, = 2(u, + 1)/3; 
a2 = 2(a, + 1)/3; B = (Ki/&)“‘“. 

However, BC fractions corresponding to a narrow 
retention-volume range in the GPC and hence con- 
taining molecules of the same size, may have a 
compositional distribution p given by a certain func- 
tion f(p). The function f(p) may be in correlation 
with the overall compo~tional ~st~bution of the 
BC, F(p). The specific type of F(p) and f(p) is 
dependent on the method of BC synthesis and is 
difficult to predict u priori, with the exception of BCs 
obtained by ionic polymerization according to the 
“living” chain m~hanism.‘“,‘i These BCs are charac- 
terized by a relatively narrow compositions distribu- 
tion, and their compositional inhomogeneity is in 
agreement with their MWD. 

These facts show that the precision of the deter- 
mination of MWD by GPC depends on the com- 
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positional inhomogeneity of the BC. Let us analyse 
the problem. 

The molecular weight of the BC, Ma,-, corres- 
ponding to a given narrow retention-volume range, 
is defined as the average value over the whole 
composition: 

MBC = 
s 

If(p)&&) dp (3) 
0 

In a particular case f(p) = 6 (p - j), where 
6 (p -8) is Dirac’s delta function, we have 
nac = M&j) and the correct value of Mac may be 
directly determined from equations (1) and (2). 

The most promising method for determination of 
the function f(p) is the combination of GPC with 
adsorption liquid chromatography sensitive to the 
composition of the block copolymer, under both 
“off-line” conditions, e.g., by TLC!,” and “in-line” 
conditions with the aid of so-called orthogonal chro- 
matography.13 The average composition p is deter- 
mined by using dual-detector GPC*,14 or by analysing 
the composition of GPC fractions, by pyrolysis gas 
chromatography for example.“~‘5 This composition jj 
is used in equations (1) and (2) and in this case we 
have, according to definition, 

d = l&(p) dp 
s 

(4) 
0 

In principle it is possible not only to determine p 
as the mathematical expectation (E) of distribution 
f(p) but also to evaluate the width d of this distribu- 
tion. In the latter case f(p) may be most simply 
approximated by the piecewise function of the form 

f(P) = 
l/d, pE[P - d/2, P + d/21 
0 at other p values 

(5) 

Function (5) is symmetrical around p and charac- 
terizes equal probability of existence of BC molecules 
of identical size having the composition greater than 
jj and less than p. It may be said that if f(p) is 
represented not by equation (5) but by any other type 
of distribution, this will not result in any considerable 
error in the calculation of the MWD of the BC. The 
greatest width of distribution (5) exists at d < l/2, 
d = 2p and at p > l/2, d = 2(1 -J?). 

If we have a, = a2 = 0.5, i.e., if 0-conditions exist 
for both components, then it is possible to integrate 
the right-hand side of equation (3) in the analytical 
form obtained by applying equations (2) and (5), the 
resulting expression for Mac being 

MB, = 
w 

d(B - 1) 
ln@-l)(B+42)+l (6) 

(B - l)(B -d/2) - 1 

Comparison of MBc found according to equation 
(6) with that determined from equation (2) makes it 
possible to evaluate the error c~, in the calculated 
molecular weight, introduced because the com- 
positional distribution of the GPC fractions of BC 
for a fixed retention volume was not taken into 

account. The value of ep is given by the equation 

t JMBc-&~(B)~ 
P Mac(P) 

(7) 

where ME(p) is calculated according to equations 
(1) and (2). 

In practice we almost always have a, # u2. In this 
case the value of M, and hence that of 4 may be 
calculated by numerical integration of the corre- 
sponding expressions on the right-hand side of equa- 
tion (3). These calculations can be done with a 
microcomputer. 

RESULTS AND DISCUSSION 

Figure 1 shows the dependence of cp on the range- 
width d for the case ai = a, = 0.5. It is clear that at 
a = 0.5 and K,/K, = 2.82, which corresponds to 
B = 2, 6p does not exceed 4%. At K,/K, = 11.28, 
B = 5, cp may increase to 20%. 

The results of the calculation of g at different 
values of d are shown in Fig. 2. It is clear (Fig. 2a) 
that at a limited distribution width, d = 0.6, the 
maximum error for the case a, = a2 = 0.5 at B = 2, 
and in particular for B = 5, corresponds to p = 0.3. 
However, for a, = u2 = 0.7 the type of dependence of 
cp on d at B = 2 and B = 5 is quite different (Fig. 2b). 

If cp is calculated for various changes in the con- 
stants K and a of the BC components (either in the 
same direction or in opposite directions), then, as can 
be seen from Fig. 3a, at a, = 0.6, a, =0.8 (i.e., 
a, < a,), the maximum value of ep, even at B = 5, 
does not exceed 1.5%. If a, >a, (ai =0.7, a2 =0.6) 
then at B = 2 the error increases to 5% and at B = 5 
to 17% (Fig. 3b). 

Let us compare the theoretical data with experi- 
mental results for some BCs.“i”*i6 The maximum 
value of B (and hence of K,/K,), is observed for a BC 

20 - 
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2 

Yp 10 - 

0 05 

d 

1 

Fig. 1. Dependence of cp on the width of the distribution 
range for the case cq = a2 = 1 and p =O.S (1) B = 2 

(K,/k; = 2.83); (2) B = 5 (K,/K2 = 11.08). 
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Fig. 2. Dependence of Ep on d for various conditions, (a) a, = a2 = 0.5; (b) a, = a2 = 0.7; B = 2 (solid lines); 
B = 5 (broken lines). 

of polystyrene (PS) and polybutadiene (PB) in tetra- 
hydrofuran (THF). As a result, the corresponding 
calibration curves for PS and PB (Fig. 4) show 
maximum divergence. It is noteworthy that the plot 
in Fig. 4 corresponds to a real chromatographic 
system with linear calibration.” In contrast, the 
calibration curves for PS and poly(methy1 meth- 
acrylate) (PMMA) almost coincide. Both cases are 
interesting because the BCs of PS and PB are charac- 
terized by low compositional inhomogeneity 
(d N 0.2)‘OJ’ and BCs consisting of PS and PMMA 
exhibit high compositional inhomogeneity, according 
to the TLC data (d N l).‘* 

The dependence of Ed on d at different d values is 

shown in Fig. 5 for BCs consisting of PS and PB and 
in Fig. 6 for BCs consisting of PS and PMMA. It is 
clear that the maximum possible error due to the fact 
that compositional inhomogeneity of the GPC frac- 
tions was not taken into account does not exceed 1% 
in both cases. Since the calibration curves for PS and 
PB are virtually parallel and those for PS and PMMA 
coincide, the error in the calculation of &iW, &?, and 
other average molecular weights of these BCs, arising 
from neglect of compositional inhomogeneity of 
GPC fractions, does not exceed 1% either. This error 
may be neglected because the usual error (arising 
from various sources) in the calculation of Il;i and 
Il;i. according to GPC data, is 5-8%.4 In particular, 

p.o3-as 

0 03 06 0 0.3 0.6 

d 

Fig. 3. Dependence of .z on d for changes in the ratio of the constants in the same direction and in the 
opposite direction for Ip C components; (a) a, = 0.6, a, = 0.8; (b) a, = 0.7, a, = 0.6. B = 2 (solid lines); 

B = 5 (broken lines). 
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Fig. 4. Molecular-weight calibration dependences for PS, 
PMMA and PB in THF. Two columns 30 cm in length, 
bore 0.4 cm, packed with silica sorbent, giving linear 

calibration.” 
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Fig. 5. Dependence of ep on d for BCs consisting of PS and 
PB in THF. J&,/Km = 1.28, apa = 0.78, a, = 0.71. 
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Fig. 6. JJepcndence of L on d for BCs consisting of PS 
and PMMA in THF; kpMM,,/Kps = 1.368, amMA = 0.67, 

a, = 0.71. 
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this may explain the good agreement between the calculations. These distributions may be established 
values of fl,, and the intrinsic viscosity calculated for independently, for example by using adsorption- 
these BCs from GPC data, and measured by other column or thin-layer chromatography sensitive to 
methods.“” copolymer composition, for the analysis. 

The values of constants KBc and a,, have been 
determined experimentallyi for BCs consisting of PS 
and PMMA with axeotropic composition (p = 0.5) in 
solvents of different thermodynamic strengths with 
respect to BC components. It is of interest to compare 
the values of the molecular weights (MW) of these 
BCs established experimentally and calculated ac- 
cording to equation (1) and according to the equation 

However, our investigations have shown that in 
order to calculate the MWD of most known types of 
block copolymers the function f(p) can be used 
successfully. This function is determined from equa- 
tion (5) at maximum dispersion (d = 2~7, p < l/2) of 
the distribution, or with a limited dispersion value 
with its dependence on the retention volume taken 
into account. 

If any real distribution function f(p) is simulated 
by the right-hand side of equation (S), the errors 
arising in the calculations of the MWD and average 
MW of a BC are small compared to those arising 
from other sources when GPC is used. 

L 1 
3/z 

Vh = 2 Cwi(K,M&+i)z’3 (8) 

Equation (8) has recently been proposed for the 
calculation of the MW of block copolymers by 
Goldwasser and Rudinm and derived by these au- 
thors on the basis of slightly different premises than 
equation (1). Equation (8) coincides with equation (1) 
at i = 2 and a, = a, = 0.5 and is close to this equation 
at other values of a, and a,. 

The data obtained are given in Table 1 for two 
solvents: THF and toluene. The values of constants 
K and a for PS and PMMA are taken from earlier 
work.p10,‘6 The values MW = 104, lo5 and lo6 were 
substituted into equations (1) and (8), and the corre- 
sponding values of V, were calculated with the given 
constants K and a. These values were inserted into the 
left-hand side of equation (9). 

V,, = 2K, Mz+ ‘/SN, (9) 

The corrected MW of the BC was calculated with 
the aid of equation (9), and the relative divergence 
between the values of MW for the BC and PMMA 
found from GPC data and determined according to 
equations (1) and (8) was calculated. Table 1 shows 
that the average divergence between the experimental 
and calculated data is 54% for THF and 8-10% for 
toluene solutions. Leaving aside discussion of the 
correctness of equations (1) or (8) (they are virtually 
equally adequate) we can see that the divergences in 
the MW values greatly exceed the errors caused by 
the fact that the compositional inhomogeneity of the 
GPC fractions was not taken into account. 

CONCLUSIONS 

In order to obtain a precise MWD for a block 
copolymer with heterogeneous composition from 
GPC data, the compositional distributions in the 
GPC fractions should be taken into account in the 
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Summary-The application of adsorption, precipitation and extraction thin-layer chromatography to the 
identification of block copolymers, determination of their homogeneity (mixtures of homopolymers), and 
evaluation of their compositional homogeneity by one- and two-dimensional, multistage and gradient 
methods, is described. To detect the polymers on the thin-layer plate, various methods of detection are 
used, including those specific for each component of the block copolymer. Examples of analysis of the 
following block copolymers by thin-layer chromatography are reported: PS-PMMA, PS-PB, PS-PAN, 
ps-PBG, PI-PMS-PI, PMMA-PBMA, PMMA-PBG, PS-PEO*. 

Analysis of block copolymers (BC) involves their 
identification (the decision whether they are co- 
polymers or a mixture of homopolymers, and the 
determination of their purity and homogeneity), the 
determination of the molecular-weight distribution 
(MWD), compositional inhomogeneity (CI), and 
structure (whether they are A-B or A-B-A co- 
polymers), and the composition of admixtures of 
homopolymers and other components. 

Unfortunately, the methods of fractional precip- 
itation and dissolution are not very suitable for these 
purposes, because they seldom make it possible to 
obtain fractions that are homogeneous with respect 
to composition or molecular weight (MW).‘,’ With- 
out such fractionation, the methods of light scatter- 
ing, turbidimetric titration, equilibrium sedimen- 
tation and diffusion3,4 require a long and laborious 
experimental procedure, and the quantitative inter- 
pretation of the results is difficult. 

In recent years liquid chromatography has been 
widely applied5v6 to the study of polydispersity of BCs 
because it provides ample possibilities for selective 
separation and effective fractionation. It has been 
shown that it is possible to determine the MWD and 
compositional distribution according to MW with the 
aid of exclusion liquid chromatography (ELC).‘,’ 
Thin-layer, adsorption, precipitation and extraction 
chromatography (TLC, AC, PC, EC respectively) 
make it possible to fractionate BCs according to 

*The following abbreviations are used: polystyrene- 
PS, poly(methyhnethacrylate)-PMMA, poly(ethylene 
oxidekPE0, polyisoprene-PI, polyacrylonitrile- 
PAN, poly(y-benxyl glutamate)-PBG, poly(a-methyl- 
styrene)-PMS, poly(buty1 methacrylate)-PBMA. 

composition, to distinguish between two- and three- 
block BCs and to separate BCs and accompanying 
homopolymers.2~9*‘0 

To obtain the complete BC characteristics (the 
MWD of the BC and the blocks of which it con- 
sists, the CI of the BC and the MWD of homo- 
polymer admixtures) various chromatographic 
methods (ELC, LLC, and pyrolysis gas chromato- 
graphy.)2g7*“’ and a combination of chromatographic 
and non-chromatographic methods (ELC and 
ozonolysisi2) have been used. 

The most important analytical problem in the 
investigation of BCs is the identification and deter- 
mination of their primary characteristic, their purity 
(homogeneity). It should be noted that this field of 
BC analysis has not been discussed in detail in the 
literature, but it has been pointed out that the appli- 
cation of classical methods of polymer analysis for 
this purpose is not very effective.‘~* Presumably, the 
best method for identification of BCs involves 
the application of adsorption TLC (ATLC), which is 
characterized by its simplicity of performance and the 
well defined results. An advantage of this method is 
the difference between the adsorption characteristics 
of A and B homopolymers. Not only are homo- 
polymers separated from BCs but in many cases BCs 
with different structures (A-B and A-B-A) are also 
separated from each other. 

With the aid of ATLC it is possible not only to 
identify the BCs but also to determine the content of 
A and B homopolymers. For these purposes the 
chromatographic system should ensure that one ho- 
mopolymer, for example A (even that with the lowest 
MW) should remain at the start, whereas the other 
(homopolymer B, even that with the highest MW) 

167 



168 E. S. GANKINA et al. 

should migrate with the eluent front. It is then always 
possible to remove the BC from the start and distrib- 
ute it along the plate with the same eluent, or with an 
eluent of different composition. 

However, when homopolymers A and B exhibit 
similar adsorption characteristics, the application of 
ATLC to this problem does not always lead to the 
desired effect. In this case variations of TLC may be 
used, based on another principle of polymer sepa- 
ration: dissolution-precipitation, i.e., precipitation 
chromatography (PC) and extraction chro- 
matography. When this method is used, the product 
containing a BC can also be separated into three 
fractions: the BC proper, homopolymer A and homo- 
polymer B. If AC and PC are applied, the BC can 
only be separated from the homopolymers when their 
adsorption activities or solubilities are sufficiently 
different, and this can only be attained for a BC 
containing the two components in a ratio of not less 
than l/20-1/50, because if the content of one com- 
ponent is too low, the BC will behave like the other 
homopolymer. If the adsorption activities of solu- 
bilities of the homopolymers are very different, this 
limiting ratio range may be widened. 

Hence, apart from this restriction which in practice 
is not important in most cases, it is always possible 
to propose a chromatographic system consisting of 
AC and PC for the identification of BCs and deter- 
mination of the content of homopolymers. It should 
be noted that the TLC method of identification of 
BCs is based on fundamental physical differences 
between the BC and the homopolymers that are due 
to their chemical structure and MW, and exhibited 
in the difference between their solubilities and ad- 
sorbabilities. 

Another restriction on the application of chro- 
matographic identification of BCs may be complex- 
ation of the BC with one of the homopolymers, for 
example, in the case of stereoblock and stereoregular 
homopolymers.‘3*‘4 Hence, it is desirable to employ 
two or more chromatographic systems for the solu- 
tion of this analytical problem with the aid of AC and 
PC. 

This paper describes the results of our in- 
vestigations on the identification of BCs with the aid 
of TLC, and the determination of their purity, i.e., 
the content of the corresponding homopolymers. 

As indicated above, TLC is the simplest and most 
convenient chromatographic method for qualitative 
analysis, particularly because the open surface of the 
sorbent makes it possible to use various detection 
procedures, including those specific for each BC 
component. The mechanism of polymer separation 
according to the adsorption or the precipitation 
method may change if the ratio of the components of 
the eluent is varied. This fact can be clearly seen if we 
take as an example the TLC of PMMA in a 
chloroform-methanol system. If pure chloroform is 
used, PMMA, whatever its MW, remains at the start. 
To move PMMA from the start and distribute it 

along the plate according to its MW, it is necessary 
to add methanol to the chloroform in 5-20% v/v 
proportion. In contrast, if a 1:4 v/v methanol- 
chloroform mixture is used as eluent from the very 
beginning, then as the methanol is gradually ad- 
sorbed on the adsorbent, its content in the eluent 
decreases and hence PMMA fractions of increasing 
molecular weight will be successively retained on the 
plate. In both cases we evidently deal with ATLC. On 
the other hand, if the methanol content is increased 
from 20 to 70%, PMMA is not adsorbed at all and 
its R, value is unity. At a methanol content above 
70%, PMMA does not dissolve, and remains at the 
start; if a gradient concentration of chloroform in 
methanol from 90% to lower values is fed to the 
plate, fractions of gradually increasing molecular 
weight appear on the plate (precipitation TLC; 
PTLC). 

The process of BC adsorption has been studied in 
detail, both theoretically and experimentally.9~‘0~‘5 
Skvortsov and Gorbunovi5 considered the adsorption 
theory for a BC consisting of blocks A and B (with 
the numbers of segments NA and NB, respectively) 
interacting with the surface of the adsorbent at 
different energies ( -cA and -+,). When -cA and 
-~a are lower than the critical energy for the corre- 
sponding homopolymers A and B, the BC is not 
adsorbed and migrates along the plate in accordance 
with the laws of exclusion chromatography (on a 
plate unsaturated with the solvent, the BC migrates 
with the eluent front). At -eA and -es higher than 
the critical energy for the homopolymers A and B, the 
BC remains at the start. If the energy -+, for one of 
the blocks is higher than the critical value and -~a 
for the other block is lower than that value, then 
starting from a certain critical composition of BC, 

e = 5,rit where r = N,/(N, + Ns), the macro- 
molecules with t > Scrit are predominantly located 
inside the pores of the adsorbent, whereas those with 
5 < rcri, are preferentially located outside them, which 
permits the separation of the BC fractions according 
to composition. Moreover, r,,, depends on both the 
energy of interaction between the “adhesive” segment 
and the adsorbent surface, -cA (& in turn deter- 
mines the --ccrit value for the BC) and on the pore 
radius r. The efficiency of BC separation according to 
composition increases with decreasing r. (Skvortsov 
and Gorbunov15 assumed that the optimum pore 
diameter for BC separation is in the range 
lOO-2OOdi). Hence, the separation of BC according 
to composition (e) is made possible by varying both 
-6 (by changing the composition of the eluent or the 
temperature) and r, since these parameters determine 
&. On the other hand, it has been shown that at 
-6s(= --ET) and under the critical conditions for 
block A (-6 = -eTt), in which the molecule of 
homopolymer A is energetically indifferent to being 
located inside or outside the pores, the BC can be 
separated according to the exclusion effect of block B, 
i.e., according to its length (MW). In this case it is 
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possible to separate a BC of homogeneous com- 
position according to its MW. The critical conditions 
for homopolymer A are observed when its Rr value 
is independent of MW.9 In TLC this effect is observed 
when homopolymer B migrates with the eluent front 
and homopolymer A and the BC leave the start and 
are located in the upper third of the plate, which is 
saturated with the solvent vapour. On the other hand, 
it is natural that in order to separate the BC accord- 
ing to its composition, C, it is necessary to use 
stepwise chromatography or a continuous gradient of 
eluent composition, or else, which is more compli- 
cated, a gradient of the adsorbent layer according to 
pore size. 

Distribution of the “adhesive” homopolymer 
along the plate (& < 1) and the 4 value for the BC 
being higher than that for this homopolymer (up to 
&= 1) are the criteria for this mechanism of BC 
fractionation. As indicated above, the choice of the 
components of the eluent for the identification of the 
BC and their ratio are based on the necessity to 
adsorb homopolymer A of any, even the lowest, MW, 
and the absence of adsorption of homopolymer B of 
the highest molecular weight. The problem may be 
simplified by successive chromatography on the same 
plate with different eluents, first an eluent in which 
homopolymer has Rf = 1 and BC and homopolymer 
A have &= 0, then in an eluent in which homo- 
polymer B has & = 1, BC has & = 0.2-0.8 and 
homopolymer A has & = 0, and finally in an eluent 
in which homopolymer B and BC have 4 = 1 and 
homopolymer A has & = 0. This step-wise chro- 
matography in analysis of BCs is especially effective 
when two-dimensional TLC is used. 

Experimental results show that in the ATLC of 
BCs, eluents consisting of two or more components 
should be used. They should contain a solvent for the 
BC, the adsorption activity of which is insufBcient to 
prevent the adsorption of the BC, and a displacer, the 
adsorption-active component of the eluent. This dis- 
placer may be a solvent or, at high concentrations, a 
precipitant for BC. In the latter case PTLC takes 
place. Naturally, in the former case there are no 
restrictions on the composition of the eluent but there 
are in the latter case. It can be pointed out that 

solvent systems exist (although they have not yet been 
used for BCs), in which a polymer is soluble at a 
certain solvent composition, even though both com- 
ponents of the mixture are precipitants for it.’ 

EXPERIMENTAL 

TLC was performed on 6 x 9 cm glass plates coated with 
KSKG silica gel (pore diameter -120 A, particle diameter 
8-12 pm), with a stable silicic acid soli or gypsum’ as 
adhesive. The TLC procedure has already been described. 
The following reagents were used for detection of the 
polymers. (0) A 3% KMnO, solution in concentrated 
sulphuric acid with subsequent heating at 180” for 5-10 
min;‘7 the polymer zones developed as black spots on a 
white background; the detection sensitivity was 0.2 peg for 
PS. (6) A modified Dragendorlf reagent,‘* prepared by 
dissolving 1.7 g of bismuth nitrate (w-i& heatingjin 80 ml 
of distilled water, and adding 20 ml of glacial acetic acid 
(solution I), dissolving 40 g of potassium iodide in 100 ml 
of water (solution II), mixing solutions I and II, adding 200 
ml of glacial acetic acid and dilutina to 1 litre with water 
(soluti& A). A 20% solution of ba&m chloride in water 
was also prepared (solution B). Solutions A and B were 
mixed in a ratio of 2 : 1 by volume to give the reagent used 
for spraying. PEO developed as orange-reddish spots on a 
yellow background. The sensitivity of detection was 
0.05-O. 1 pg. Subsequent treatment of the zones with reagent 
(u) led to disappearance of the yellow colour of the back- 
ground, and the colour contrast of the zones became mom 
pronounced. (c) A 10% aqueous solution of potassium 
hydroxide was used with subsequent heating at - 150” for 
10-15 min. PAN zones acquired a yellow-orange colour. 
The lower limit of detection for PAN was -1 pg.i9 The 
characteristics of the homopolymers and BCs used in these 
experiments are given in Table 1. 

RESULTS AND DISCUSSION 

Adsorption thin -layer chromatography of BCs 

First, it should be noted that the greater the 
difference in the polarity of the homopolymers, the 
easier it is to separate the less polar homopolymer 
from the BC (even from one containing > 90% of the 
polar homopolymer) and the other homopolymer. 
For example, in chloroform or benzene, the Ps 
homopolymer is separated from such BCs as 
PS-PAN, PS-PEO,’ PBG, etc. A characteristic exam- 
ple of ATLC is the investigation of the P!3-PMMA 
BC, which can be performed by several methods. (A) 

Table 1. Samples used 

No. Samples MW No. Samples MW 

1 F’S-PMMA 1.26 x 10’ 7 P!I-PEO 1.00 x 1or 

; PS-PB PSfli,. 6.2 2.6 x x IO’ IO’ 8 P&it. PBGPS-PBG 5.0 1.38 x x 104 105 
PS,, 1.2 x 104 P&i,. 5.0 x 10’ 

3 P!I-PEPS 9.0 x 104 9 PS-PAN 5.3 x 10’ 
PBini~ 3.0 x 104 PSinit. 3.6 x 10’ 

4 PI-PMS-PI 1.85 x 10’ 10 PS-PMMA 8.0 x 10’ 
PM&. 8.5 x 10 P&L 6.0 x 10’ 

5 PMMA-PBMA 7.5 x 104 11 PS-PAN - 

PM&,. 2.5 x IO 
105 

P&i,. 5.0 x IO’ 
6 PMMA-PBG 1.50 x 

PMMAi.i, 4.0 x l(r 
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* 
PS 

0 a 
BC PMMA 

Fig. 1. Stepwise TLC of PS-PMMA (No. 1 in Table 1). The 
eluent fronts are for (I) benzene, (II) chloroform-MEK 
(6: 3) mixture. Detection with reagent (a). MW: PS 

1.11 x 10’; PMMA 4.0 x 10’. 

Fig. 2. Gradient TLC of PSPMMA BC (No. 1 in Table 1). 
Chloroform-MEK (6: 1) with the addition of 6 ml of MEK 
for 12 min. Detection with reagent (n). MW: PS 1.11 x 10’; 

PMMA 4.0 x 10’. 

As can be seen from Fig. 1, in order to separate PS migrates with the front, PMMA remains near the 
from the BC it is convenient to use benzene, since the start and the BC is ~s~but~ along the plate accord- 
PS with the highest MW migrates with the eluent ing to its composition (Le., according to the MW 
front, whereas the BC and even the PMMA with the of the PMMA block), (Fig. 2). (C) Interesting 
lowest molecular weight remain at the start. (B) In a ~ssibilities are provided by the application of a 
c~orofo~~e~yl ethyl ketone (MEK) mixture, ~hlorofo~-meth~ol mixture to the analysis of the 
the BC is separated from the PMMA, As the MEK PS-PMMA BC. Figure 3 shows the changes in the 
content increases, the BCs with increasing PMMA & value of PS and PMMA of various MW, occur- 
content begin to be separated from the starting spot. ring when the methanol content in the mixture with 
It is advisable to increase the MEK content in the chloroform is increased. It is clear that at a certain 
eluent until that concentration is attained at which methanol content it becomes a displacer for these 
PMMA with the MW responding to that of the homo~l~ers (for PS this content is 30-70% and 
PMMA block of the BC remains at the start. If the for PMA and for PMMA it is 20-70%). At a 
chromatography of the PS-PMMA BC is done in a methanol content less than 20%, PS is completely 
chloroform-MEK mixture with programmed MEK displaced and PMMA is separated according to MW. 
content, it is reasonable to use a gradient at which PS Hence, for example in a 97: 3 v/v chloroform- 

0 20 40 60 80 0 20 40 60 80 100 

PS PMMA 

I 
(b) 

v/v % CH,OH 

Fig. 3. Dependence of the 4 value of (a) PMMA and (b) PS of different IkfW in TLC, on the composition 
of the chloroform-methanol eluent.l’ (Reprinted by permission of the copyright holders, Elsevier Scientific 

Publishing Co.) 
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1 PS 

* 

PMMA 

II 

Fig. 4. Two-dimensional TLC of the PS-PMMA BC (No. 
1 in Table 1) in benzene (direction I) and cbloroform- 
methanol (97: 3) mixture (direction II). Detection with 

reagent (a). Mw: PS 1.11 x 10’; PMMA 4.0 x 104. 

methanol mixture, a BC containing more than 10% 
of PS migrates with the eluent, whereas PMMA 
remains at the start. In this case, if PS has previously 
been removed by passing benzene along the plate 
in one direction, all three components of the mix- 
ture are separated after chromatography with the 
chloroform-methanol mixture in the second direction 
(Fig. 4). 

As already indicated, when BCs containing com- 
ponents of similar polarity are analysed, it is more 
difficult (but nevertheless possible) to select eluents 
that permit the separation of all three components of 
the BCs by ATLC. This is particularly important if 
a selective solvent for one of the homopolymers 
cannot be found. PS and PB as well as PS and PMS 
are pairs of homopolymers exhibiting similar polar- 
ities. Figure 5 shows analysis of the PS-PB BC by 
ATLC. A cyclohexanc+toluene mixture is a good 
solvent for both PS and PB. In this mixture toluene 
is the displacer for both homopolymers but the 
displacement of PB requires a much lower toluene 
concentration in the eluent. Hence, by increasing the 
toluene content in the mixture, it is possible to select 
conditions under which PB migrates with the eluent 
front, whereas the BC and PS remain at the start 
(eluent containing 30% of toluene). When the toluene 
content is increased to 40%, the BC also migrates 
with the eluent front and PS remains at the start. The 
cyclohexan~toluene mixture with increasing toluene 
content can be used for gradient TLC of the PS-PB 
BC. It is clear that the BC being investigated ex- 
hibited different composition distributions. For anal- 
ysis of the PI-PMS-PI BC a chloroform-hexane 
(7:12) mixture is used. PI migrates with the eluent 

front, BC is distributed in the middle of the plate and 
PMS remains near the start. It is possible to displace 
BC and PI completely to the eluent front by in- 
creasing the chloroform content. In this case PMS is 
dis~buted in the R, range 0.1-0.4 according to 
molecular weight. 

Precipitation thin -layer chromatography of BCs 

The PTLC of BCs has not been investigated in 
detail theoretically. However, the solubility of the 
BCs and their capacity for precipitation are doubtless 
determined by the overall ~lubility characteristics of 
both blocks, i.e., they depend on the MW and hence 
on the composition of the BC. 

Three variations of chromatographic systems 
may be used for the PTLC and ETLC of BC. 
They comprise (a) an adsorption-active solvent and 
precipitant, (b) an adoption-active solvent and an 
adsorption-inactive precipitant, (c) an adsorption- 
inactive solvent and an adsorption-active precipitant. 
The last variation may evidently be used only with a 
certain concentration range of the precipitant. The 
difference between PTLC and ETLC is as follows: in 
PTLC a sample is spotted on the plate and chro- 
matographed with an eluent of constant composition, 
in which all the BC fractions are soluble. The eluent 
composition changes, however, as a result of the 
evaporation or adsorption of the solvent and the 
resulting enrichment of the eluent with the precip- 
itant. Hence, the BC fractions are precipitated and 
distributed along the plate according to their solu- 
bility, which is determined by the MW and the 
component ratio. In ETLC, the eluent should have 
variable composition, with gradual decrease in pre- 
cipitant content. In this case BC fractions appear on 

e a ’ 

PS BC PB 

Fig. 5. Stepwise TLC of PS-PB BC (No. 2 in Table 1). The 
eluent fronts are for cyclohexane-toluene (7 : 3) (I) and (7 : 5) 
(II). Detection with reaE;(;J MW: PS 1.0 x IO’; PB 
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I 

0 . ’ 
PS BC PMMA 

Fig. 6. Stepwise TLC of the PS-PMMA BC (No. 1 in Table 
1). The solvent fronts correspond to acetone containing I 
50%, II 40%, III 30%, IV 20% of methanol. Detection with 

reagent (a). MW: PS 1.11 x IO’; PMMA 1.00 x 105. 

the plate in order of gradually decreasing solubility 
(resulting from increase in the MW of the BC or a 
change in its composition). Hence, in the ETLC a 
mixed type of separation of BC fractions takes place, 
according to both composition and MW. Let us 
demonstrate the application of PTLC and ETLC to 
BC analysis by taking a few examples. For analysis 
of the PSPMMA BC we can use a chloroform- 
methanol (1: 1) eluent which is a solvent for PMMA 
and a precipitant for B and PS. In this system, 
PMMA (of any MW) is separated from BC and PS 
and migrates with the eluent front, whereas PS and 
BC remain at the start. A mixture of acetone and 
methanol is also a good system for the PTLC sepa- 
ration of PMMA from BC and PS. An effective 
procedure for preparative separation of PMMA from 
the PS-PMMA BC is by extraction with a 10% 
methanol solution in acetone. In a typical separation 
a TLC check showed that the BC in the residue did 
not contain free PMMA, even though the initial BC 
contained 10% of PMMA. Figure 6 shows stepwise 
fractionation of a PS-PMMA BC on a thin-layer 
plate with an acetone-methanol eluent with de- 
creasing methanol content. At 50% methanol content 
both BC and PS remain at the start and PMMA 
migrates with the front. When the methanol content 
decreases, BC fractions with a gradual increase in PS 
content begin to migrate with the eluent front. For 
the PTLC of the PMMA-PBMA BC, acetonitrile is 
used as an adsorption-active solvent for PMMA, 
which migrates with the front, and as a precipitant 
for BC and PBMA, which remain at the start. Sub- 
sequent addition of the eluent displaces the BC and 
the PBMA remains at the start. For the PMMA- 
PBG BC, MEK is an adsorption-active solvent for 
PMMA and a precipitant for PBG and the BC 

PS 

PEO 
a 

-II 

Fig. 7. Two-dimensional TLC of the PS-PEO BC (No. 7 in 
Table 1) in benzene (direction I) and pyridine-water (3:9) 
mixture (direction II). Successive detection by methods (b) 

and (a). MW: PS 1.11 x 10J; PEO 1.00 x 10’. 

(PMMA migrates with the eluent front, the BC and 
PBG remain at the start). When dioxan is added to 
give a 7 : 3 MEK-dioxan mixture as eluent, the BC is 
displaced, and PBG remains at the start. 

Figures 7-9 show examples of the ETLC of the 
PS-PEO, PS-PBG and PS-PAN BCs, in which one 
component of the eluent is an adsorption-active 
solvent for one homopolymer and the second com- 
ponent is a selective and adsorption-active solvent for 
the other homopolymer (but not for the BC). 

An additional possibility for identification of BC 

PS 
. 

BC 
. 

PBG 

Fig. 8. Stepwise TLC of the PBG-PS-PBG BC (No. 8 in 
Table 1). The eluent fronts are for (I) chloroform, (II) 
tetrahydrofuran. Detection by method (a). MW: PS 

1.11 x 105; PBG 5.0 x 104. 
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0 v 

. ea a 
PS BC PAN 

Fig. 9. Stepwise TLC of the PS-PAN BC (No. 9 in Table 
1). The eluent fronts are for (I) chloroform, (II) 
chloroform-DMF (18 : 2) mixture, (III) DMF. Detection 
with reagents (a) and (c). MW: P8 1.11 x 10’; PAN 

1.7 x 104. 

components by TLC is specific staining with the 
detecting reagents. Thus, in the TLC of the PS-PEO 
BC the Dragendorff reagent stains only PEO (red), 
ensuring its detection with very high sensitivity, and 
the KMnO,/H,SO, reagent stains only PS (black). 
hence, use of both reagents in succession for staining 
the chromatographic spot remaining at the start after 
the separation of both homopolymers, will establish 
that this spot contains the BC. The same detection 
principle can be used for the PS-PAN BC, PAN 
being specifically stained yellow by potassium hy- 
droxide solution. 

In BC analysis it may be required to evaluate the 
MW of the homopolymer admixture and compare it 
with that of the precursor homopolymer. These prob- 
lems have been studied in greater detail for BCs based 
on PS, by using our method for separation of PS 
according to MW by ATLC.9 Taking as an example 
the PS-PMMA BC (Fig. 10) it becomes clear that the 
PS admixture is separated into two components, the 
less adsorption-active of which corresponds to the PS 
precursor. Investigations showed that the PS- 
admixtures in BCs may differ in nature and may be 
(a) PSs of different MW, (b) PSs containing or not 
containing the adsorption-active end-groups, or (c) 
BCs with a small content of the second homo- 
polymer. 

If two PS-components with different ad- 
sorbabilities appear on the plate, it is possible to 
decide by PTLC whether this difference results from 
the MW effect or from the presence of different 
numbers of adsorption-active end-groups in one of 
these PSs, since the PTLC is not sensitive to the 
content of end-groups but readily reveals the 

Hence, if one component is observed in PTLC 
and several components are detected by ATLC, then 
the PS consists of molecules of the same MW but 
containing different numbers of adsorption-active 
groups. If the same number of components is ob- 
served in both the PTLC and ATLC, then the PS 
components present in the BC differ only in MW. In 
order to identify a PS containing adsorption-active 
end-groups, ATLC may also be used. If the elution 
strength of the eluent is increased (by increasing the 
content of the adsorption-active solvent component), 
the R, value of the components in the sample does not 
obey the ATLC relationships for standard linear PS, 
so if the R, value of the PS-components (in contrast 
to that of the standard PS) exhibits little dependence 
on the elution strength of the solvent, then the PS 
admixture evidently contains adsorption-inactive 
end-groups. 

Thus by TLC of the PS-PAN BC, the existence of 
an admixture of PS-components with a much higher 
adsorption activity than for the precursor PS was 
revealed. Moreover, the adsorption activity of this 
admixture was different in the two BCs (BC, and 
BG) under investigation (Fig. 11). The application of 
a detecting reagent specific for PAN (10% aqueous 
solution of potassium hydroxide) showed that the 
admixture was not pure PS: it was a BC consisting of 
PS with a small amount of PAN. Moreover, a larger 
amount of PAN was contained in BCI than in BC, . 

CONCLUSION 

A method for the identification of block co- 
polymers and the determination of the presence of 

0 

0 
0 . 

. l 
PS-St PS BC 

I 

Fig. 10. TLC of the FYI-PMMA BC (No. 10 in Table 1) with 
cyclohexane-toluen+MEK (91: 10: 8) eluent. Detection 
with reagents (a) and (c). The reference mixture contained 
PSs with MW 2.0 x lo’, 5.1 x lO’, 1.11 x lO’, 2.00 x 10’ 

and RI No. 11 (in Table 1). difference between polymers according to MW. 
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0 
0 

@ @ * PSL, % EC, PS 

Fig. 11. TLC of the PS-PAN BC (No. 11 in Table 1) with 
cyclohexan&enzeneacetone ( 120 : 40 : 9) eluent. Detection 
with reagents (a) and (c). The reference mixture contained 
PSs with MW 2.0 x lo’, 5.1 x lO’, 1.11 x lo’, 2.00 x 10’ 

and PS No. 11 (in Table 1). 

other polymer components in them has been devel- 
oped on the basis of ATLC and PTLC. This method 
may be used for determination of the MW and 
end-group content for the homopolymers present, 
and the composition of the BC. This method is also 
useful for selecting the conditions for preparative 
fractionation of BCs and checking the resulting frac- 
tions. It has been &ccssfully used for the in- 

vestigation of PS-PB, PS-PEO, PS-PBG, 
PMMA-PBMA, PI-PMS-PI, PMMA-PBG and 
PS-PAN block copolymers. 
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Summuy--The liquid-liquid extraction method for inorganic compounds has been developed and further 
improved by using different types of multiphase systems involving pyrazolone derivatives. The degree of 
concentration of elements by use of three-phase liquid systems has been increased by l-2 orders of 
magnitude, and a universal method for preconcentration of elements in non-aqueous media has been 
suggested. The development of extraction systems based on a single liquid component-water-and not 
requiring an organic solvent at all, has increased the safety of extraction methods and improved the 
working conditions. A new variant of spectrochemical analysis without mineralization of an extract has 
been developed. Its main advantage is that it reduces the analysis time by a factor of 6 or 8. The liquid- 
liquid extraction of elements in purely aqueous two-phase systems without an organic solvent can be 
combined with titrimetric, photometric and polarographic determination in hybrid analytical procedures. 

In spite of its wide use, the method of liquid-liquid 
extraction for separation and preconcentration of 
inorganic compounds has some drawbacks. The 
low concentration factor is one of them, since 
in most cases the phase-volume ratio (organic sol- 
vent : aqueous phase) is in the range from 1: 1 to 1: 10. 
Further, aqueous solutions are very seldom used for 
the extraction of elements although many of the 
solvents and diluents used are flammable (sometimes 
explosively), fairly volatile, toxic and often very 
disagreeable in odour. 

For twenty years we have been systematically 
studying the multiphase liquid systems involving 
pyrazolone derivatives. On the basis of the infor- 
mation obtained we are able to suggest some tech- 
niques for overcoming some of the drawbacks of 
liquid-liquid extraction and to develop and improve 
it. 

For extraction by diantipyrylmethane, which is a 
weak base, chloroform is usually used as solvent,’ but 
when the reagent is present as a simple or complex 
salt the use of a mixture of chloroform with an inert 
diluent such as kerosene or an aromatic hydrocarbon 
results in the formation of a liquid three-phase sys- 
tem? In one of the two organic phases-the so-called 
“third phase”-the elements extracted are obtained 
in 93-98% yield. The concentration factor thus ob- 
tained is not determined by the initial volume ratio 
between the aqueous solution and extracting solvent 
but by the ratio between the aqueous phase and the 
third phase in equilibrium with it. According to 
our extraction procedures for Pd(II),’ Pt(IV)4 and 
Re(VII),5 these elements can be concentrated from 1 

litre of aqueous solution into 1 ml of third phase. 
Thus the concentration factor is 103, which is l-2 
orders of magnitude greater than for conventional 
two-phase systems. 

The advantages of three-phase extraction for the 
preconcentration of trace elements have been fully 
realized in a new variant of spectrochemical analy- 
sis.6-9 The third-phase volume, which depends on the 
quantity of the appropriate diluent in the solvent 
mixture, can be reduced to a few drops. Transfer of 
drops of the viscous third phase onto the flat surface 
of 3-10 carbon electrodes and direct atomic-emission 
analysis of the air-dried concentrate, reduces the 
analysis time by a factor of 6-8. Some 30 trace 
elements have now been determined by this technique 
of spectrochemical analysis without mineralization of 
the extract. 

In three-phase systems*s the volumes of aqueous, 
organic and third phase decrease successively. The 
element passes from a greater volume into a smaller 
volume twice, giving in effect a double concentration 
step. The same effect can be achieved if we divide the 
procedure into distribution between the aqueous 
phase and a one-component organic phase first, and 
then between the two organic phases. Such a scheme 
envisages extraction of the elements from aqueous 
solution with a solution of diantipyrylmethane in 
chloroform, separation of the extract, and its division 
into two phases by addition of an inert diluent 
(petroleum ether, kerosene, etc.). We recommend 
using this two-step scheme for very large volumes of 
aqueous solution, or when extraction is slow, there is 
a low distribution ratio, or a precipitate is present.*“12 

175 
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In the second step, the inert diluent produces a 
second phase which is similar to the third phase of 
the three-phase systems in composition and proper- 
ties. Owing to its small volume it has been called the 
micro-phase. It can be regarded as being in effect an 
“extra&ant” for non-aqueous solutions. The dianti- 
pyrylmethane salts which form 40-500/o of the whole 
mass of the micro-phase are its active component. 
The extraction of trace elements from aqueous solu- 
tions is done with a very large excess of dianti- 
pyrylmethane, so the phase equilibria in the second 
extraction stage are determined by the properties of 
the ternary system ~antipy~lmethaue salt-polar 
solvent-inert diluent. The data available on the solu- 
bility isotherms of such systems have been widely 
used in choosing the optimal amounts of the com- 
ponents for the extraction. 

components of the compounds extracted come from 
different phases: protons and trichloroacetate ions 
from the aqueous phase, diantipyrylmethane from 
the organic one. These facts led one of us’* to suggest 
using systems containing pyrazolone derivatives and 
water as a single liquid com~nent for the extraction 
of elements. A systematic study of the distribution 
of elements in the system water-antipyrine-mono- 
chloroacetic acid has now been completed. The ad- 
vantages of the use of such systems for the devel- 
opment of hybrid methods of analysis has been 
established.19,20 

This paper presents some new data about extrac- 
tion of elements from organic solutions and, vice 
versa, in systems without an organic solvent. 

It further occurred to us to replace the group 
extractant-the solution of diantipy~lmethane in 
chloroform-by more selective extractants and at the 
second stage to split the extract by means of direct 
addition of diantipy~lmethane salts. Diantipyryl- 
methane thiocyanate and iodide, the cheapest and 
most easily available of the antipyrine derivatives, 
give the best technical characteristics of the micro- 
phase, as shown by a study of the extraction of As(I), 
Au(III), Ge(IV) and Tl(II1) as a function of the 
nature of the salt used. As expected, the procedures 
developed’3,‘6 give high selectivity and concentration 
factors. 

EXPJBIMENTAL 

Reagents 

The ~ssibility of group p~n~ntration of ele- 
ments from non-aqueous solutions is exemplified by 
the metal dithizonates. I7 In spite of their stability, 
these chelates decompose in the presence of di- 
antipy~Ime~ane salts, and the metals pass into the 
micro-phase. 

AU the chemicals (Souzglavreaktiv) were of analytical- 
reagent grade. Standard O.lM solutions of Cd(II), Mo(VI), 
Vgr) in redistilled water, H&II), In(II1) in 1M sulphuric 
acid, Au(III), T&III) in l&f hydrochloric acid, and 
0.05&f solutions of Nb(V) in 25% tartaric acid solution 
and W(VI) in O.lM sodium hvdroxide were ore& 
from tiCIZ * 2.5H,O, NazMoO, f 2H,O, NH4V03 ,* H&O,, 
In&O&, HAuCl, + 2H,O, Tl,O, , NbBr, and 
(NHJ4W50,, . 2.5H20 respectively. The Cd(H), Hg(II), 
In(III), TlcIII), Mo(VI), V(V) concentrations were checked 
by EcTA‘titration ‘[the M&VI) and V(V) were reduced to 
MOO and VtVI) beforehandl. The AulIII), Nbo and 
W(VI) concentm~ons were checked grav~met&ally. .More 
dilute (10-6-10-3J4) metal salt solutions were prepared 
daily from the O.lM standard solutions. 

Diethyl ether, chloroform and antipyrine were of medical 
and pharmaceutical grade. Pyrocatechol was purified by 
distillation, with an air condenser. 

~~tinvrvlme~~e iodide was nroduced from the third 

The number of elements transferable into the 
microphase is increased by the use of a mixture of 
diantipyrylmethane salts-the thiocyanate and io- 
dide. It is easy to predict the result of the precon- 
centration process since the elements extracted into 
the micro-phase are only those having thiocyanate 
and iodide complexes which can be separated from 
aqueous solutions by a solution of diantipyryl- 
methane in chloroform, From our point of view the 
production of a liquid concentrate in the form of the 
micro-phase is preferable to other ways of prepara- 
tion of organic solutions for trace element analysis. 
It is highly important in the case of very volatile 
~rn~~ds such as G&l4 or explosive ones such as 
perchlorates, and also in the case of solvents with 
high boiling point (kerosene, etc.) or of difficulty in 
stripping because of formation of very stable com- 
plexes with reagents such as organic sulphides. 

phase of‘; &em containing 100 &l of IM sulphuric acid, 
10 ml of chloroform, 40 ml of benzene, 15 g of potassium 
iodide and 20 g of diantipy~lme~ane. Treating the third 
phase with several portions of diethyl ether gives a solid 
product corresponding to the formula (LH)I, where L is 
diantipyrylmethane, established by two-phase titration with 
sodium hydroxide. 

Procedures 

Preconcentrution ojp Au(Z), Cd(ZZ), Hg(IZ), Zn(ZZZ) and 
TZ(ZZZ) in ~~-~e~ mediwn. The elements were extracted 
from 20 ml of aqueous IIM potassium iodide/l&f sulphuric 
acid solution with an equal volume of diethyl ether. A lo-ml 
aliquot of the ether extract was transferred to a dry sepa- 
ratory funnel and 7 ml of 4% diantipyryhnethane iodide 
solution in chloroform were added to split the phase. After 
separation of the two layers the viscous lower micro-phase, 
several drops in volume, was transferred to the flat surfaces 
of 6 graphite electrodes. After drying, the electrodes were 
arced in succession, and the spectra were recorded in exactly 
the same position on the photoplate. 

The calibration graphs were plotted as logarithm of the 
relative intensity of the analytical line-pair (corrected for 
background) us. logarithm of amount‘ of element takeu 
(~8). The background was measured at the least possible 
distance to the right from the element line. Cadmium (10 
pg) was added as reference element, 

A study of the solubility of diantipyryhnethane in 
~~hioro~tic acid solutions has shown that the acid 
and diantipy~lmethane become concentrated in the 
same phase. On the other hand many trichloro- 
acetates are extracted from aqueous solutions into 
chloroform by diantipy~lmethane, although the 

The compbteness of preeoncentration in the micro-phase 
was checked by analysis of the aqueous and ether phases. 
For this purpose the ether phase was again split by 
additional of diantipyrylme~e iodide. The elements 



Liquid-liquid extraction 171 

Table 1. Distribution of 100 pg of elements between the 
chases in the two-stage preconcentration 

Ion 
determined 

Au(I) 
(XII) 
HgUI) 
In(III) 
Tl(II1) 

Extraction 
from aqueous 
solution, % 

99 

;; 
98 
95 

Extraction 
into micro- 
phase, % 

98 
95-96 

99 
94-96 

99 

Analytical 
line, 
nm 

261.5 
228.0 
253.6 
303.9 
276.1 

remaining in the aqueous phase were extracted with two 
IO-ml portions of diethyl ether, and the metals were 
removed from the combined extract into a micro-phase as 
before. Both micro-phases were then analysed spectro- 
graphically. 

Distribution of Mo(VI), Nb( V), V(V) and W(VZ) in the 
water-antipyrine-pyrocatechol system. The influence of var- 
ious parameters on the phase-volume ratio was examined 
by performing the extractions in test-tubes graduated in 
0. l-ml divisions, and the distribution ratios of the elements 
were determined by extraction in separatory funnels at 
30-35”. 

RESULTS AND DISCUSSION 

The results of the two-stage extraction, first from 
aqueous solution then from the ether extract, are 
shown in Table 1. Quantitative preconcentration of 
the elements takes place in the micro-phase. The 
volume ratio of aqueous phase to micro-phase is 
2O:OS hence the overall concentration factor is 40, 
compared with 1 for the first stage of the process. To 
study the effect of various matrices on the results, 
appropriate calibration graphs were plotted. The 
influence of lo’-fold (lob-fold in the case of gold) 
ratio of Al, Co, Cr, Fe, Li, Mg, Mn, Ni to analyte 
metal is negligible. Calibration graphs obtained with 
synthetic standards can therefore be employed for 
determinations. A rapid spectrochemical procedure 
for determining l-10 pg of Au, 240 pg of In and 
2-80 pg of Hg and Tl has been developed. The 
relative standard deviation for 5 determinations of 
2.5 pg of Au and 10 pg each of Hg, In and Tl 
was between 4 and 22%. The method of standard 
additions was used to establish the accuracy. 

With the ternary system water-antipyrine (Ant)- 
pyrocatechol (PC), increasing the temperature to 
30-35” accelerates the separation of the phases, 
decreases the viscosity of the organic phase, and 

Table 2. Effect of pH on organic phase volume in the O.OlM 
antipyrine/O.OlM pyrocatechol system (20 ml total volume) 

1 
Organic Organic 

1M HCl, phase, 1M NaOH, phase, 
ml pH ml ml PH ml 

5.0 1.65 0.0 0.0 6.10 1.9 
4.0 1.50 0.5 0.01 6.65 2.2 
3.0 1.70 1.0 0.05 7.15 2.2 
2.0 1.80 1.4 0.2 8.40 1.8 
1.0 2.15 1.6 0.4 8.75 1.8 
0.4 2.60 1.7 0.6 9.00 1.8 
0.2 2.90 1.7 0.8 9.10 1.7 
0.1 3.15 1.8 1.0 9.20 1.7 
0.0 6.10 1.9 2.0 9.45 1.5 

prevents its crystallization. When the total volume of 
the system is 20 ml and the antipyrine concentration 
(O.OlM) is kept constant, the organic phase forms at 
a PC/Ant molar ratio of 0.2; with further increase 
in pyrocatechol content the organic phase volume 
gradually approaches 3 ml, and, finally, as a PC/Ant 
molar ratio of 2.6 crystallization takes place. At 
PC/Ant = 1 .O the organic phase volume is 1.9 ml), 
quite sufficiently for use for absorbance measurement 
in a 3-mm cell. 

The effect of the pH of the medium is also im- 
portant. As Table 2 shows, the organic phase volume 
changes slightly, from 1.6 to 2.2 ml, with increase in 
pH from N 2 to N 8, but outside this range the mutual 
solubility of the phases increases, giving homoge- 
nization at pH N 1.6. The increase in mutual solu- 
bility of the phases on introduction of acid or alkali 
is due to protonation of the antipyrine by the strong 
acid and by dissociation of the phenolic group(s) of 
pyrocatechol at high pH. The homogenization of the 
system is due to the different properties of these 
products. 

The blue, green or yellow colour of the organic 
phase produced on the introduction of V(V), Mo(VI), 
Nb(V) or W(V1) salts into the aqueous layer, proves 
the extraction of these elements. Beer’s law is obeyed 
at the optimum pH 4.5, 2.1, 2.6 and 2.3 for V, Nb, 
MO and W respectively. 

Inert electrolytes affect the organic phase volume 
owing to the salting out of antipyrine and pyro- 
catechol from the aqueous phase. To avoid con- 
sequent errors the conditions used for analysis of 
samples and for calibration must be as similar as 
possible. 

Table 3. Spectrophotometric methods based on liquid-liquid extraction in 
the water-antipyrine-pyrocatechol system 

Amount 
Species Optimum &UP determined, 

extracted PH nm 6, I.mole-’ cm-’ MI 

V(V) 3.5-5.5 650 1.4 x lo5 2-30 
NbO? 1.9-2.2 350 1.5 x 10’ 3-50 
Mo(VI) 1.9-3.1 350 5x 10’ 7-100 

640 
ww 1.8-2.6 340 3x 10’ 20-550 
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Because the optimum pH and 1,, values for the 
Nb, MO and W complexes differ considerably from 
those for the vanadium complex, the latter can be 
determined in the presence of the others. Vanadium 
may also be determined in the presence of alkali, 
alkaline earth and rare-earth metals, Al, Be, Cd, Ga, 
Mn, SC, and Zr. Although coloured, Co, Cr, Cu and 
Ni cations do not affect the analyses. Fe(II1) and 
Ti(IV) are extracted as coloured complexes and hence 
interfere. 

Table 3 shows the main characteristics of the 
extraction-spectrophotometric procedures. The ex- 
tracts obtained can be analysed titrimetrically, spec- 
trophotometrically, or polarographically. 
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Summary-A method has been developed for the group concentration of microamounts of metals (Fe, 
Co, Ni, Mn, Cu, Zn, Cd, Hg, Pb, Bi, Sb, MO, W, V, Cr, Ga, In, Sn, Ag, Au, Pd, Pt) in the form of their 
8-mercaptoquinolinates co-precipitated on bis(bquinoly1) disulphide as collector, the latter being an 
oxidation product of I-mercaptoquinoline. The collector is formed during the co-precipitation process, 
which is the reason for its high co-precipitating power. The elements thus concentrated are determined 
by atomic-absorption spectrometry after dissolution of the precipitate in dilute nitric acid. 

Organic co-precipitants were proposed in the 1950s 
by Kuznetsov’~* and his investigations of the theor- 
etical principles of their behaviour began a new stage 
in the analytical chemistry of microamounts of 
elements.‘.2 Despite the fact that concentration of 
elements by organic collectors has considerable ad- 
vantages over concentration by extraction (a higher 
concentration coefficient is attained and the pro- 
cedure is more convenient for field work) the tech- 
nique has not been applied as widely as extraction. 
Perhaps the basic reason for this is that a large weight 
of the organic collector is required (from 1 to 4 g per 
litre of solution to be analysed). Mineralization of so 
massive a precipitate is time-consuming and there is 
a risk of loss of the elements to be determined. The 
large mass of collector is required because of the 
inefficiency of collection. When an alcohol or acetone 
solution of the organic collector is mixed with the 
aqueous solution to be analysed there is almost 
complete local precipitation of nearly all the collector 
in a small fraction of the total volume of sample 
solution. 

It is considerably more efficient to form the 
organic collector simulataneously throughout the 
volume of solution to be analysed. The efficiency is 
then greatly increased because the collector particles 
possess their greatest sorption power during their 
growth. Especially efficient are those chelating agents 
which bind metals in highly stable chelate compounds 
and can themselves be turned into compounds that 
are only slightly soluble in water and can thus act 
as co-precipitants for the metal complexes. Typical 
chelating agents of this type are those organic re- 
agents which contain an SH group in the molecule, 
e.g., 8-mercaptoquinoline, and its derivatives, di- 

thiocarbamates (ammonium pyrrolidinedithiocarba- 
mate and sodium diethyldithiocarbamate, xanthates 
(potassium ethylxanthate), dithiocarboxylic acids, 
dialkyl- and diaryldithiphosphoric acids, thionalide, 
2-mercaptobenxothiaxole, and dithiol. 

The SH group in these reagents is easily oxidized 
to the disulphide group by aerial oxygen, hydrogen 
peroxide and other suitable oxidizing agents. If 
hydrophilic groups are absent in the reagent mol- 
ecule the disulphide compounds formed are prac- 
tically insoluble in water and can be highly efficient 
co-precipitants of metal chelates, particularly if these 
have been formed by the reagent itself. 

Thus, the proposed method is based on the appli- 
cation of -SH-containing organic reagents for 
binding metals into chelate compounds and obtain- 
ing efficient co-precipitation of the metal chelates 
by oxidizing the excess of reagent to the disulphide 
form. 

In the present paper we propose use of 
8-mercaptoquinoline as the chelating agent and 
its oxidation product bis(8-quinolyl)disulphide as 
collector.’ 

Reagents 
EXPERIMENTAL 

A 1% solution of sodium 8-mercaptoquinolinate di- 
hydrate (C,H,NSNa.2H,O) in doubly distilled water. 
Though the reagent manufactured in the Soviet Union is 
sufficiently pure with regard to heavy metals, its purification 
is advisable, according to the following procedure. The 
reagent solution is left to stand for 1 hr and is then filtered 
twice through the same dense filter. The bis(l-quinolyl) 
disulphide resulting from aerial oxidation of the I-mer- 
captoquinoline remains on the filter together with the co- 
precipitated complexes of any heavy metals present. The 
reagent solution is slowly oxidized by air and becomes 
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turbid (though this does not interfere with the deter- 
mination) and is best used when fresh (in 18 hr about 20% 
of the reagent becomes oxidized). 

Highly pure nitric acid, aqueous ammonia solution 
(purified by isothermal distillation), hydrogen peroxide (1% 
solution), houbly distilled water. - - - 

During development of the concentration procedure, 
artificial sea-water was used. 

The following radionuclides, in microgram and sub- 
microgram amounts, were used during the research: “Fe, 
“Co and @‘Co, IzJSb, ““In, lg8Au z’oPb 6JZn 48V YMn 
64Cu, ‘lJlllCd and ‘09Cd, “Om+ “OAg,’ 203Hg{ S’Cr,’ M7Bi, 72Ga: 
9eMo, ‘Oppd, lg7Ft, Is7W, 65Ni, ‘13Sn. 

Apparatus 

The activity of the radionuclides used was measured by 
scintillation-counting and y-spectrometry, 

The degree of co-precipitation of a metal was determined 
by measuring the activity of its radionuclide in the material 
collected on the tilter. 

Filtration was done by suction with a specially construc- 
ted Plexiglas apparatus. 

Very dense filters prevent loss of the precipitate through 
the pores of the filter, but filtration with them is very slow. 
Whatman No. 42 or Filtrak No. 390 filter papers and also 
Nuclepore or nuclear lavsan filters’ with pore diameter 
0.42-0.45 pm, are recommended; they permit fast enough 
filtration (2 litres per hr) and are not penetrated by the 
precipitate if the filtration is done as described for the 
concentration method. The diameter of the filter is 46 mm 
for 1 litre of sample, or 18 mm for 200 ml. The paper filters 
are used if the concentrate is to be analysed by the neutron- 
activation method, since the filters are more stable towards 
radioactivity. The nuclear filters are more useful for atomic- 
absorption analysis. 

Concentration procedure 
Adjust 1 litre of the water to be analysed (filtered through 

an appropriate filter to remove particulate matter) to pH 1 
with concentrated nitric acid. Add 10 ml of 1% sodium 
8-mercaptoquinolinate solution. After 15 min add 10% 
ammonia solution dropwise with stirring to adjust the pH 
to 4-6. After 30 min add 2 ml of 1% hydrogen peroxide 
solution, with stirring. After another 30 min transfer the 
mixture to the beaker of the filtration apparatus, rinsing 
with three 30-ml portions of doubly distilled water. 

In the filtration it is essential to prevent the precipitate 
from passing through the filter. Therefore, start the filtration 
without suction, and apply suction only when about 100 ml 
of the mixture hap been filtered. Failure to do so leads to 
penetration of the precipitate through the filter and con- 
sidetable loss of the elements to be concentrated When the 
filtration is complete, wash the walls of the beaker and the 
precipitate on the filter with small amounts of doubly 
distilled water. If the solution to be analyzed contains a high 
concentration of sodium salts, 150-200 ml of water will be 
needed to wash all the sodium from the concentrate on the 
filter (which is necessary if neutron-activation is to be used). 
Run a reagent blank determination with 1 litre of doubly 
distilled water. Note. Quantitative formation of the com- 
plexes proceeds at room temperature except for chromium 
ind platinum, for which heaiing at 90” for 2-3 min (chro- 
mium) or 30 min (platinum) is needed after addition of the 
reagent and neutr&ation to pH 4-6, followed by cooling 
before addition of the hydrogen peroxide. 

Atomic-absorption determination of metals in the concen- 
trates 

Immerse the concentrate and nuclear lavsan filter for 
several min in 3 ml of 5M nitric acid. Dilute the resulting 
solution with doubly distilled water to 10 ml. Do not subject 
the nuclear-type filters to treatment with concentrated nitric 

acid (the filter would disintegrate and its fragments interfere 
in the determination). Analyse the solution by standard 
atomic-absorption methods. 

RESULTS AND DISCUSSION 

%Mercaptoquinoline and its derivatives containing 
hydrophobic substituents are particularly useful or- 
ganic reagents for binding microamounts of metals 
into chelate compounds and their subsequent co- 
precipitation. These reagents form five-membered 
rings with the metal ion to yield highly stable inner- 
complex compounds (which are insoluble in water) 
with transition and non-transition d-elements (Cu, 
Ag, Au, Zn, Cd, Hg, Ga, In, Tl, Ge, Sn, Pb, As, Sb, 
Bi, Se, Te, V, Cr, MO, W, Mn, Tc, Re, Co, Ni, Ru, 
Rh, Pd, OS, Ir, Pt)‘. This allows the group concen- 
tration of these elements in the presence of high 
concentrations of all other cations. 

These complex compounds are not oxidized even 
with lOOO-fold ratio of hydrogen peroxide, but the 
excess of &mercaptoquinoline in the solution is 
readily oxidized by aerial oxygen, hydrogen peroxide, 
sodium hypochlorite, etc., to bis(&quinolyl) disul- 
phide. 

S S 

In contrast to 8-mercaptoquinoline, this oxidation 
product is practically insoluble in water (0.026 mg/l.), 
or feebly acid and alkaline solutions, and precipitates 
in a state of fine dispersion, thus being an efficient 
co-precipitant of metal 8-mercaptoquinolinates be- 
cause of its large surface area. 

The oxidation with hydrogen peroxide takes place 
over the pH range 2.5-12, and is complete within 5 
min at pH 4-l 1. The oxidation is slower at lower pH, 
taking about 1 hr for completion at pH 2-3. At pH 
2.5 the bis(8quinolyl) disulphide begins to dissolve 
because of protonation. Oxidation of 8-mercapto- 
quinoline and its derivatives proceeds only to the 
disulphide stage even with a large excess of oxidizing 
agent. Excess of oxidant and increased temperature 
(up to 85”) do not affect the completeness of co- 
precipitation. 
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Table 1. pH-interval and degree of maximum co-precipitation of metal 8-mercaptoquinolinates with bis(8-quinolyl) 
disulphide 

pH interval of Degree of pH interval of Degree of 
quantitative co-precipitation quantitative co-precipitation 

Complex co-precipitation % Complex co-precipitation % 

Fe(C&NS), 2.8-l 1 
Co(W&NS), 2.3-10 ;: 

MoG&H,NS), 3-5 96 
WG&H,S), 2.2-5.3 95 

Ni(C&NSh 2.3-13 VG(CPH,NS), 4-6.4 98 
Mn(CJ-&NS)r 5.8-10 

;: 
Cr(C?-&NS)r* 3.8-5.2 94 

Cu(W&NS), 2-13 98 Ga(C9H6NS), 3.7-6.8 93 
Zn(qH,NS), 4-10 97 In(C,H,NS)j 3-8.7 95 
‘WW,NS), 2.410 ;: Sn(C&NS), 2.5-9.5 95 
HW&NS), 2.4-10 Ag(C,H,NS) 3.6-l 1 97 
Pb(V,NS), 4.8-9 95 An(C,H,NS)s 2.3-8.4 97 
Pi(C&NS)r 2.5-12 97 Pd(C&NS), 2-12 98 
Sb(C&NS), 2.5-7.6 93 PW&NS),* 3.5-12 98 

*On heating. 

Presumably the co-precipitation is due to ad- 
sorption of the metal complex molecules on the 
growing particles of bis(&quinolyl) disulphide and 
formation of occlusive compounds, possibly cla- 
thrates of the metal complex in the crystal lattice of 
the disulphide. That is suggested by the fact that if the 
disulphide is crystallized from its saturated solution 
in toluene in the presence of platinum Smercapto- 
quinolinate (blue in solution) or palladium 8-mer- 
captoquinolinate (pink) at 10-4-10-3M level, the 
transparent crystals of the disulphide formed acquire 
the colour of the corresponding metal complex. 
Crystallization of the disulphide extracts the palla- 
dium and platinum complexes quantitatively from 
the toluene solution. 

The pH interval for quantitative co-precipitation 

Table 2. Atomic-absorption deter- 
mination of elements in artificial sea- 
water after concentration by co- 

precipitation 

Element 
Introduced, Found, 

fig M 
Zn 

cu 

Cr 
Pb 
Ni 

cd 

Fe 
co 

2 2.0 
3 2.9 
5 5.2 

20 20.6 
0.8 0.81 
5 4.8 

10 8.9 
20 20.6 
30 29.3 
2 1.8 
2 1.9 
4 3.9 
5 4.8 

10 9.6 
20 18.6 

5 4.8 
10 8.3 
8 8.2 
5 4.8 

10 9.7 

of the element of interest from solution depends on 
the stability constant of the metal complex formed as 
well as on certain other factors. For instance, metal 
diethyldithiocarbamates are considerably less stable 
than the corresponding 8-mercaptoquinolinates, and 
co-precipitation of a diethyldithiocarbamate with 
tetraethylthiuram disulphide proceeds over only a 
very narrow pH interval (5-7), in comparison to that 
for the 8-mercaptoquinoline systems (Table 1). 

For quantitative extraction of microamounts of 
metals from natural waters and salt solutions, in most 
cases 30 ml of 1% sodium 8-mercaptoquinolinate 
solution is sufficient for 1 litre of the solution to be 
analysed. However, for safety we recommend using 
100 mg of sodium 8-mercaptoquinolinate (which 
would yield 73 mg of the disulphide on oxidation). 
This amount is considerably smaller than that recom- 
mended for other organic collectors reported in the 
literature. This comparatively low weight of collector 
makes it unnecessary to mineralize the precipitate 
before its analysis. A further advantage is that the 
filtration is much faster. 

When solvent extraction is used, the concentration 
coefficient seldom exceeds 100 (ratio of aqueous to 
organic phase volume), whereas co-precipitation by 
the proposed method gives a concentration coefficient 
of 14000 (ratio of weight of solution to be analysed, 
to weight of disulphide collector). 

Table 1 shows that the pH-interval for quantitative 
co-precipitation of microamounts of metal 8-mer- 
captoquinolinates with bis(8-quinolyl disulphide lies 
mostly within the pH-interval for maximum for- 
mation of the disulphide. 

At pH 4-6 simultaneous concentration of most of 
the metals listed in Table 1 is possible. 

The high stability of the I-mercaptoquinoline com- 
plexes enables microamounts of heavy metals to be 
concentrated in the presence of high concentrations 
of masking agents. For example, the co-precipitation 
of even submicrogram amounts of many metals is at 
least 95% complete in the presence of 1-3M fluoride, 
chloride, bromide, iodide or thiocyanate or 1M 
citrate. 
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Numerous experiments have indicated that the 
higher the concentration of inorganic salts (not reac- 
ting with Smercaptoquinoline) in the test solution, 
the faster and more reliable is the co-precipitation 
process. The reason for this is that electrolytes in- 
crease the rate of coagulation of the bis(8quinolyl) 
disulphide. It is possible that under such conditions 
the disulphide is formed in a more finely dispersed 
state and hence will have greater adsorption power. 

The method is applicable to natural waters con- 
taining not more than 5 mg/l., total concentration of 
heavy metals, or to purification of salts. 

Table 2 gives results for determination of micro 
amounts of some elements in concentrates obtained 

by co-precipitation of the elements with bis(& 
quinolyl) disulphide from 1 like of artificial sea- 
water. 
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Summary-The analytical possibilities and specific features of a variation of thin-layer chromatography 
with mobile phases of low volatility (which may be organic liquids or melts of organic solids) are discussed. 

Thin-layer chromatography (TLC) is currently enjoy- 
ing wide popularity as an analytical technique’ which 
is universal, highly effective and simple, yet its history 
is relatively short. As a matter of record, the first 
publication on TLC appeared in 1938.’ A major 
contribution to the development of this technique has 
been made by Stahl,‘” who proposed standardizing 
the sorbents, instrumentation, and experimental pro- 
cedure in order to render it as widely applicable as 
possible. In recent years, major advances have been 
made in the new modification of TLC known as 
high-performance thin-layer chromatography 
(HPTLC).5 An important advantage of TLC, in our 
opinion, is the fact that in spite of the development 
of highly sophisticated and expensive equipment 
(intended primarily for quantitative detection), TLC 
remains one of the simplest and least costly analytical 
methods. TLC is broadly employed for analysis of 
a great variety of mixtures in the chemical, pharma- 
ceutical and food industries, in agriculture, and so 
forth.&’ 

The mobile phases used in traditional TLC are 
generally composed of volatile low-boiling solvents 
such as methanol, acetone, benzene, chloroform, and 
so on,* so that they can quickly be removed from the 
sorbent layer once the separation is over. Therefore, 
the chromatographic system also contains mobile 
phase components in the gas phase. With this in 
mind, Niederwieser and Honnegerg proposed that 
TLC should be regarded as a process occurring in 
a three-phase gas-liquid-solid system. The validity of 
this proposition is obvious if it is borne in mind that 
the presence of the gas phase strongly influences the 
separation, although it is not involved in the trans- 
port and distribution of the separated substances. 

A serious drawback of TLC is the poor re- 
producibility of the chromatographic conditions, 
which manifests itself quantitatively in inadequate 
reproducibility’0 of the retention values R, which 
serve as a major characteristic in the identification of 
the separated components. As a consequence, the 
experimentally found values of & vary widely from 
one laboratory to another.” The reproducibility in 

TLC depends on a number of factors that are difficult 
to control, including the reproducibility of the porous 
layer characteristics and the effect of the gas phase.12 
Now that TLC procedures have become standardized 
and commercial plates with adequately reproducible 
sorbent layers are commonly used, the poor re- 
producibility in TLC stems, in our opinion, primarily 
from the effect of the gas phase on the chro- 
matographic process. I3 The chromatographic condi- 
tions constantly change during the separation and are 
difficult to reproduce because of exchange interaction 
between the liquid phase, gas phase, and the dry 
sorbent on the plate. To stabilize the separation 
conditions various types of chromatographic cham- 
bers have been used but then the separation results 
become heavily dependent on the type of chamber 
used.14 

The effect of the vapour phase can be minimized, 
in principle, by resorting to: 

(1) complete standardization of the experimental 
procedure (use of special chambers, temperature 
control, etc.); 

(2) uninterrupted running of the chromatogram;‘5 
(3) forced mobile-phase flow;i6 
(4) use of mobile phases of low volatility. 

Since it is desirable to maintain the inherent sim- 
plicity of the technique, variants (2) and (4) seem to 
hold the most promise. Variant (2), however, calls for 
a much longer duration of the analysis. 

The basic idea behind the two new variants of TLC 
known under the common name “TLC with low- 
volatility mobile phases”,” is that the mobile phase 
is an organic liquid of low volatility or a melt of an 
organic compound that is solid at room temperature. 
The first variant can be run at room temperature, but 
the other needs a temperature above the melting 
point of the mobile phase. We have prepared a 
classification of the variants of TLC, based on the 
volatility and type of mobile phase (Fig. 1). It should 
be pointed out that melts of inorganic salts and their 
eutectic mixtures were widely used in the fifties and 
sixties as mobile phases in thin-layer chromatography 
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I Thin layer chromatography 
(TLC) I 

~1 /“‘PI 

Fig. 1. Classification of TLC variants. 

and in el~trophoresis.1s*‘9 However, TLC with melts 
of organic compounds differs from TLC with melts 
of inorganic salts in area of application, mechanism 
of separation, and ex~~mental conditions, which 
gives us every reason to regard it as an independent 
variant of TLC with melts.20 

The TLC variant with melts of organic com~unds 
has been used by Sxekely and Baumgartner2’ for 
separation of low-volatility natural dyes. 

This review covers the analytical potential and 
specific features of TLC with low-volatility mobile 
phases. 

SPECIFIC FEATURES OF TLC WITH 
LOW-VOLATILE MOBILE PHASES 

A distmctive feature of TLC with low-volatility 
mobile phases is that the separation is conducted 
under conditions in which the effect of the gas phase 
on the chromatographic process is negligible, thus 
eliminating its contribution to irreproducibility of the 
chromatog~. We are therefore dealing essentially 
with a two-phase chromatographic system: liquid- 
solid. The higher separation temperature when melts 
are used is an additional stabilizing factor, since the 
preliminary conditioning of the plate removes ad- 
sorbed water from the sorbent layer. This is another 
reason for the good ~pr~u~b~~ity of separation in 
TLC with molten mobile phases. 

To estimate the reproducibility of the separation 

conditions we have examined the reproducibility of 
the rate of advance of the front of a hexadecanol melt 
at 120” on Merck 60 F-254 TLC polates. The relative 
standard deviation (rsd) of the time needed for the 
front to advance the first 1.5 cm was found to be 
5.4% {n = 10) at the 95% confidence level. According 
to the literature, the corresponding value for a vola- 
tile mobile phases exceeds 10%.13 Under the same 
conditions, the rsd for an advance of 5.5 cm was 
3.7%, which is indicative of high stability of the 
mobile-phase ffow in TLC with melts. 

For assessment of the overall separation we have 
studied the ~pr~u~bility of the Rr values of Sudan 
dyes on Silufol plates under traditional TLC condi- 
tions and those of TLC with low-volatility mobile 
phases (Table 1). 

When application of the sample onto the plate was 
carefully replicated, the rsd of the Z+ values on Merck 
60 F-254 TLC plates with a hexadecanol melt at 120” 
was found to be 1.3-1.6%. Under similar conditions 
but on Anasil G plates, the rsd of the R, values was 
1.92.8%. In traditional TLC with volatile mobile 
phases the ~pr~ucibi~ty is S%, provided the sep- 
aration parameters are in strict compliance with the 
experimental conditions.* 

An important consideration is that the type and 
dimensions of the chromatographic chamber do not 
affect the reproducibility of separation in TLC with 
low-volatility mobile phases, whereas they produce a 
tangible effect on the & values and separation re- 
producibility in traditional TLC.” 

Table 1. Relative standard deviations of Rf values for Sudan Dyes on 
Silufol plates 

Relative standard deviation, % 

DY= Benzene Triethanolamine Tetradecanol 

Sudan Orange P 7.3 2.7 2.4 
Sudan Orange 6.9 3.0 3.1 
Sudan III 6.4 3.1 3.0 
Sudan Black B 9.5 3.3 2.9 
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Speczjkfeatures of chromatograms in TLC with low 
volatility mobile phases 

The specific features of chromatographed TLC 
plates in TLC with low-volatility mobile phases stem 
from the fact that after the separation the mobile 
phase remains in the sorbcnt layer, without being 
evaporated as in traditional TLC. The mobile phase 
also continues slowly advancing after the separation 
is over and the plate has been withdrawn from the 
chamber, as a result of the even distribution of the 
mobile phase throughout the layer, and the zones 
undergo additional broadening as a consequence of 
molecular diffusion. The relative chromatographic 
zone-broadening data are presented in Table 2. 
Therefore, detection in TLC with low-volatility mo- 
bile phases should preferably be performed immedi- 
ately after the separation in order to avoid distortion 
of the chromatogram. Should the need arise, how- 
ever, the chromatographed plate may be stored in a 
refrigerator at a temperature below the freezing point 
of the mobile phase. Alternatively, as shown by Alt 
and Szekely,Z’ the low-volatility mobile phase may be 
removed from the sorbent layer by heating under 
reduced pressure. 

After the separation in TLC with melts is over and 
the plate has been chilled, the mobile phase freezes 
within the sorbent layer. At the same time, if the 
chromatography is conducted on a loose layer, the 
portion of the latter covered by the mobile phase 
becomes attached to the support. Binding of the layer 
to a glass support has been observed in experiments 
with loose silica gel, alumina, and cellulose layers. 
The mobile phases were melts of alcohols (tetra- 
decanol, hexadecanol, octadecanol), acids (stearic 
and cap&), and of amyl stearate. 

Another consequence of solidification of the 
mobile-pha~ melt is prese~ation of the chro- 
matogram as the solid mobile phase protects the 
chromatographic zones against interaction with the 
surrounding medium, as illustrated by the following 
example. When Sudan dye zones separated on Merck 
60 F-254 TLC plates with benzene and with octa- 
decanol as mobile phases were exposed to light of 
wavelength 254 nm, the dye zones on the plate chro- 
matographed with benzene became completely decol- 
orized after 3 hr, whereas the zones on the plate with 
solidified octadecanol retained their intensity of 
colour. Another example is assay of commercially 
produced tetraethylthiuram disulphide for 

Table 2. Relative broadening 
of the Sudan Red zone 20 hr 

after analysis 

Relative 
Mobile broadening, 
phase % 

Hexanol 203 
Cktanol 127 
Decanol 82 

pharmaceutical-grade purity. In traditional TLC with 
hexane-ethyl acetate mixture the zones of the im- 
purities disappeared completely from the plate 3-5 
days after separation. With separation by a tetra- 
decanol melt, the impurity zones persisted on the 
plate without change in the course of time. It should 
also be pointed out that the solidified mobile phase 
substantially enhances the mechanical strength of the 
sorbent layer, which, in combination with the preser- 
vation, creates favourable conditions for long-term 
storage of chromatograms, and permits direct com- 
parison of the analytical results after long periods of 
time. 

Detection and &termination of xmes of colourless 
components 

Colourless substances are detected on a TLC chro- 
matogram by exposure to ultraviolet light or by 
obtaining coloured zones by spraying with a dye:* 
and both methods can be used in TLC with low- 
volatility mobile phases. For example, the colourless 
zones of tetraethylthiur~ disulphide and its im- 
purities on Merck 60 F-254 plates are detected with 
ultraviolet light at 254 nm, in the form of dark 
blotches against a fluorescent ~ck~ound. Pyruvic, 
salicylic, benzoic, succinic, and TV -ketoglutaric acids 
can be detected on Silufol UV-254 plates after chro- 
matography with tetradccanol, octadecanol, and 
amyl stearate melts, by exposure to ultraviolet light 
or by spraying with an alcohol solution of Bromo- 
cresol Green, which gives bright yellow spots on a 
pale green background. 

Quantitative measurement in TLC may be done 
either directly on the plate or after removal of the 
substance from the sorbent layer.u35 Direct photo- 
metric and fluorimetric methods are currently indis- 
pensable in quantitative thin-layer chromaography,25 
and are fully applicable in TLC with low-vo~t~ity 
mobile phaSes. In our work, all determinations in 
TLC with such phases are done with a thin-layer 
scanning s~trophotometer. The techniques includ- 
ing removal of the separated compounds from the 
TLC plates are much more time-consuming and 
arduous, and are less accurate than the direct de- 
tection methods, and consequently have become 
obsolete. However, as shown by Alt and Szekely,23 
they can still be used in TLC with low-volatility 
mobile phases. 

separation tec~iques in TLC wirh low-volatility 
mobile phases 

Samples are applied exactly as in traditional 
TLC. The separation step is different in that TLC 
with melts is conducted at elevated temperature, 
Most convenient for the purpose are air thermostats 
with a fan, in which there is virtually no t~~ratu~ 
gradient and temperature changes are quickly car- 
rected. There is no need to employ airtight chro- 
matographic chambers, and the separation results are 
practically inde~ndent of the chamber type and size. 
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Table 3. Liquid alcohol saturated vanour nresures 

Mobile 
phase 

Ethanol 
Butanol 
Hexanol 
Octanol 
Decanol 

Temperature, “C 

1 mmHg 10mmHg 40 mmHg 100 mmHg 

-31.3 -2.3 19.0 34.9 
-1.2 30.2 53.4 70.1 
24.4 58.2 33.7 102.8 
54.0 88.3 115.2 135.2 
69.5 111.3 142.1 165.8 

Thus, all variants of TLC with low-volatility mobile 
phases retain the simplicity of the TLC technique in 
general and do not requirement special equipment. 

Silica gel, alumina and cellulose thin-layer plates 
are all suitable. 

THE MOBILE-PHASE FLOW 

TLC with low-volatility liquids 

To compare mobile phases of different volatility we 
have studied the flow of liquid alcohols at room 
temperature (20”). The volatility of the alcohols is 
shown in Table 3. The chromatography was conduc- 
ted in closed cylindrical chambers after a 12-hr period 
during which equilibrium was established in the 
system. The curves in Fig. 2 represent the velocity 
coefficient of the solvent front as a function of time. 
It can be seen that the velocity coefficient varies with 
time, the change being much more pronounced for 
ethanol than for butanol, which is consistent with 
published data.22 For hexanol, octanol and decanol, 
the velocity coefficient is virtually invariable with 
time. Consequently (Fig. 2 and Table 3) it can be 
assumed that during chromatography at room tem- 

I I 

3000 6000 

1 (set) 

Fig. 2. Variation of the velocity coefficient of the front (k) 
for liquid alcohols with time (I) on Merck 60 F-254 TLC 
plates: l-ethanol, 2-butanol, 3-hexanol, 4-octanol, 

5-decanol. 

perature the effect of the vapour phase is nil for liquid 
mobile phases with a saturated vapour pressure less 
than 1 mmHg. 

TLC with melts 

What sets TLC with melts apart from other chro- 
matographic techniques is that the separation is 
performed at temperatures above the melting point of 
the mobile phase. As the viscosity and surface tension 
vary with temperature, the lattter influences the 
mobile-phase velocity. 

The relationship between the velocity coefficient 
for the front and the analysis time at different tem- 
peratures has been studied for alcohol melts on 
Merck 60 F-254 plates characterized by a narrow 
particle size distribution and good reproducibility of 
sorbent layer properties. The plates were precon- 
ditioned by storage in a thermostat at the analysis 
temperature, then transferred into the chro- 
matographic chamber without cooling. Figure 3 
shows how the velocity coefficient for a hexadecanol 
melt varies with time at different temperatures. At 
analysis temperatures up to 140” the velocity 
coefficient remains practically invariable. This may be 
due to the low vapour pressure of the melt, which is 
less than 1 mmHg at these temperatures, and deter- 
mines to a first approximation the evaporation and 
adsorption rates in the chromatographic chamber. 

When the experiments were repeated on plates that 
had not been preconditioned, the velocity coefficient 
increased initially, the increase being the greater, the 
higher the analysis temperature. It was established 

.R 
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Fig. 3. Variation of the velocity coefficient of the front (&) 
for a hexadecanol melt with time (1) on conditioned (0) and 
unconditioned (0) Merck 60-254 TLC plates at different 

temperatures: l-8O”C, 2-14O”C, 3-180°C. 
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that the initial increase in the velocity coefficient was 
caused by the plate temperature changing from the 
ambient level to that for the analysis. 

Spe@ic pattern of flow in TLC with melts 

It is now of particular interest to use porous layers 
of a sorbent with uniform particle size in TLC, since 
this enhances the separation efficiency considerably.26 
The mobile phase flow in thin layers of this type can 
be described with due account taken of the sorbent 
particle size. 

Guiochon and Siouffi*’ proposed the follo~ng 
equation for the velocity coefficient of the front, k, 
(k = z*/t, where z is distance travelled in time t): 

k = 2kOdP y/q cos 8, (1) 

in which k,, is the specific permeability of the porous 
layer, y/r) is the ratio of the surface tension to the 
viscosity of the mobile phase, G$, is the sorbcnt particle 
size, and 0 is the wetting angle (usually close to 180”). 

In the present study, the values of specific perme- 
ability were calculated from the experimental values 
of the velocity coefficient for alcohol melts at different 
temperatures on Merck 60 F-254 TLC plates. As in 
the work cited,*’ the calculation was based on the 
assumption of complete wetting (cos e = 1) in view of 
the insignificant variations of the wetting angle in the 
homologous alcohol series.** The calculated data are 
given in Table 4. The specific permeability for TLC 
with melts is only about half that reported by 
Guiochon and SioufK” for volatile mobile phases in 
a saturated chamber. This difference can be explained 
by the fact that the molten mobile phase flows across 
a sot-bent layer free from adsorbed liquid. As is 
known, all of the physically adsorbed water is re- 
movable from silica gel at temperatures of up to 
120°,B whereas adsorption of the molten mobile 
phase vapours is, as shown previously, either zero or 
negligible. 

For the general analytical case an equation can be 

Table 4. Spezific ~~~b~ity values (k,) for alcohol melts 
on Merck 60 F-254 TLC plates 

Temperature, 
“C 

f: 

:E 

80 

fE 
140 
160 
180 

120 
140 
160 

Y/V* k, 
m lsec mm 2/set 

Tetradecanol 
1.13 1.10 
I .63 1.45 
2.32 

Z:? 3.13 

Hexadecanol 
0.58 0.65 
0.91 0.94 
1.38 1.21 
2.00 1.75 
2.60 2.27 
3.27 2.88 

Octadecanol 
1.16 1.05 
1.60 1.41 
1.98 1.75 

k 
mm& 

4.42 
4.04 
3.92 
3.99 

5.09 
4.69 
3.99 
3.98 
3.97 
4.00 

4.13 
4.01 
4.02 

TA‘ Y/I-M 

proposed similar in all ways to equation (1) except 
that it contains an additional factor taking into 
account the filling of the porous layer as a result of 
adsorption: 

(21 

where k,” is a constant determined by the size of the 
pores inside the layer, cT is the total porosity of the 
layer (ratio of the total volume of external and 
internal pores to the layer volume), and TV is the ratio 
of the adsorbed liquid volume to that of the layer. A 
mean value of k,“, of (4.00 _t 0.05) x lo-*, calculated 
from the data in Table 4 except for the values derived 
at analysis temperatures below 120”, is the constant 
for Merck 60 silica gel plates. 

~eter~~ufion of the mobile -phase content in a porou 
thin buyer 

The mobile phase traverses a thin porous layer that 
is not previously saturated with it, so there is a 
gradient of the mobile phase content in the layer from 
the source toward the front. This gives rise to a 
systematic error in the experimental dete~nation of ’ 
the Rr values because true or thermodynamic reten- 
tion values presuppose presaturation of the sorbent 
with the mobile phase.” 

In an attempt to study the mobile-phase content 
profiles we have proposed and used for the first time 
photomet~c scanning of the TLC plate containing 
solidified mobile phase. The content profiles for 
Merck 60 F-254 plates are illustrated in Fig. 4. 

Irrespective of the mobile phase used, its content 
profile on Merck 60 F-254 TLC and HPTLC plates 
will take the form shown in Fig. 4. Note that the 
profile resulting from the photomet~c scanning of the 
Merck 60 F-254 plates matches well that derived by 
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Fig. 4. Reduced content profiles for TLC?) and HPTLC?‘) 
Merck 60 F-254 plates. Reduced distance = (distance from 
source to measurement position)/(distance from source to 

solvent front). 
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wwn 
L 4 4 Zf 

Fig. 5. Correction of the mobile phase front position. 

the gravimetric method for Merck TLC plates with 
an aluminium support30 

We now propose a method for correction of the 
position of the unsaturated flow front, necessary to 
determine the ratio between the experimental and 
true R, values. It is based on the premise that 
corresponding to the real unsaturated flow of the 
mobile phase there is an idealized saturated flow, with 
a different position of the mobile phase front. This 
position will be that required to make the hatched 
areas in Fig. 5 equal. Equalization of these areas gives 
the following analytical expression for the idealized 
saturated-flow front position Z,: 

z,=’ s a 

w zs 
w(Z)dZ + Z, (3) 

where Z, is the position of the real unsaturated-flow 
front, Z, is the position corresponding to the satur- 
ated portion of the real flow, and W is the content of 
mobile phase in the saturated flow and is a function 
w(Z) of Z. It has been empirically determined that 
the unsaturated portion of the flow profile for Merck 
60 F-254 TLC plates in Fig. 4 is given by an elliptic 
equation. Having substituted the elliptic equation 
into (3), and performed the necessary integration and 
simple transformations, we have determined the nu- 
merical ratios between the experimental (R,) and true 
(R,,) retention values for Merck 60 F-254 TLC 
plates. 

When the chromatographic zone is in the saturated 
portion of the mobile phase flow (Rf 6 0.65), 

4 R,, = - = 
0.924 

l.OSR,. 

If the chromatographic zone is in the unsaturated 
portion, a correction for the zone position is intro- 
duced similarly to that for the front position, which 
gives, for RF 2 0.65, 

Rf,,=0.85R,+0.15 (5) 

THE ROLE OF TEMPERATURE IN TLC 
WITH LOW-VOLATILITY MOBILE PHASES 

As mentioned above in connection with mobile- 
phase flow, temperature affects the flow velocity of 
low-volatility mobile phases. Moreover, temperature 
may be instrumental in controlling the retention and 
separation in TLC with these mobile phases. 

In traditional TLC, the effect of temperature on 
retention is insignificant.” According to Geiss,M this 
is due to the fact that two things happen when the 
temperature rises: first, the adsorbed water evapo- 
rates and the sorbent becomes more active, and, 
second, the mobile liquid phase is transferred onto 
the sorbent layer through the vapour phase, as a 
result of evaporation and adsorption. Therefore, the 
overall temperature effect in traditional TLC is 
insignificant. 

TLC with melts of organic compounds permits 
separation within a broad range of analytical 
temperatures and under conditions in which the 
adsorption of mobile phase vapours is virtually nil, 
as was shown in the study on the mobile-phase flow. 
On the other hand, according to De Boer and 
V1eeskens,32*33 all of the physically adsorbed water is 
removed from the silica gel layer at temperatures of 
up to 120”, whereas at temperatures ranging from 80 
to 120” the water content changes insignificantly.29 
Consequently, TLC with melts brings about a sys- 
tematic increase in the Rf values as the temperature 
is raised. 

Figure 6 is a logarithmic plot showing the capacity 
factor determined for true retention values, as a 
function of the reciprocal of absolute temperature for 
analysis on Merck 60 F-254 TLC plates. The curves 
in Fig. 6 are close to linear, which is indicative of 
analysis under conditions with constant qualitative 
and quantitative phase compositions.M 

Significantly, the intersection of the curves in Fig. 
6 corresponds to a temperature-induced variation in 
the relative retention of the mixture components. 
Greater detail concerning the effect of temperature on 

I I I 

2.4 2.6 2.6 
103/T 

I I I I I 
160 140 120 100 60 

Temperature ( ‘C) 

Fig. 6. Plot of Ink US. l/T for a mixture of dyes on Merck 
60-254 plates; mobile phase n-hexadecanol. l-Sudan R, 

2-Dimethyl Yellow, 3-Victoria Blue, 4-Sudan III. 
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retention in TLC with low-volatility mobile phases 14. M. Brenner, A. Niederwieser, G. Pataki and R. Weber, 
has been published elsewhere.34 in Dt7nnschichtchromatographie, E. Stahl (ed.), p. 79. 

Springer, Berlin, 1962. 
15. 

CONCLUSION 
16. 

The use of low-volatility mobile phases gives better 
reproducibility of the separation conditions and R, 17. 
values and also broadens the scope of TLC. The use 
of molten organic compounds as the mobile phase 

18 
’ 

offers several advantages, including better stability of 19. 
the chromatograms and the possibility of extended 20. 
storage. The technique retains all the simplicity of 
traditional TLC. 

21. 

22. 

1. 

2. 

3. 

4. 
5. 

6. 
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Summary-The technique of laser-induced atomic-ionization (AI) in flames has been used for direct 
determination of Na, K, Rb, and Cs in samples such as water, high-purity alkali metals and their salts 
and polymeric organosilicon compounds. Different procedures for sample introduction into the &me 
were studi& (u) the sample was placed onto the cathode of the detector (this gave limits of detection 
for Na and Cs of 4 x lo-I6 and 2 x lO-‘s g, respectively), (b) electrothermal vaporization and (c) 
aspiration of the sample into the flame. To reduce the interference of SiQ in the AI determination of 
K in polymeric organosilicon compounds (at the level of 10-3-10-S%), a procedure involved additional 
electrical heating of the FID cathode was developed. The efficiency of certain schemes for the laser stepwise 
and two-photon excitation of atoms was compared for determination of Na. 

Laser-induced atomic-ionization’ or laser-enhanced 
ionization* in flames, based on the optogalvanic 
effect, is a new highly sensitive analytical method 
undergoing intensive development. It relies on de- 
tection of the changes in an electrical current passed 
through a flame by application of a high voltage 
across electrodes. The current changes arise from 
production of additional charges due to selective 
resonance ionization of analyte atoms by dye-laser 
radiation. 

Most studies on AI analysis have been done with 
sample atomization in flames, since flame spec- 
trometric techniques have much to offer. They are 
simple, inexpensive to operate, and have good re- 
producibility and high speed of analysis. For trace 
detection of more than 30 elements AI spectrometry 
is certainly competitive with, and often superior to, 
other frame spectrometric methods (atomic emission, 
atomic absorption, atomic fluorescence).3 Stepwise 
laser excitation4 is highly advantageous for deter- 
mination of most elements with high ionization po- 
tentials,5 because of its high sensitivity and selectivity. 

The AI method is free from certain interferences 
inherent in techniques using optical detection of the 
signal, for example, those caused by scattered laser 
radiation, which is a severe problem in laser-induced 
atomic fluorescence. However, some ionization inter- 
ferences occur when the sample matrix contain large 
amounts of elements of low ionization potential;6 
these have been studied in detail’~8 and ways to avoid 
or eliminate them discussed.e’l The ionization mech- 
anisms and the theory of processes resulting in AI 
signal formation in flames have also been consid- 
ered.‘z-‘4 

The present work demonstrates the application of 

AI to direct determination of Na, K, Rb, and es in 
different water samples, Rb and Cs in high-purity 
alkali metals and their salts, and K in organosilicon 
compounds. The limits of detection (LODs) for these 
elements (0.1-0.001 ng/ml) are among the lowest 
attained with the AI t~~q~~,‘~16 and are two 
orders of magnitude better than the best obtained by 
other flame techniques (for K, Rb and Cs about 
1 ng/ml and for Na about 0.1 ng/ml).“*‘* The 
AI determination of Li has been studied;lg the LOD 
of 0.001 ng/ml attained is close to the theoretically 
ultimate value calculated for the flame.2oZ’ 

The efficiency of some stepwise and two-photon 
schemes of excitation of atoms has been compared, 
with determination of Na as an example. Different 
procedures for introducing the sample into the flame 
in the AI analysis have been studied. 

EXPERIMENTAL 

Reagents 
Stock solutions of alkali metals (concentration 1 and 

10 mg/ml) were prepared from the chlorides of “high 
purity” grade and water purified by being twice distilled in 
a fused-silica still and then demineralized with a “Milli-Q” 
system (water r&&iv&y _ 20 MC&m). The organic sol- 
vents, ethanol, methyl isobutyl ketone (MIBK), toluene 
and n-octane, were purified by double distillation in a fused- 
silica still. In the analysis of organosilicon compounds, 
stock solutions of potassium were prepared from its 
1: 1 stoichiometric complex with lS-crown-6 ether, 
[(CH,CH20)&+]OH-. containing 15.3% K. 

Laser dyes were of a special grade “for quantum 
elsctronics”. 

Apparatus 

In determination of K, Rb, and Cs the AI spectrometer 
was based on a 300-kW nitrogen-laser (repetition rate 5 Hz) 
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AI signal 

Fig. 1. Block scheme of the experimental apparatus: I-Nd:k’AG laser; 2,3-pulsed dye-lasers; 
4,5dichroic mirrors; 6-KDP frequency-doubler crystal; ‘I-burner; &cathode; q-high-voltage 

source. 

and a transverse pumped dye-laser with grazing incidence. 
The dye-laser power was 2-20 kW at 400-460 nm, pulse 
duration, about 10 nsec. The AI spectrometer has been 
described elsewhere.22 

The determination of Na was done with the spectrometer 
shown in Fig. 1. The 2nd harmonic emission of an Nd : YAG 
laser (A = 532 mn) with power up to 800 kW per pulse, 
pulse length 14 nsec and repetition rate of 10 Hz (1) was 
used for longitudinal pumping of one or two dye-lasers (2,3) 
arranged to give grazing incidence. The 6rst experiments 
on longitudinal pumping of the dye-cell in a resonator of 
that type were performed by Novodvorsky er ~1.~’ who 
emphasized the high oscillation performance of the laser. 
Upon pumping, the peak power of one of the dye-lasers 
approached 180 kW (546-600 mn band, Rhodamine 6G), 
the e!Rciency of radiant power transformation was w 24% 
and the linewidth 0.003 nm. For synchronous pumping of 
both dye-lasers the 2nd harmonic radiation of the Nd : YAG 
laser was divided into two equal parts by means of a 
dichroic mirror (4). The radiation of the two dye-lasers (the 
beam diameters were 1 mm) was directed co-linearly to the 
game of a circular MCker-type premix burner (7). The 
burner used was the one from the assembly of a Zeiss AAS- 
atomic-absorption spectrophotometer (solution uptake rate 
4 ml/mitt). The optical path-length was the same for the two 
lasers. A cathode (8) (at - 600 V) was inserted in the flame 
over the laser beams and parallel to them: the burner served 
as the anode. The cathode was made of 0.6 mm diameter 
stainless-steel rod or iridium wire. 

The ionization signal from the cathode was amplified by 
a broad-band amplifier and processed with an analogue-to- 
digital converter unit which integrated a gated part of the 
signal pulse. The output signal was the average response of 
10 pulses and was shown on a digital display. 

In determination of Cs, in addition to the Mtker burner, 
a burner with electrothermal sample vaporizations’ was 
also wed, providing a micro-method of AI analysis. The 
vaporizer (a loop of 0.5~mm thick tungsten wire, with a 
diameter of 4 mm) was heated by means of a Varian- 
Techtron CRA-90 power-supply unit with temperature- 
programming control. 

Tuning of the dye-lasers to the analytical lines of K, Rb, 
Na, and Cs and to excite the Na (3s+3p) resonance was 
done by resonance-changing of the impedance of elec- 
trodeless discharge lamps. z In the determination of Na, the 
dye-laser of the second step was tuned with a mono- 
chromator and then, more accurately, by maximizing the 
amplitude of the AI signal. 

Procedure 
A propane-butane-air flame was used. The maximum AI 

signals for the Meker-type burner were obtained with 
fuel-gas and air flow-rates of 0.6 and 6 l./min, respectively. 
The optimal distance of the cathode from the burner head 
was 18-20 mm. 

It should be noted that in the determination of very low 
concentrations of K and Na, precautions were taken to 
decrease the background level, viz. stock solutions and 
samples were prepared in polytetrafluoroethylene (Teflon), 
standard flasks, and the support gas (air) was purified by 
pumping through a special filter before it entered the burner. 

The general procedure for measurement with the burner 
with electrothermal vaporizer was as follows. A 5-~1 sample 
of solution was put on the vaporizer loop by micropipette, 
and dried at 106-120” for 20-25 sec. The argon flow 
required for sample transfer to the flame was then passed 
through the vaporizer passage (isolated from the fuel gas 
and air), the flame was ignited, and the loop temperature 
was raised to 1300” within 3 sec. The sample was evaporated 
from the loop and entered the flame, where it was atomized 
and the analyte atoms were selectively ionized. The inte- 
grated AI signal was recorded until its value fell to the noise 
level of the detection system. One measurement took less 
than 25-30 sec. The optimal flow-rates of the gases 
were argon 0.2-0.3 I./mm, propan+butane 0.6 l./min, air 
6 l&in. The optimum distance between cathode and burner 
head was 50 mm. 

RESULTS AND DISCUSSION 

Determination of alkali metals in aqueous solutions of 
their salts 

The calibration graphs obtained on aspiration of 

stock solutions of Na, K, Rb, and Cs into the flame 
were linear over 34 orders of magnitude of concen- 
tration. The excitation schemes and detection limits 
attained are shown in Table 1. The limits of detection 
of K, Rb and Cs in aqueous solutions were deter- 
mined by the noise from the recording unit, since the 
background signal in the determination of K, Rb and 
Cs in demineralized water did not exceed the noise 
level. The lower level of detection of Na in its 
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Table 1. Determination of alkali metals in pure aqueous solutions 

Ionization 
potential, Excitation Wavelength 

Element eV mode (AX ?wn Dye 

Limit of 
detection, 

ng/ml* 

K 
Rb 
CS 

Na 

4.34 
4.18 
3.89 

5.14 

une-step 
4s~S,,2+5p~Pa,,2 
5~*S,,~+6p*P~~,~ 
6s2S,,2+7p2P0j,2 

Stepwise 
1, _y 4d2 42 

Na 5.14 

Two-photon 

/” 
5d*D,,z 

~s~S,,,+~S*S,,~ 
\ 

404.4 PBBO 0.1 
420.2 POPOP 0.1 
455.5 Coumarin 47 0.004 

A, 589.0 Rhodamine 6G 
A, 568.8 Rhodamine 110 > 
1, 589.0 Rhodamine 6G 
A, 616.0 Rhodamine C > 

540.0 Rhodamine 110 

550.0 Rhodamine 110 

74 

2.9 

0.86 \4d2 D,, 578.7 Rhodamine 6G 

*The limit of detection is the analyte concentration which corresponds to a signal equal to three times 
the standard deviation of the blank signal (calculated from 20 replicates of the blank). 

0.002 

0.01 

determination by stepwise excitation was limited by 
the Na content of the demineralized water (48 pg/ml). 
The relative standard deviation at the 1.0-0.1 ng/ml 
level (n = 10) was 56%. 

Resides the determination of K, Rb and Cs with 
the one-step excitation scheme we tested stepwise 
schemes, utilizing as the second source a fraction 
of the nitrogen laser radiation (A, = 337.1 mn, power 
= 150 kw). Under these conditions, the AI signals 
were no higher than those for one-step excitation, 
which indicated the high e.fIiciency of ionization of 
K, Rb and Cs by the one-step excitation scheme. 
Of these three elements, sodium has the highest 
ionization potential (5.14 eV), so for comparison of 
efficiency Na was determined with the use of step- 
wise and two-photon excitation schemes. The best 
detection limit for the stepwise scheme was obtained 
by the excitation of Na to its 40 level. Assuming a 
photoionization mechanism for ionization of the 
excited atoms, this can be explained as due to the 
larger photoionization cross-section of the D-level 
with respect to the S-state.26 The laser powers at 
568.8 and 616.0 nm were approximately equal. Com- 
parison of the LODs for Na with the two-photon 

excitation scheme shows that excitation to a higher 
level results in loss in sensitivity. In addition to the 
difference in the photoionization cross-sections, this 
may be due to different effects of the matrix element 
on the two-photon transition.14 

The LODs attained enabled the direct deter- 
mination of alkali metals at the ng/ml level in water 
samples, by either the calibration-graph or the 
standard-additions method. The results are listed in 
Table 2. The accuracy of the determinations of Na 
and K in distilled water and K in tap water was 
verified by flame emission spectroscopy, the results 
agreeing within the limits of measurement error. 

When a sample is aspirated into the flame, the 
transfer efficiency is rather low. The positioning of 
the cathode of the detector directly in the flame made 
it possible to determine very small absolute amounts 
of Na and Cs by placing the sample on the cathode, 
thus creating a high concentration of the analyte 
atoms in the excitation zone. A sample (2-5 ~1 of 
solution) was placed by micropipette in a wire loop 
3 mm in diameter attached to the cathode. The water 
was evaporated by radiant heating and the flame was 
ignited, and the AI signal was recorded. The laser 

Table 2. Determination of Na, K, Rb, and Cs (ng/ml) in water samples (n = 10, 
P = 0.95) 

Element 
Tap Distilled 

water water 

Calibration 
graph 
method 

Standard- 
additions 
method 

Na - 30*2 
K 950*40 52 f 3 
Rb 7.0 f 0.5 1.0*0.1 
CS 0.60 f 0.05 0.11 f 0.01 
Na - 30 
K llOOi6 58k4 
Rb 8.0 f 0.5 1.2*0.1 

Demineralized 
water 

(Milli-Q” system) 

0.048 f 0.005 
<O.l 
<O.l 
< 0.004 

- 
- 
- 

CS l.OIO.1 0.10*0.01 - 
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Fig. 2. Dependence of AI signal for Cs (% of nominal 
signal A) on concentration of Rb: l-sample nebulization 
into the flame (C, = 0.01 fig/ml); 2-atomizer with electro- 
thermal sample vaporization into the flame (Cc, = 1 pg/ml). 

beam was directed 1 mm above the cathode. The 
sample was completely vaporized within about 1 min 
and the analytical signal was the integral of the AI 
signal amplitudes over this period. The calibration 
curves were plotted and the absolute LODs for Na 
and Cs were calculated to be equal to 4 x lo-l6 and 
2 x lo-” g, respectively. The relative standard devi- 
ation at the lo-i3 g level was 25-30% (n = 5). 

Determination of Rb and Cs in high-purity alkali 
metals and their salts 

The most important and complicated problem 
arising in the analysis of “real” samples is deter- 
mination of trace elements in the presence of large 
amounts of elements very similar to them in their 
properties; for example, the determination of one 
alkali metal in compounds of the others. 

The ionization interferences in AI determination 
by sample aspiration into the flame are known to be 
essentially lower when the cathode is placed directly 
in the flame.z7 Nevertheless, as shown previously,22 
there are ionization interferences in the AI signal for 
Cs as analyte even at Rb concentrations as low as 
10 rg/ml in the sample matrix (Fig. 2, curve 1). The 
nature of these interferences had been explained.*’ A 
similar effect is exhibited by Cs in the determination 
of Rb. Also, when K, Rb or Cs solutions with 
concentrations > 1 mg/ml are aspirated into the 
flame, there is a considerable increase of the noise 
from the AI signal recording system, caused by the 
increased conductivity of the flame (arcing effect); 
this complicates the problem of reliable detection of 
the AI signal. Hence, Rb and Cs were determined by 
the standard-additions method, solutions with matrix 
concentrations of 0.2-0.4 mg/ml being used in the 
determinations. The samples to be analysed were 
pure Cs and Rb metals (S-mg samples) and K2Cr04 
(3-mg samples). 

The samples of Rb and Cs were transferred into 
Teflon beakers and dissolved in distilled ethanol 

(10 ml). The K,CrO, samples were dissolved in 
purified water. These solutions were quantitatively 
transferred to 25-ml standard flasks and diluted to 
volume with water. Cs and Rb in the final solutions 
were determined by aspiration of the sample solution 
into the flame. The additions were made so that the 
signals were in the linear region of the calibration 
curves. The amount of element to be determined was 
calculated from the average AI signal for each solu- 
tion (10 independent measurements) according to the 
equation: 

BA, cc- 
‘42-A, 

where B is the standard-addition concentration 
(ng/ml) and A, and A, are the AI signals for the 
sample alone and for the sample plus added standard, 
respectively, corrected for the background. 

The results presented in Table 3 are the average 
values for determination of Rb and Cs from three 
identical samples. To verify the accuracy of the 
results, the Rb and Cs were determined by AAS with 
a Varian-Techtron AA875 spectrophotometer by the 
standard-additions method, in solutions containing 
2-10 mg/ml of the alkali metals. To prepared these 
samples it was necessary to combine 10-20 specimens 
of Cs or Rb, whereas the sensitivity of the AI 
technique allowed the content of Rb and Cs to be 
monitored in each individual specimen. The data in 
Table 3 show good enough agreement between the 
results obtained by the two methods. 

Application of micro-methods seems promising as 
a means of eliminating ionization interferences.” The 
determination of Cs in high-purity RbCl and Rb,CO, 
was done with the use of a flame atomizer with 
electrothermal vaporization of sample from the tung- 
sten loop. We first studied the effect of Rb on the AI 
signal of Cs, with solutions containing 1 mg/ml Cs 
and different concentrations of Rb. It was found that 
even at the 10 mg/ml level Rb did not interfere in the 
determination of Cs (see Fig. 2, curve 2) whereas with 
sample aspiration into the flame strong interference 
resulted, and the AI signal for Cs in the presence of 
IO-mg/ml Rb solutions could not be detected at all. 

The determination of Cs in lo-mg/ml Rb solu- 
tions with use of the electrothermal atomizer was 
done by the calibration-graph method (linear region 

Table 3. Results of AI and AAS determinations of Rb and 
Cs in high-purity materials (n = 10, p = 0.95) 

Content, (2 * @\, 10m3% 
\ Jn/ 

Sample Element AI technique AA techniaue 

cs 1 Rb 3.3 f 0.6 3.3 
cs 2 Rb 6.1 f 1.2 4.0 
cs 3 Rb 2.2 f 0.3 1.8 
cs 4 Rb 8.4 f 1.1 8.0 
Rb cs 0.8 f 0.1 1.1 
K,CrO~ 1 cs 2.7 f 0.2 - 
K,CrO., 2 Cs 5.2 f 0.3 - 
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Table 4. Determination of Cs in high-purity salts of Rb (n = 5, p = 0.95) 
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Sample 
Electrothermal 
vaporizer-flame 

, 10e4% 

Pneumatic 
nebulizer-flame 

Content 
certified 

by GOST*, 
10-4% 

RbCl 13*1 12* 1 <20 
Rb, CO, 7.2 f 0.3 1.0 f 0.4 <20 

*Soviet Union Standards. 

5 x 10-4-10 pg/ml). To verify the results, 100~pg/ml 
solutions of the same salts were analysed by sample 
aspiration into the flame. The results are presented in 
Table 4. 

Determination of K in organosilicon compounds 

In analytical practice, samples containing sub- 
stances which produce refractory compounds such as 
SiO,, A&OX, etc. are often encountered. If the cath- 
ode is placed directly in the flame, its temperature is 
lower than the temperature of the flame itself and 
compounds of that kind are deposited on the elec- 
trode surface, thus resulting in a break in the circuit 
of AI signal detection and, hence, to a dramatic 
decrease of the signal, and even its complete elimi- 
nation.** This effect would be even stronger if the 
water-cooled cathode were used.’ 

We have worked out a procedure for direct trace 
determination of K at the level of 10-4-10-6% in 
samples of polymeric organosilicon compounds. Use 
of the acetylene-air flame and out-of-flame arrange- 
ment of the cathode turned out to be ineffective as 
far as deposition of Si02 was concerned. To prevent 
the deposition of Si02 on the cathode surface we 
applied additional electrical heating, using a d.c. 
source (a 12-V 6-A. hr storage battery), a switch and 
a 100-W variable resistor (0-2Q). 

The organosilicon samples were rather viscous 
substances, soluble in non-polar solvents. The anal- 
ysis was done by the standard-additions method, the 
added standards being ethanolic solutions of the 
potassium complex with 18-crown-6 ether; 50 mg of 
the complex was dissolved in 50 ml of ethanol (solu- 
tion 1) so that the K concentration was about 
150 mg/ml. Solution 1 was more precisely standard- 
ized by means of a calibration graph prepared by use 
of an aqueous reference solution of high-purity KC1 
containing 1% v/v ethanol. One ml of solution 1 was 
diluted loo-fold with water (solution 2) and the 
potassium content of solution 2 found by AAS, with 
the aid of the calibration graph. 

To find a solvent which would support the com- 
bustion, dissolve the samples and be miscible with the 
K-18crown-6 ethanolic solution, we tried toluene, 
n-octane and MIBK. The last turned out to be the 
best. We diluted aliquots of solution 1 with MIBK to 
obtain solutions with K content ranging from 0.5 to 
SOpg/ml. These solutions were used as additives in 
preparing mixtures with organosilicon polymers. 

In the AI determinations with additional heating of 
the cathode, the latter was made of iridium wire (m.p. 
2450”). The temperature of the cathode surface on 
nebulization of MIBK in the flame was 1180-1230”; 
that with the additional heating applied was 
1700-1750” (as measured with an optical pyrometer) 
and there was no SiO, deposition at this temperature. 
In the determination of 1 pg/ml K in MIBK stock 
solutions with and without additional cathode heat- 
ing the signal to noise ratio was found to deteriorate 
by a factor of about 2 owing to the increased noise 
level. 

The samples of polymers (N 2 g) were placed in 
preweighed graduated test-tubes, which were then 
weighed again. A known quantity of K was intro- 
duced and the mixture was diluted to fixed volume 
with MIBK. The determination was done by aspi- 
ration of the mixtures into the flame. The cathode 
heating was switched on for a short time (5-10 set) 
while the AI signal was measured. Three independent 
determinations of K were made for each of the 
samples. The results are presented in Table 5. 

It will be seen that application of additional elcc- 
trical heating for the cathode (inserted directly into 
the flame) has good prospects for the trace analysis 
of elements in samples that form refractory com- 
pounds in the flame. 

CONCLUSIONS 

The present study has shown the application of a 
new method of analytical atomic flame 
spectrometry-laser atomic-ionization analysis-to 

Table 5. AI determination of K in ornanosilicon comoounds cn = 3. D = 0.95) 

Sample 1 2 3 4 

0.25 f 0.03 5.1 f 0.7 12*2 15* 1 

, 10-d% 
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some real samples. Different excitation modes can be I 1. 
used: one-step, stepwise,. multiphoton. This makes 
the technique flexible for “real” sample analysis (it is ‘*. 
possible to reduce matrix spectral interferences). To 
solve different problems of analysis (improvement of 13. 
LODs or to reduce the matrix interferences) it is 
profitable to study various ways of introduction of 14. 
the sample into the flame. Investigations of other l5 

’ ways of sample introduction (for example, by solid 
sample vaporization and atomization in the flame by 
laser) are under way. Refractory matrix interferences 16. 
can sometimes be reduced by additional electrical 
heating of the cathode of the detector system. 
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Summary-A pulsed electrothermal atomizer of the tungsten-coil type and apparatus for its application 
in atomic-absorption and atomic-fluorescence spectrometry are described. A tungsten-coil atomizer is 
shown to be just as good as commercial electrothermal atomizers with regard to sensitivity and 
reproducibility, but to have better operating characteristics. A theoretical model for formation of the atom 
cloud is given. Mechanisms for atomization of different groups of element in an atmosphere of pure argon 
and in the presence of reductants (hydrogen and carbon) are proposed. 

Atomic-absorption analysis with electrothermal 
atomization (ETA) has found wide application in 
industry, geology, agriculture, medicine, etc.‘-’ The 
Massmann-type graphite furnaces4 are widely used 
for ETA. However, the commercial equipment for 
ETA has some shortcomings (comparatively short 
furnace lifetime, slower analysis than with flame 
atomization, considerable matrix effects, need for 
high-power sources). To eliminate some of these 
drawbacks, various workers have proposed coating 
the graphite tube with pyrolytic carbon, modifying 
the tube surface with carbides and oxides, lining the 
tube with refractory metal foi1,5*6 using the L’vov 
platform,‘~’ changing the furnace shape, automating 
the sampling operation, and so on. 

Much attention has been given to the investigation 
of open electrothermal atomizers in the form of 
filaments,9~‘0 ribbons,“~‘2 rodsI or 10ops;‘~*~~ these are 
simple to make and provide sufficiently high heating 
rates and good sensitivity. 

Metal-coil atomizers of low mass (3-5 mg) and 
power input (10-20 W) have a larger radiation area 
and heated space volume than filament atomizers 
do,16 and in our opinion are of special interest. More- 
over, atomizers of this kind have long lifetimes and 
can be- used as high-precision samplers. 17~18 The anal- 
ytical and operating characteristics of the tungsten- 
coil atomizer (TCA) are of undoubted interest for 
analytical chemistry. 

An investigation of the fundamental analytical 
characteristics of atomic-absorption and atomic- 
fluorescence analysis with a tungsten-coil atomizer is 
described here. 

EXPERIMENTAL 

Apparatus 

A block diagram of a spectrometer fitted with a TCA is 
shown in Fig. 1. The atomizer is made in the form of a coil 
1.3 mm in diameter and 1.5 mm long (10 turns of a tungsten 

or tungsten-rhenium wire 0.08 mm in diameter). For 
atomic-absorption, the atomizer is placed in the centre of a 
light-beam 2-4 mm in diameter emitted by a hollowcathode 
lamp (HCL). A deuterium lamp is used for background 
correction. 

For atomic-fluorescence, an electrodelessdischarge lamp 
(EDL) is used as the light-source, with its radiation directed 
at right angles to the optical axis of the coil and mono- 
chromator system. The coil is protected from atmospheric 
oxidation by a laminar flow of purified argon (flow-rate l-2 
I./mm), supplied through a nozzle 2-3 mm below the coil. 
To create a reducing atmosphere, up to 10% of hydrogen 
or methane is introduced into the argon. Liquids are 
sampled by tilling a coil with the test solution by surface 
tension. For this purpose an automatic sampler is used, 
incorporating a mechanism for raising and lowering a 
sample cup, carried on a turntable sample magazine (Fig. 1). 
The autosampler works as follows: when the control motor 
is switched on, the argon-supply on the nozzle is drawn 
aside, the sample cup is lifted up until the coil just touches 
the solution, then the cup and nozzle are returned to their 
original positions. The moment of contact of the coil with 
the solution is determined automatically through the accom- 
panying change in the electrical characteristics of the coil. 
The volume of sample is determined by the size of the coil. 
The precision of autosampling is better than 2%. 

For the analysis of solid conducting materials a sample 
table is substituted for the liquid-sample holder, and the 
sample is introduced onto the coil by means of a low- 
powered electric pulse-discharge between the coil and the 
solid sample in an atmosphere of argon. The discharge 
power-supply consists of _ a high-voltage power suppiy 
(1000-1500 V). resistor (100-500 R) and a condenser (0.1-10 
mF), connected in series. The coil’is the negative electrode 
and the solid sample the positive electrode, connected in 
parallel with the condenser. The gap between the electrodes 
is 0.1-l mm, and the discharge frequency is 0.01-50 kHz. 
The mass of sample thus transferred to the coil is 10-‘z-10-7 
g, depending on the duration and other parameters of the 
discharge. 

Drying, ashing and carbon-modification cycles (if re- 
quired) are performed by passage of current from a d.c. 
supply (the voltages being in the ranges 0.5-0.9, l-5 and 
5-10 V, respectively). To reduce the analysis time and 
increase the lifetime of the atomizer, a sensor is used which 
automatically detects the end of the solution drying cycle. 
Atomization is achieved by current impulses produced by a 
battery of 20-mF condensers charged to 18-20 V. The 
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Fig. 1. Block diagram of the spectrophotometer. 

atomizer is thus heated at a rate as high as 3 x 10’ K/set, 
and the maximum coil temperature is 3100 K. 

The apparatus incorporates a monochromator of 
Ebert-Fasty type (spectral range 190400 nm, dispersion 0.5 
mn/mm). Single-beam optics are used, without rotary me- 
chanical modulators (choppers). The radiation from the 
light-sources is electronically modulated at different fre- 
quencies (20 kHz for the HCL or EDL and 12.5 kHz for the 
deuterium lamp) and combined with the aid of the half- 
silvered mirror (Fig. 1). The signal from the photomultiplier 
is separated by means of frequency selectors and then goes 
to the double-channel measuring device. The absorption of 
the HCL radiation is measured in the tirst channel, ‘and that 
of the deuterium lamp radiation is measured in the second. 
The output signal is the difference between the signals in the 
channels. The intensities of the two light-sources are also 
measured directly before the atomization and their values 
stored in the microprocessor, to provide the equivalent of a 
reference beam. 

There is feedback between the output of the measurement 
system and the atomizer-current regulator to 6x the maxi- 
mum absorption automatically, and the absorption signal is 
integrated. This automatic temperature control widens the 
range of linear response. 

An 808OA microprocessor is used to control the operation 
of the spectrophotometer and process the signal. The results 
can be displayed on a VDU, recorded or printed out. The 
time-constant is adjustable from 0.25 to 25 msec for vari- 
ation of the electronics band-pass. 

Reagents 

Standard and developmental test solutions were made 
from the high-purity nitrates, chlorides or sulphates of the 
metals of interest, and demineralized water. The stock 
solutions had a metal content of 10 mg/ml and were diluted 
as required. To minimize adsorption losses, Teflon and 
polyethylene vessels were used and to prevent hydrolysis the 
solutions were acidified with high-purity nitric acid (to an 
acid concentration of O.lM). A sample volume of 2 ~1 was 
used. In the analysis of conductive solids, the sample surface 
was cleaned by preliminary sparking before the sampling 
discharge proper. 

RESULTS AND DISCUSSION 

The absorption peak given by use of the TCA is 
similar in shape to that obtained with other types of 
atomizers, but is very much shorter in duration. Its 
shape is determined by the heating rate of the atom- 
izer. Over the range investigated (103-lo5 K/set) the 

peak height increases linearly but the integral value 
(peak area) remains constant (Fig. 2). 

A theoretical model of formation of the atom cloud 
from the TCA can be based on the assumptions that 
(1) the sample is deposited as a monolayer on the 
tungsten coil, (2) all the atoms can participate equally 
in the absorption process, (3) the degree of atom- 
ization is constant over the temperature range corre- 
sponding to the absorption peak, and (4) the rate of 
removal of atoms from the absorption zone is much 
greater than the rate of their arrival from the surface 
of the atomizer. The rate of arrival, V,,, can then be 
obtained from the differential equation 

(1) 

where N,, is the number of atoms on the surface of 
the atomizer at time t, and k is the evaporation-rate 
constant. Since k will depend on the temperature of 
the atomizer and hence on time, we can define the 
number of atoms (NJ in the absorbing zone at time 
t as 

N,= N,Bp(t)ezp[ - j:p(t)dt]r (2) 

where N, is the initial number of atoms on the 
atomizer, B is a coefficient taking account of 
the diffusion rate of the atoms, the geometry of the 

Fig. 2. Experimental (-) and theoretical (---) peak 
shapes for Pb. Heating rates: (1) 9.5 x 103, (2) 1.35 x Iti, 

(3) 2.20 x lO’K/sec. 



atomizer, and Boltzmann’s constant (an increase in 
temperature of 1500 K increases B by a factor of only 
2-3), p (t) is the partial vapour pressure at time r (and 
increases by 2-4 orders of magnitude when the 
temperature is increased by 1500 K), and r is the 
mean residence time of the atoms in the atomization 
zone. 

not exceed 1 S-2 orders of concentration magnitude, 
is considered to be one of the drawbacks of the 
atomic-absorption method. Application of the 
atomic-fluorescence method, besides lowering the de- 
tection limits, increases the linear response range to 
2-3 orders of magnitude. 

From a known or assumed mechanism for atom- 
ization of the element, and reference data concerning 
p(t) for the metal or its compounds, we can calculate 
the form of the p(t) function for the atomizer 
heating-rate selected, 2 =f(t), and hence from equa- 
tion (2) calculate the shape of the absorption peak. 

The results given by this theoretical model are in 
very good agreement with the experimental results 
(Fig. 2), especially with regard to constancy of the 
peak area and linear increase in peak height with 
increase in heating rate. Also, the final temperature of 
the atomizer is found not to be important, provided 
it is 300-500 K higher than the appearance tem- 
perature of the absorption peak. The model given can 
be used for other types of ETA. In this connection it 
should be noted that it is more correct to characterize 
the ato~~tion process by means of the heating rate 
of the atomizer [in general by the form of the function 
T =f(t)], than by the atomization temperature as is 
usually done. 

Application of the automatic temperature control 
(ATC) method with graphite furnace ETA also 
widens the linear range of calibration (Fig. 3),16 but 
considerably decreases the lifetime of the furnaces as 
well as increasing the analysis time (the atomization 
process may take several minutes). Application of the 
ATC method to the TCA considerably widens the 
linear response range [up to 3-5 orders of magnitude 
on a log-log plot (Fig. 3)J though with some increase 
in atomization time (to some scores of seconds). 
Thus, the combination of impulse atomization and 
the ATC method in one device provides both very 
low detection limits and a wide calibration range, 
prospects which appear to brighten the future for 
atomic absorption. 

Analytical applications 

Mechanism of atomization 

The high heating rate of the TCA produces a very 
high density of atomic vapour, resulting in the very 
low detection limits in spite of the comparatively 
small volume of the analytical zone and the high rate 
of atom removal from it. Table 1 presents the values 
of the characteristic mass for the elements tested, 

Depending on the conditions of atomization a few 
processes for free-atom formation can be singled out 
for the TCA. Thus, for atomization in an argon 
atmosphere thermal dissociation of oxides is consid- 
ered to prevail: 

Table 1. Characteristic masses of analyte Cpg) for a peak 
absorbance of 0.0044 and type of atomization reaction 

shown in brackets 

MeO,,t = Me(s) + t Or, (3) 

If the TCA is modified with carbon (by pre~rn~a~ 
heating at 1600 K in an argon-methane atmosphere) 
the detection limits for Co, Fe, Mn, Ni and especially 
for Al, Be, Sr, Si (Table 1) are lowered; this can be 
explained as due to the reaction 

TCA, Ar + Hi 
11O:II 

MeOf, + CQ, = Me{,, + CO, (4) 

However, for the carbide-forming elements (0, Ti, 
V, rare-earth elements) the detection limits are higher 
owing to the formation of the carbides, which are 
more difficult to dissociate: 

Argon atmosphere 
Element and - - 
wavelength TCA modified 
at line, nm TCA with carbon . I 

Ag 328.1 0.3 (3) 0.3 (3) 0.3 (3) 
Al 309.2 100 (3) l(4) 6 (7) 
Au 242.8 0.4 (3) 0.4 (3) 0.4 (3) 
Be 234.9 40 (3) 0.06 (4) 0.6 (71 
Bi 223.1 4 (3) 4 (3) 4(3) ’ 
Ca 422.7 30 (3) 30 (30) 0.7 (7) 
Cd 228.8 0.08 (3) 0.08 (3) 0.08 (3) 
Co 240.7 2 (3) l(4) 0.3 (7) 
Cr 357.9 4 ($) 3 (6j 0.06 (7) 
Cu 324.8 0.5 (3) 0.5 (3) 0.5 (3) 
Eu 459.4 - - l(7) 
Fe 248.3 0.7 (3) 0.3 (4) 0.5 (7) 
Ga 287.4 10 (3) lO(3) 10 (31 
La 550.1 - - 900 (7) 
Mg 285.2 0.1(3) 0*1(3) 0.03 (7) 
Mn 279.5 0.2 (3) 0.1(4) 0.05 (7) 
MO 313.3 - - 40 (7) 
Ni 232.0 2 (3) l(4) 2 (7) 
Pb 283.3 2 (3) 
Sc 391.2 2 

2 (31 2 (3) 
6 (6j 10 (7) 

Si 251.6 - 6 (4) - 
Sm 429.7 - - 10 (7) 
Sn 286.3 20 (3) 20 (3) 20 (3) 
Ti 364.3 - 6WO (61 20 (7) 
V 318.5 - 1000~6j 8 (7) 
Y 410.2 

0.2(3) 
70 (7) 

The narrow linear range of calibration, which does Zn 213.8 0.2(3) 0.2 (3) 

MeOo + 2C, = MeCtst + Cots) (3 

Me% = Me,, + Cc, (6) 

The use of an argon-hydrogen mixture as the 
protective atmosphere for the coil lowers the 
detection limits for the elements forming refractory 
oxides and carbides, since the following reduction 
reaction is then operative: 

Me% + HW = Me&, + HR,, 

Linearity of calibration graphs 

(7) 

El~tro~~ s~tromet~ with a tun~~n~oil atomizer 199 
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Fig. 3. Calibration graphs for cadmium, zinc, magnesium, 
copper, iron and chromium with automatic temperature 

control. 

since it is this quantity that shows the analytical 
possibilities of the atomizer. The detection limit (DL) 
for elements depends on the type of hollow-cathode 
lamp used, and the operating and recording condi- 
tions. To obtain a low DL with only a narrow 
absorption peak, it is imperative to choose the 
measuring electronics band-pass that will give the 
optimum signal to noise ratio. With the optimum 
band-pass for the spectrometer described, the DL is 
about 2-5 times the characteristic mass. This ratio is 
much poorer than that for flame methods or ETA 
with graphite furnaces, by reason of the short 
duration of the peak and the consequently wider 
band-pass. However, the DL values obtained for the 
TCA appear, in general, to be better than those for 
commercial ETA equipment. 

TCA with small volumes (2 ~1) of selected samples 
provides acceptable precision. Thus for most ele- 
ments tested, the relative standard deviation is 2-4% 
for an absorbance of 0.143. Furthermore, most of 
this error seems due to the sampling process; this was 
established by measuring the weight of selected 
sample-volumes of solutions with a wide range of 
viscosity and surface tension. However, the sampling 
error is no worse than that obtained with micro- 
syringes. 

For sampling of solid conductive materials by 
means of an electric spark the relative standard 
deviation is much higher, S-15%. 

In spite of the high heating rate of the TCA, the 
anionic composition of liquid samples can influence 
the results, and the matrix effects characteristic of 
other types of ETA will also occur. A chloride matrix 
interferes seriously (starting at the l-100 pg/ml 
chloride level) in determination of metals forming 
relatively volatile chlorides. However, use of the 
automatic temperature control noticeably reduces 
matrix effects (Table 2). 

To reduce or compensate for matrix and anionic 
composition effects, the usual techniques such as 

Table 2. Effect of sample macrocomponents on intearated 
manganese absorptien (Mn 0.1 p&l, 1 = 285.2 nm) 

Macro- 
component 

(M) 

Fe 
: 

(Mn absorption in presence of M)/ 
(Mn absorption in absence of M) 

M= M= M= 
1 fig/ml 10 rglml 100 as/ml 

0.88 0.72 0.74 
0.99 1.09 1.04 1.07 0.98 1.04 

the standard-addition method, matrix modification, 
matrix-matched standards, matrix-swamping, and 
dilution to below matrix-interference concentrations, 
can all be used. 

The apparatus and procedures described can be 
successfully used for the analysis of sewage and 
natural waters, determination of lead in urine, gold 
and silver determination in geological samples, and in 
industry for process-solution control, and in coating 
and thin-film analysis. 

The low cost and long lifetime of the atomizer as 
well as the good performance and analytical charac- 
teristics of the spectrophotometer fitted with the TCA 
allow us to hope for its further wide application both 
for determining traces of elements and for analysis of 
samples widely varying in analyte concentration, 
without the need for preliminary dilution. 
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Summary-The effects of various classes of organic compounds and of metal ions on the catalytic activity 
of horseradish peroxidase in hydrogen peroxidecatalysed o-dianisidine oxidation and, on the activity of 
alkaline phosphatase in p-nitrophenyl phosphate hydrolysis have been studied. Enzymic methods have 
been developed for determination of sulphur compounds at 10-s-10-4M, nitrogen compounds at 
2 x lo-‘-3 x 10e5M mercury at 3 x lo-’ pg/ml and lead at 6 x 10e4 pg/ml concentration. 

Enzyme assays are highly selective and sensitive. 
These properties together with simplicity, speed, and 
ease of automation make the methods highly promis- 
ing for use in pharmacology, agriculture, the food 
industry and environmental protection. Enzymic 
methods can be used to determine the enzymes 
themselves, their substrates and effecters (substances 
affecting enzyme catalytic activity). Most literature 
methods are concerned with enzyme-substrate assays. 
Little attention has been paid to methods for deter- 
mination of the metals and organic compounds that 
act as enzyme activators or inhibitors, although these 
methods for effecters are often highly sensitive,’ (but 
less selective than those for substrates). Besides, 
enzyme effecters are much more numerous than 
enzyme substrates, so the number of compounds that 
can be determined by enzymic methods is increased. 

This paper is concerned with the possibilities for 
use of enzymic methods for determination of enzyme 
effecters by consideration of two enzymes of differing 
classes, horseradish peroxidase and alkaline phos- 
phatase. Various organic compounds and a number 
of metal ions have been studied as effecters. 

EXPERIMENTAL 

The horseradish peroxidase was a product of Reanal 
(Hungary) (RZ = A,,/A,,, = 3.28). The enzyme solutions 
were obtained by dissblv%g the commercial enzyme prepa- 
ration in borate buffer CDH 7.0). containing O.lM sodium 
nitrate to maintain a constant. ionic str;gth. The lyo- 
philized alkaline phosphatase from chicken intestinal 
mucosa (activity 0.4 PM. mg-’ . min-i) was purchased from 
“Reanal”. The enzyme solutions were obtained by dis- 
solving a precisely weighed sample of the commercial 
enzyme preparation in 0.05M tris(hydroxymethyl)amino- 
methane buffer. The solutions of organic compounds, 
enzyme substrates and effecters were prepared by dis- 
solution in demineralized water or ethanol, reagents from 
“Soyuz Reaktive”, USSR, being used. The solutions of 
metal salts were prepared by dissolving weighed amounts in 
demineralized water. Absorbances of solutions were mea- 
sured with an Sph-26 spectrophotometer (USSR). 

The experiments with effecters were done as follows: to 
the spectrophotometric cell were added in succession the 
necessary amounts of buffer, enzyme and effector. In the 
case of phosphatase, the substrate was added last, and in the 
case of peroxidase, peroxide was the last to be added. The 

total volume of mixture was 2.5-3.0 ml. After rapid mixing, 
the absorbance. of the solution was measured every 15 set 
for 2-3 min at 460 or 400 nm. The rate of the reaction was 
characterized by the slope of the kinetic curves plotted as 
absorbance us. time. 

RESULTS AND DISCUSSION 

The effecters for peroxidase were studied by using 
the oxidation of o-dianisidine by hydrogen peroxide 
as the tracer reaction. This reaction was chosen 
because, unlike the peroxidase oxidation of other 
substrates, its kinetics and mechanism have been 
fairly well studied. Z’ The reaction was monitored at 
460 nm. 

Effect of some nitrogenous organic compounds on the 
rate of oxidation of o-dianisidine 

It has been reported that some nitrogenous com- 
pounds (including heterocyclics) activate peroxidase. 
We have tried to use peroxidase to assay imidazoles, 
triazoles, pyridines and other nitrogenous hetero- 
cyclic compounds. It is usually difficult to determine 
these by routine functional group analysis, and it is 
difficult to develop assays for them not involving 
preliminary mineralization. 

According to the literature: nitrogenous nucleo- 
philes do not activate peroxidase o-dianisidine ox- 
idation at pH 5.0-6.0 (the pH for maximum enzyme 
activity), but only at pH > 6.5. For this reason, pH 
8.5 (borate buffer) was taken as optimal, since the 
enzyme is still active and the activating effect of the 
nitrogenous compounds is fairly high. The irdluence 
of nitrogenous compounds on the rate of the tracer 
reaction has been studied for a wide range of concen- 
trations (up to 10-‘&f). 

Most of the compounds studied enhanced the 
enzyme catalytic activity. The greatest effect was 
shown by imidazoles, aminopyridines and triazoles. 
The activation increased with basicity of the com- 
pounds, since basicity determines the influence of 
the activator on the protein ionogenic group limiting 
the enzyme activity’ (Table 1). Exploration of the 
influence of substituted benzimidaxoles has shown 
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Table 1. Concentration ranges and lower limits of determination (C,) for 
nitrogenous organic compounds (n = 3, P = 0.95) 

Concentration 
range, 

Compound C,, M M 

Imidazole (2.0 f 0.6) x lO-6 (2-15) x 10-b 
2-Methylbenzimidazole (1.3 f 0.4) x 10-s (1.3-15.0) x 10-S 
I-Hydroxymethylbenzimidazole (2.0 f 0.6) x lO-5 (2-30) x lO-5 
1 ,Z&Triazole (4 f 1) x IO-’ (4-30) x 10-s 
1,2,3-Benzotriazole (2.0 f 0.5) x 10-e (0.2-20.0) x 10-5 
4-Aminopyridine (2.0 f 0.6) x lo-’ (2-20) x lo-’ 
2-Methylindole (3 f 1) x lo-’ (0.3-3.0) x lo-6 
5-Methoxyindole (6 f 2) x lO-6 (063.0) x 10-S 

that the enzyme is activated least by sterically hin- 
dered imidazoles. Thus, 2-methylbenzimidazole was a 
better activator than 1-hydroxymethylbenzimidazole, 
whereas 2,2’-pyridylbenzimidazole did not affect the 
rate of the tracer reaction. From the results obtained, 
we concluded that highly basic nitrogenous hetero- 
cyclic compounds that are not sterically hindered, can 
be fairly effective activators for peroxidase o- 
dianisidine oxidation. 

Among the compounds tested indoles were of 
particular interest. They have no basic properties, 
and were included because they are physiologically 
active, and are often used as ingredients in drugs. 
Indoles were found to decelerate the tracer reaction, 
probably not because of any direct influence on the 
enzyme, but as a result of interaction with inter- 
mediates of the o-dianisidine oxidation. In favour of 
this supposition is the fact that many substituted 
indoles (such as 2-methylindole) are easily oxidized 
in air. 

The presence of linear portions on the graphs of 
rate of oxidation US. concentration of nitrogenous 
compound permits the development of enzymic assay 
methods. For the compounds listed in Table 1 the 

optimum concentrations were shown to be per- 
oxidase 9 x IO-‘“A4; o-dianisidine 5 x 10-bM and 
hydrogen peroxide 2 x 10m4A4. The concentration 
ranges and lower limits of determination are listed in 
Table 1. 

Enzymic methodr for determination of sulphur- 
containing organic compounds 

A major problem of analytical chemistry is the 
determination of sulphur-containing organic com- 
pounds present as impurities in various industrial 
materials and forming part of many pesticides. As 
test substances, we chose some heterocyclic com- 
pounds containing the groups 43, -SH and hetero- 
cyclic sulphur. Saunders6 reported that almost all 
these compounds should inhibit peroxidase. 

The effect of the compounds on peroxidase activity 
was studied at pH 5.0, where the enzyme activity is 
maximal. First, the influence of buffer on the tracer 
reaction rate was studied. The rate proved to depend 
on the type of buffer and was maximal in phthalate 
buffer. Also, the organic compounds had the greatest 
inhibitory effect in that buffer. The optimum concen- 
trations of the reaction components were peroxidase 

Table 2. Mode of action, concentration ranges and lower limits of determination (C,) for sulphur-containing organic 

Compounds 

Thiophenol 
Rubeanic acid 
Phenylthiourea 
Pyridylthioamide 

Allylthiourea 
Acetylthiourea 
Dithiothreitol 
1,2,4-Triazolethiol 

compounds (n = 3, P = 0.95) 

Mode of action Concentration 
on enzyme C,, M range, hi 

Linear dependence (2.0 f 0.6) x lo-* (0.2-3.0) x lo-’ 
of tracer reaction (1.0 f 0.3) x lo-’ (l-16) x IO+ 
rate on inhibitor (1.0 f 0.3) x 1o-4 (0.1-2.0) x 10-3 
concentration (5 f 1) x 10-s (0.5-12.0) x lo-4 

Linear dependence (3.0 f 0.8) x lO-4 (3-10) x 10-d 
of logarithm (5 f 1) x lo-4 (0.5-7.0) x IO-3 
of tracer reaction (1.0 f 0.3) x lo+ (l-8) x 10-e 
rate on inhibitor (8 f 2) x lo-’ (0.8-9.0) x 10-h 
concentration 

Thiourea 
2-Mercaptoethanol 

Bismuthiol I 
Benzylbismuthiol 
Thionalide 
Thiosalicvlic acid 
Sodium diethyldithiocarbamate 

Time-dependent 
enzyme inhibition 

Linear dependence 
of induction 
period on 
inhibitor 
concentration 

(1.0 f 0.3) x 1o-4 (l-10) x 10-d 
(5.0 f 0.9) x lo-’ (0.5-8.0) x 10-h 

(2.0 f 0.5) x 10-e (2-30) x 1O-6 
(1.3 f 0.4) x 10-G (1.3-20.0) x 10-e 

(4 f 1) x lo-’ (0.4-5.0) x 10-e 
(2.0 f 0.3) x 10-e (2-30) x lO-6 
ii.0 f 0.3j x lo-6 (0.L3.oj x lo-' 
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Fig. 1. Dependence of the rate of the ~ro~da~taly~ 
oxidation of o-clianisidine on the concentration of pyri- 
dylthioamide (1, m = 3), ruheanic acid (2, m = S), phenyl- 
thiourea (3, m = 3), thiophenol (4, m = 7); @H 5.0, 
phthalate buffer, peroxidase 3 x 10-llM, o-dianisidine 

6 x 10-s&f, peroxicle I x IO-3M); m replicates. 

4 x lWIOM, o~a~isi~~e 6 x 10-5M and hydrogen 
peroxide 1 x 10e3M. 

All the compounds tested were found to inhibit 
peroxidase. In dependence on the extent and mode of 
inhibition, they can be arbitrarily divided into four 
groups (Table 2). 

~ophenol, rubeanic acid, phenylthio~a and 
p~dylt~oa~de lower peroxidase catalytic activity 
in such a way that the tracer reaction rate is inversely 
proportional to the amount of compound (Fig. 1). 
The dependence of the rate on ~ncentration of 
allylthiourea, acetyfthiourea, 1 ,Mithiothreitol and 
1,2,4-triazolethiol is rather complicated, but the rate’ 
of the reaction again decreases with increasing 
amount of inhibitor (Fig. 2). Thiourea and 2-mer- 
captoethanol also lower the tracer reaction rate but 
this interaction has a particular pattern. When per- 
oxidase is incubated with them, the enzyme activity 
decreases with time, the rate of the activity attenu- 
ation being pro~~onal to in~bitor ~n~~~tion 
(Fig. 3). 

In the presence of bismuthiol I and sodium dieth- 
yldi~i~arbamate, the kinetic curves show an in- 
duction period, the length of which is proportional to 

0.12 

0.W 2 4 6 8 10 

Concentration of inhibitor (CxlO” IM 

Fig. 2. Dependence of the rate of the peroxidase-catalysed 
ovation of o-djanisidine on the con~tration of thiourea 
(1, m = 3), 18,~triazole (2, m = 6), acetylthiourea (3, 
m = 3), dithiothreitol (4, m = 6), allylthiourea (5, m = 4); 
(PH 5.0, phthalate buffer, peroxidase 3 x lo-I’M, o- 

dianisidine 6 x 10-JM, peroxide 1 x 10m3M). 

‘4 
I 121 I I I I 

000 40 80 120 160 200 240 

Time of incubatioR (min) 

Fig. 3. Dependence of the rate of the peroxidase-catalysed 
oxidation of o dianisidine on incubation time of peroxidase 
with thiourea (1, 2, 3) and 2-mer~pt~~anol(4); @H 5.0, 
phthalate buffer, peroxidasc 3 x lo-“&& o-dianisidine 
6 x 10-sM, peroxide 1 x lo-)M, thiourea 2.5 x lo-‘A4 
(l), 4 x 10W6M (2), 2 x 10V6M (3), 2-mercaptoethanol 

5 x IO-‘M). 

the concentration of the sulphur-containing com- 
pound (Fig. 4). The rate of o-dianisidi~e oxidation 
starting after the induction period decreases with 
increasing concentration of compound. 

From our kinetic study of peroxidase o-dianisidine 
oxidation in the presence of s~phur-~ontai~ng com- 
pounds, and from study of some model systems, we 
have suggested7~8 reasons for the various effects of the 
compounds on the reaction rate. The compounds of 
the first and second groups (Table 2) were found to 
be reversible competitive inhibitors for peroxidase. 
The mechanism of the effect of compo~ds of the 
third group, thiourea in particular, is more intricate 
and involves two steps: a rapid reversible competitive 
inhibition and an irreversible enzyme inactivation 
with time.’ The kinetic features of o-dianisidine ox- 
idation in the presence of compounds of the fourth 
group can be explained by the scheme suggested as a 
result of the kinetic study of a combined oxidation of 
o-dianisidine and bismuthiol I, the latter acting as the 
peroxidase substrate. This scheme involves the com- 
petitive reactions of individual oxidation of each 
substrate by the enzyme as well as interaction of 
bismuthiol I with the inte~ediate of o-~anisidine 
oxidation.’ 

20 
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10 

0, loo xx) 300 4m 

Thne t see 1 
Fig, 4. Dependence of the rate of the ~roxi~~~t~y~ 
oxidation of ff~a~sidine in the presence of bi~ut~ol I, 
on time; [PH 5.0, phthalate buffer, peroxidase 5 x 10-l’M, 
o-dianisidine 3 x lo-‘M, peroxide 1 x 10-3M, bismuthiol I 
0 (l), 1 x 10-5M (2), 2 x 10-SM (3), 4 x lO-SA4 (4), 

6 x lo-*A4 (S), 1 x lo-‘&4 (6)]. 
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Table 3. Lower limits of detection, C,,, of metal ions by peroxidase o-dianisidine 
oxidation in the presence and absence of thiourea and dithiothreitol 

(n = 3, P = 0.95) 

Metal 
ions 

Cd,, M/ml C,,, Irglml 
in the absence in the presence 

of effector of thiourea 

Cd,, w glml 
in the presence 
of dithiothreitol 

AidI) - 1 x 10-l 2 x 10-Z 
WI) 1 1 x 10-l 5 x 10-l 
WI) 1 x 10-l 1 x 10-Z 5 x lo-2 
Bi(II1) - 1 x IO-3 2 x 1o-4 
Cd(I1) - 6 x lO-4 3 x lo-’ 
Hg(II) 5 x 10-2 1 x 10-S 3 x lo-4 

The linear dependence of the tracer reaction rate 
(or the induction time) on the concentration of 
sulphur-containing compounds allows enzyme 
assay methods to be developed for these compounds 
(Table 2). The methods are non-selective, and allow 
determination of only a single substance, but the 
sensitivity is comparable with that of the most sensi- 
tive current electrochemical and fluorescence meth- 
ods for sulphur-containing compounds. The sulphur 
does not have to be converted into SO,, SO3 or H,S 
(by mineralization), as it does in most methods for 
determination of sulphur in organic compounds. The 
methods are simple and require little equipment. 

We have also observed that the sulphur-containing 
effecters thiourea and dithiothreitol exhibit not only 
their own inhibitory action, but enhance or promote 
emergence of the inhibitory action of metals such as 
mercury, silver, cadmium, bismuth, zinc and lead. 
Enzymic assay methods have been developed for 
these metals (Table 3). The assay is done at pH 
4.8-5.0 (phthalate buffer). The optimum concen- 
trations for determination of mercury, bismuth and 
cadmium are 4 x lo-I’M peroxidase, 8 x 10-5M 
o-dianisidine and lo-‘M hydrogen peroxide. The 
optimum concentrations of thiourea for deter- 
mination of mercury and cadmium are 5 x lo-‘M 
and 5 x lo-‘M, respectively. 

The inhibitory action of cadmium and mercury is 
enhanced only when the mixed enzym&hiourea 
solution, preincubated for 4 hr, is used.9 The concen- 
tration of dithiothreitol for determination of bismuth 
is 4 x 10m6M. 

To try to enhance the sensitivity of the assay 
methods for peroxidase effecters, we tested other 
potential substrates for the enzyme. The literature 
reports rather a limited number of peroxidase sub- 
strates used in analyses. IO-” We also studied some 
organic compounds: amidol, o- and p-phenyl- 
enediamine, diaminodiphenylmethane, a-naphthyl- 
amine, aminoacetanilide and 3,3’,5,5’-tetramethyl- 
benxidine (TMB). TMB gave the highest rate and 
lowest substrate concentration. 

The optimum conditions of the reaction were 
borate-phosphate buffer (pH 7.0); 3 x lo-“‘M per- 
oxidase; 2 x 10-sM TMB and 2 x 10m4M hydrogen 
peroxide. Under these conditions, the possibility of 
determining a nitrogenous peroxidase effector, 

1,2,3-benzotriazole, and also mercury in the presence 
of thiourea, was investigated. TMB, as substrate, 
markedly decreased the lower limit of the concen- 
tration range for determination of 1,2,3benzotriazole 
[C, = (8 + 2) x 10e8M, P = 0.95, n = 31 compared 
with the method based on peroxidase o-dianisidine 
oxidation. The least detectable amount of mercury 
with use of TMB oxidation in the optimum condi- 
tions above and at a thiourea concentration of 10e6h4 
was (3.0 * 0.5) x lo-’ pg/ml (n = 3; P = 0.95). 

Thus, the use of TMB as peroxidase substrate gave 
a useful enhancement of sensitivity of the enzyme 
effector assays. 

The usefulness of a systematic study of potential 
enzyme effector methods is illustrated by our current 
exploration of the effects of various compounds on 
the activity of alkaline phosphatase. We began by 
choosing a substrate with which alkaline phosphatase 
gave a high catalytic activity; hydrolyses of p-nitro- 
phenyl phosphate, glucosed-phosphate, l-glycero- 
phosphate and phosphoethanolamine showed the 
catalytic activity to be greatest with p-nitrophenyl 
phosphate. The optimum conditions for this reaction 
are pH 9.8 [tris(hydroxymethyl)aminomethane-HCl 
buffer]; 4 x lo-‘M phosphatase and 3 x 10m4M p- 
nitrophenyl phosphate. 

Only a few methods have been described in the 
literature for determining alkaline phosphatase 
effectors;‘8-26 metal ions, and less often organic com- 
pounds, were studied as the effecters. We have stud- 
ied the influence of some metal ions on alkaline 
phosphatase activity and shown that the enzyme is 
activated by aluminium (l-i0 pg/ml). Using the 
inhibitory effect, we have developed enxymic methods 
for determining magnesium (10-3-10-’ pg/ml), cad- 
mium (10-3-10-2 pg/ml), calcium and barium 
(10-3-10-2 pg/ml) in the presence of strontium. We 
were the first to find the inhibitory effect of mag- 
nesium in the concentration range 10e3-l pg/ml. A 
method for determination of lead has also been 
developed; its lower limit of determination is 
(6 f 2) x 10m4 pg/ml, and its sensitivity exceeds that 
of previous enzymic methods for lead15~27 and is 
comparable with the most sensitive atomic- 
fluorescence methods. 

During our studies on alkaline phosphatase, the 
effects of organic compounds of various classes, over 
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Table 4. Effect of organic compounds on the rate of p-nitrophenyl phosphate hydro- 
lysis in the presence of alkaline phosphatase 

Compound 

Phosphorus-containing organic compounds 
Ethylenediaminetetramethylenephosphonic acid 
Hydroxyethylidenediphosphonic acid 
Iminodimethylenephosphonic acid 
Nitrilotrimethylenephosphonic acid 
Isobutyrylphosphonic acid 
Adenosine S-triphosphate 
Uridine 5’-triphosphate 
Guanosine S&phosphate 
Suiphur-containing organic compounds 
Thioohenol 

Minimum 
concentration 

with inhibitory 
effect, M 

8 x IO-6 
1 x 10-s 
8 x 1o-4 
1 x 1o-4 
3 x IO-6 
9 x 1o-5 
2 x 10-S 
1 x 10-S 

2 x 1o-4 
Thiohaphthol 8 x IO-’ 
o-Thiocrcsol 1 x 10-j 
p-Thiocresol 1 x 10-b 
o-Ethylthiophenol 1 x 10-4 
Decamethylenedimercaptan 7 x IO-5 
/I-Phenylethylmercaptan 7 x 1o-4 
Thionalide 1 x 10-S 
Bismuthiol I 1 x 1o-5 

a wide concentration range (up to lo-*M), on the 
rate of enzymic hydrolysis of p-nitrophenyl phos- 
phate were tested. We did not find any organic 
compounds that acted as activators for alkaline phos- 
phatase. The majority of sulphur-containing hetero- 
cyclic and nitrogenous compounds did not alter the 
rate of the tracer reaction. Amino-acids at 
10e4-2 x lo-‘M concentration inhibited the enzyme. 
Phosphorus complexones, natural esters of phos- 
phonic acids and mercaptans were the inhibitors of 
alkaline phosphatase of the greatest analytical inter- 
est (Table 4). It seems likely that fairly sensitive and 
selective assays can be developed for a limited num- 
ber of these compounds. 

1. 

2. 

3. 

4. 

5. 

6. 
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FLUORESCENCE DETERMINATION OF TRACE AMOUNTS 
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Summary-A laser-induced fluorescence method (LFM) is described for determination of trace amounts 
of urauium(VI), with a detection limit of 4 x 10-i’ g/ml. A repetitive pulsed laser, time di~~~nation 
and an averaging technique are used. The optima time discrimin ation is obtained when the uranyl ion 
is complexed with phosphoric acid or sodium polysilicate. LFM does not need a preconcentration step 
or separation of uranium from interfering elements. The time needed for analysis is only l-2 min. 

It is well known that the luminescence method is 
widely used for determination of low ~ncent~tions 
of uranium in solutions and solid materials.’ The 
method does not need a preconcentration step or 
even a separation from interfering elements,2 which 
may act as quenchers of the uranium fluorescence 
or exhibit a luminescence of their own that overlaps 
that of the uranium but these interferences are the 
reason for the high detection limit for uranium (cu. 
10-r g/ml). Reduction of this detection limit is of 
prime importance for solving many geochemical 
problems, as well as for determination of uranium 
in natural waters. A lower detection limit may be 
attained by using new principles, involving elimi- 
nation of the background emission and increasing the 
signal-to-noise (S/N) ratio. 

With this in mind a new laser-induced fluorescence 
method was developed for uranium determination 
with a low detection limit,3*4 based on use of a 
repetitive pulsed laser as an intense excitation source, 
time discrimination with a gated detection system for 
suppressing the background emission, and an aver- 
aging technique to increase the S/N ratio. 

Ail reagents were used as 4 x lo-‘i-2 x IO-’ &ml solu- 
tions in doublv distilled water at oH2 (nitric acid). All 
solvents and reagents were of analyti&l grade. The elements 
in the salts present in sea-water were used as quenchers of 
the uranium fluorescence.8 

Apparatus 
Fluorescence moments were made with a Jobin 

Yvon 3CS spectrofluorimeter. Laser-induced fluorescence 
measurements were performed by means of a laser 
fluorimetric system (Fig. 1). A AIH-21 nitrogen laser was 
used as the excitation source, with wavelength 337 nm, pulse 
width 10 nsec, repetition rate 100 Hz and power 1.6 kW. 
The laser beam was directed onto the sample cell. The 
fluorescence of a solution in the cell was detected by a 
Dhotom~tiD~er tube (PMT) operated both in an analogue 
mode (PM? type #3Y-38) ana in a photon counting mode 
i,PMT type @3Y-79). To protect the PMT from scattered 
laser light and organic fluorescence a green-transmitting 

In this paper we summarize our results for applica- 
tion of the laser-induced fluorescence method (LFM) 
for determination of trace amounts of ura~um~1) in 
various materials. 
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EXPERIMENTAL 

Synthesis of reagents 

K%W4 W&WI, W@JW24W and U($ 
~*~~~.4H~O were synthesixed as previously described. * 
Sodium polysilicate was synthesixed according to Sokolov 
et al.’ 

Fig. 1. Schematic diagram of the instrumentation: l-laser 
AFH-21, 2-mirror, 3-W-light fllter, 4-sample cell, 
5-green filter, bphotomultiplier (03Y-38 or @,3Y-79, 
‘I--power supply, 8-pulse generator, 9-pulse counter, 

*Author for correspondence. IO-transient recorder, 1 l-averager, 12-x-y plotter. 
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filter was placed between the cell and the PMT. When the 
PMT was operated in the analogue mode the PMT output 
was coupled to a transient-recorder (Bruker BC-104), aver- 
ager (Fabri-Tek 1074) and x-y plotter. When the PMT was 
operated in the photon-counting mode the output was 
coupled to a photon-counter (home-made). 

The sampling gate was used to suppress the scattered light 
and electrical noise from the laser pulse, as well as the 
intense short-lived organic fluorescence. The fluorescence 
signal was averaged over 1000 laser pulses and normally 
three runs were measured under identical conditions. Mea- 
surements were made at ambient temperature with the 
sample in a special cylindrical cell made from non- 
fluorescent glass. 

RJMJLTS AND DISCUSSION 

Some features of the laser-induced Juorescence 
method (LFM) 

The detection limit of many1 fluorescence depends 
on several factors such as the intensity of the ex- 
citation source, intensity of background emisssion, 
and noise level. The background emission originates 
both as a result of scattered laser radiation and the 
luminescence of impurities when the luminescence 
spectra of uranium(V1) and the impurities overlap. 

To find the optimal values of time delay and 
sampling gate time the decay kinetics of the uranyl 
fluorescence and impurities emission was measured. 
It was found that the difference between the life-time 
of the uranyl fluorescence and the background emis- 
sion is greatest when the uranium(V1) is complexed 
with phosphoric acid3 or sodium polysilicate (SPS).’ 
Moreover SPS has some unique properties. When 
complexed with uranium(V1) the SPS protects the 
long-lived intense fluorescence of the uranyl complex 
from the quenching caused by certain anions. The 
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Fig. 2. Fluorescence spectra of uranyl polysilicate (1) and 
uranyl phosphate complexes (2) (C_,r, = lo-’ g/ml) at 

I, = 337 nm. 

fluorescence spectra of the uranyl polysilicate and 
uranyl phosphate complexes are presented in Fig. 2. 
The fluorescence intensity of the uranyl polysilicate 
complex is maximal at pH 7-10.9 

Fig. 3 show schematically the time course of the 
long-lived uranyl fluorescence and the intense short- 
lived background emission. The uranyl concentration 
can readily be measured after complete decay of the 
short-lived background emission. When the 
fluorescence measurements were made in the ana- 
logue mode the intensity of the uranyl emission was 
recorded 50 psec after the laser pulse. The detection 
limit for uranyl was 10e9g/ml. 

When the uranyl concentration was less than 
10-9g/ml the measurements were made in the 

0eby me Counting me 
I I- -l New cycle 

Fig. 3. Time course of short-lived and long-lived fluorescence intensity of impurities and uranyl ion 
respectively (see text). 



Table 1. The tolerance limits for inorganic 
ions in determination of 3 ng/ml uranium(W) 

in lMH,PO, 

Limits, Limits, 
Ion glml Ion glml 

W+ 1 x lo-2 srz+ 2 x lo-2 
S@- 1 x 10-l H,BO; 6 x lO-2 
Gas+ 5 x lO-2 F- 2 x 10-Z 
Br- I x IO-’ cu2+ 7 x 10-4 
HCO, 3 x 10-4 co2+ 4 x lo-’ 
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Table 2. The tolerance limits for inorganic ions for 
determination of 3 r&ml uranium(W) in presence of 

sodium polysilicate 

Limits, Limits, 
Ion nlml Ion -. glml 

Na+ 1.0 x IO-2 Ni2+ 5.1 x 10-s 
K+ 1.0 x 10-r Ce4+ 2.8 x lO-5 
Cl- 1.0 x lo-2 Pb2+ 2.1 x lo-5 
F- 1.0 x 10-Z cu2+ 1.9 x lo-’ 
NO, 1.0 x l0-2 1.8 x 10-j 
SG- 1.0 x 10-2 $ 1.7 x 10-5 
Hpo2,- 1.0 x lo-2 Mn2+ 1.6 x lo-’ 

III-F 1.8 x lo-’ Cr’+ 1.6 x lO-5 

Cd2: 
1.8 x lO-3 6.6 x 10-s 
3.3 x lo-’ 

t;;cr 
5.8 x lO-6 

Al’+ 2.7 x lo-’ I- 3.8 x 1O-6 

$+ 
2.6 x lo-’ CrW) 1.6 x lo-’ 
2.4 x lo-’ Hg(I) 1.2 x lo-’ 

Br- 2.3 x lo-’ Tl+ 2.0 x 10-s 
Zn2+ 2.0 x lo-’ Ag+ 1.1 x 10-s 
Ca2+ 1.2 x IO-’ 

photon-counting mode. The delay time and sampling 
gate time were adjusted to 100 and 300 psec, respect- 
ively when the fluorescence measurements were made 
with uranyl ion in 1M phosphoric acid, and 3OOAOO 
psec for measurements of uranyl fluorescence in the 
presence of SPS. The detection limit for the uranyl 
ion in phosphoric acid or in the presence of SPS is 
4 x 10-r’ g/ml. 

Factors affecting the detection limit for uranium( VI) 

The detection limit of uranium depends not only 
on the ligands affecting the lifetime of the excited 
uranyl ions but also on the quenching of uranyl 
fluorescence by certain interfering impurities. 

Table 1 gives the tolerance limits for certain inor- 
ganic ionslo in determination of uranium(V1) at the 
3-ng/ml level* in 1M phosphoric acid medium. The 
maximal concentration of Cl- and Br- as impurities 
must not exceed lo-‘g/ml, assuming that the 
fluorescence quenching of uranyl by these ions is 
governed by their diffusion rate. 

relatively large amount of organic substances (humic 
and fulvic acids) and inorganic ions. The organic 
compounds may quench the uranyl fluorescence, 
and the ions Ca*+, M g’+ ( > 10e4g/ml), Na+, Cl- 
(> lo-* g/ml) result in coagulation of the SPS. That 
is why the water samples need tenfold dilution. 
Organic matter can be destroyed by treatment with 
perchloric acid.’ The concentration of uranium(V1) in 
the sample is calculated from the formula: 

6.25n 

uw) = [(N3 - N*)/(N, - NJ] - 1 ng’ml 

It was established previously”*‘* that the quenching 
of uranyl fluorescence by inorganic ions can occur by 
both electron and energy transfer. It was found that 
the complexation of uranyl ions with different ligands 
facilitates the electron transfer process if the electron 
donors are metal ions, and makes the transfer difficult 
if the electron donors are anions. 

where N, = number of fluorescence pulses for the sam- 
ple, Nr = number of pulses of background emission, 
Nr = number of fluorescence pulses for the sample 
plus 6.25 x 10m9 g/ml (CN,H,),[UO,(CC,),], and 
n = degree of dilution. 

When the concentration of anions as impurities is 
higher than the limit of interference (Table 1) the 
determination of uranium(V1) should be done in the 
presence of SPS’. The tolerance limits for inter- 
ferences in the determination of uranium as its com- 
plex with SPS are summarized in Table 2. From 
comparison of the data presented in Tables 1 and 2 
it follows that the determination of uranium(W) 
in presence of Ca*+, Mg*+ and Cu*+ ions should 
preferentially be done in 1M phosphoric acid 
medium, and this probably also applies to other 
metal ions except those of the alkali metals. 

The time needed for a uranium analysis is only 
l-2 min. The relative standard deviation is 5%. Table 
3 gives the results of analysis of water samples from 
different areas of the Pacific Ocean by LFM and a 
conventional spectrophotometric method.13 The re- 
sults are in reasonable agreement. It should be noted 
that determination of the uranyl ion by LFM needs 
only dilution of the water samples, whereas the 
determination by spectrophotometry requires a pre- 
concentration step. 

Analysis of solid samples 

Rock samples were finely ground and decomposed 
by treatment with nitric and hydrofluoric acids,r4 

Analysis of natural waters 

Determination of uranium(V1) in natural waters is 
performed with sodium polysilicate (4% vol.) added 
to the samples. Natural water is known to contain a 

*The average concentration of uranium(W) in sea-water.s 

Table 3. Concentration of uranium(W) found in 
different areas of Pacific Ocean (mean‘of5 analyses) 

Found by 
Found by LFM, spectrophotometry,i3 

Area aglml nglml 

I 3.4 3.6 
II 3.4 3.3 
III 3.3 3.3 
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Table 4. Concentration of uranium(V1) in rocks 

Found by Found by 
LFM, 

Sample 10-4% 
Y -spec;tr4ytry.‘4 

0 

Granite, international 
standard 

Albitized granite, 
native standard 

Granite 

7.2 6.8 

60 65 
102 100 

followed by evaporation to dryness and dissolution 
of the nitrates in O.OlM nitric acid. SPS was added 
before the fluorescence was measured. The results 
obtained by LFM are in good agreement with those 
obtained by y-spectrometry14 (Table 4). 
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STERIC AND HYDROPHOBIC EFFECTS OF SUBSTITUENTS 
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Summary-The two-phase stability constants (equilibrium constants) of metal complexes MA,, 
w+ = Ni(II), Zn(II), Cd(II), Pb(II), n(I), In(III)] with a series of 0,Odialkyldithiophosphoric acids in 
the system water-organic solvent) have been determined. By use of correlation analysis the role of the 
steric and hydrophobic effects of the substituents at the phosphorus atom on the stability constant Il. and 
distribution constant P of the complexes has been elucidated. The data obtained are of use for determining 
the relationships in the influence of structure of a reagent on its extraction properties and on the conditions 
for practical application of 0,Odialkyldithiophosphoric acids for metal extraction. 

A great many organic compounds are suitable for 
extraction of metals from aqueous solution, but the 
search for new extractants continues, owing to the 
growing role of extraction methods in analysis and 
technology. In this context data on the interrelation 
between the structure of organic reagents and their 
extraction properties acquire especial significance.’ 

The O,O-dialkyldithiophosphoric acids (DTPA), 
first proposed by Busev and Ivaniutin* as analytical 
reagents, have found wide application in various 
methods of analyses. The availability of a wide 
variety of dithiophosphoric acid derivatives leads to 
choice of these compounds as an ideal model system 
for investigation of the influence of substituents in 
ligand molecules on the stability and distribution of 
the corresponding metal chelates. To examine the 
possibility of applying the principle of linear free- 
energy change for the quantitative estimation of 
substituent effects on the extraction properties of 
DTPA, the extraction of metal ions by a series 
of DTPA of different structure was investigated. 

In extraction in a two-phase system of water and 
organic solvent there exists the equilibrium: 

(M”+ )p9 + n(A- ).q= (MA,),, (1) 

where M = Ni(II), Zn(II), Cd(II), Pb(II), Tl(I), 
In(II1); A- = anion of DTPA, (R0)2P(S)S-. 

The equilibrium constant (or two-phase stability 
constant) is equal to the product of the stability 
constant of the complex MA, in the aqueous phase, 
/I,, and the distribution constant P: 

pB = MU, 

” W+l,[A-I& 
(2) 

When the extraction proceeds in acid solutions, the 
distribution of DPTA must also be taken into ac- 

count: 

(H + )aq + (A- )aq = (HA),, (3) 

The equilibrium constant of this process (extrac- 
tion constant of DTPA) is equal to K/K,, where & 
is the distribution constant of HA between the aque- 
ous and organic phases and K. is the acid dissociation 
constant of HA in the aqueous phase. 

EXPERIMENTAL 

Reagents 

O,O-Dialkyldithiophosphoric acids were synthesized and 
purified by a literature method.” Heptane, benzene, toluene, 
carbon tetrachloride and chloroform were used as the 
solvents. 

Procedure 
Extraction was performed in test-tubes at constant tem- 

perature (25 f 0.2”) by shaking for 1 hr equal volumes (8 ml) 
of the aqueous and organic phases, the concentration of 
metal in the aquous phase being 5 x 10-4-10-3M. The ionic 
strength and acidity of the solutions were maintained by 
adding the appropriate amounts of perchloric acid and 
sodium nerchlorate or. in the case of PNII) and Cd(H). 
hydrochloric acid and. sodium chloride. % equilibrium 
concentration of free metal ions in the aqueous phase was 
determined by complexometric titration or polar- 
ographically. 

RESULTS AND DISCUSSION 

The values of &/IL, were obtained by the method 
of Wingefors.4 The values of P/l, were calculated by 
using the equation 

log D = n log[A-] + log(Pj?,) (4) 

where D is the distribution ratio for the metal. 
The dependence of log D on log[A-] is a straight 

line with slope equal to the charge on the metal ion 
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Table 1. Logarithms of the two-phase stability constants (log P/J) of complexes M[S(S)P(OR),k in the systems 1M 
HClO,/NaClO,-organic solvent, at 25 f 0.2” (the error in log PB, is estimated to be kO.05) 

log W” 
Ni(I1) WI) Pb(II)b 

Zn(II) In(III) Cd(H) 
R C,H,, Ccl, toluene C,H, CHCl, CC& Ccl, toluene toluene CHCl, ccl, toluene 

Me - 0.18 0.59 - 1.58 0.09 2.15 
Et 1.68 3.34 3.73 4.06 4.45 2.70 6.88 
Pr 4.17 5.93 6.34 6.87 7.11 5.13 10.80 
i-Pr 4.82 6.65 6.91 1.43 1.98 5.44 11.92 
Bu 6.93 8.68 9.14 9.41 9.91 1.12 14.78 
i-Bu 6.53 8.20 8.62 9.01 9.32 1.49 14.36 
s-Bu 1.90 9.32 10.08 10.52 10.92 8.29 15.55 
t-Bu - - - 11.49 11.99 8.85 - 
n-C,H,, 9.50 11.08 11.77 12.02 12.59 10.37 19.00 
i-C,H , , 9.13 10.38 11.06 11.69 12.02 10.04 17.81 
(C*H,),CH 10.56 12.08 12.31 - - 10.88 19.44 
n-C&H,, - - - 14.63 15.07 13.06 23.19 

2.51 
5.22 
7.55 
1.95 

10.32 
10.03 
10.56 
11.78 
12.83 
12.48 
13.01 
15.58 

1.61 1.69 3.55 - 
2.90 3.00 6.33 8.84 
4.22 4.28 9.15 11.62 
4.14 4.20 9.34 11.78 
5.50 5.62 11.93 14.37 
5.29 5.38 11.58 13.83 
5.53 5.60 12.30 14.52 
- - 13.81 16.36 

6.36 6.48 14.55 17.17 
6.40 6.71 14.30 16.69 
6.52 - 14.80 - 
- 8.11 17.29 19.96 

“The ionic strenath of the aqueous phase (U = 1) were maintained with HCl and NaCl. 
“p = 2 (HCl/NaCl). _ - _ 

(n). Since the total concentration of metal in the 
solution did not exceed 5 x 10e4A4, any possibility of 
forming polynuclear complexes could be disregarded. 
The values found for log K,/K, and log P/In are given 
in Tables 1 and 2. 

As can be seen, the two-phase stability constants 
depend on the length and the branching of the alkyl 
groups. In all cases the values of P/i,, increase with 
increase in the carbon atom number of the substitu- 
ents. The dependence on the branching is more 
complicated. Since P/I,, is a composite value, the 
interpretation of the results obtained requires consid- 
eration of the substituent effects on both the stability 
constant and the distribution constant. 

Since the generally accepted opinions,6 is that the 
induction effect of alkyl groups is constant, it may be 
supposed that changing an alkyl substituent should 
not seriously affect the energy of the metal-ligand 
bond. It might then be concluded that any change in 
the stability constants would be mainly due to steric 
effects. The influence of alkyl groups on the value of 
P is connected to a considerable degree with the 
solvent effects: the influence of substituents on the 
solvation of the ligand and of the complex. It is well 

known that an increase in anion size leads to an 
increase in solvation free. energy. The effect on the 
solvation of the neutral chelates will largely depend, 
as a rule, on the entropy effects: increasing the size of 
the alkyl groups and, consequently, the size of the 
complex molecules, results in destruction of the water 
structure and thus in a free energy gain. In this case, 
both factors will promote increase of the stability 
constants with increase in alkyl group size. As regards 
the influence of substituents on the distribution con- 
stant of the complex, a large number of data on the 
distribution of homologous series of organic com- 
pounds are present in the literature.’ As a rule, the 
higher members of a series are more easily transferred 
into the organic phase. Since it was shown in our 
previous communication’ that the infhtence of 
substituents on the stability constant of DTPA com- 
plexes can be described by a one-parameter cor- 
relation equation using Taft Es constants, character- 
izing the steric effects of substituents, 

log 8, = a0 + u1 ZE, (5) 

and as the hydrophobic constants’ (n) can be applied 
for description of the influence of substituents on the 

Table 2. Logarithms of the extraction constants (J&/K,) of O,O-dialkyldithiophosphoric 
acids (RO),P(S)SH in the systems IM HClO,/NaClO, (or HCl/NaCl)-organic solvent 

(estimated uncertainty f 0.02) 

R 

Pr 
i-Pr 
Bu 
i-Bu 
s-Bu 
t-Bu 
n-W,, 
i-C,H, , 
GH, ),CH 
c-C,H , , * 

Ccl, C6H6 toluene 

1.71 1.99 1.88 
1.99 2.22 2.11 
3.03 3.22 3.15 
2.96 3.14 3.03 
3.39 3.56 3.44 
4.11 4.16 
4.23 4.49 4.42 
4.02 4.19 4.11 
4.64 4.71 4.68 
4.68 - 4.70 

CHCI, 

2.40 
2.71 
3.66 
3.56 
4.01 
- 
- 

4.66 
5.27 

w&6 -SE, Zn 

- 0.78 1.06 
- 1.86 0.86 

2.10 0.80 2.06 
2.00 0.70 1.86 
2.48 1.94 1.86 
- 3.48 1.66 

3.36 0.80 3.06 
3.10 0.80 2.86 
3.80 1.94 2.86 
- 1.96 2.82 

*Cyclohexene. 
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Table 3. Parameters of the correlation equations log PB. = an + n(u, XE. + u&c) 
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M”+ an 

Ni(II) CHCI, 3.65 
Ni(II) GH, 3.30 
Ni(II) toluene 2.99 
Ni(II) CCL 2.52 
Ni(I1) C7H,6 0.80 
Zn(I1) ccl, 2.16 
Cd(H) toluene 4.61 
In(W) ccl, 6.09 
n(I) CHCl, 2.83 
TW) toluene 2.78 
PbGI) toluene 8.17 
pbinj ccl, 5.76 

Organic 
-6 a2 R* St 

*Regression coefficient 
TStandard deviation. 

0.54 4 0.04 1.28 f 0.03 0.9980 0.26 
0.54 f 0.04 1.29 f 0.03 0.9978 0.23 
0.46 * 0.06 I .30 f 0.04 0.9983 0.24 
0.50 f 0.04 I .27 + 0.03 0.9992 0.16 
0.50 f 0.05 1.30 + 0.03 0.9985 0.18 
0.34 4 0.03 1.27 f 0.02 0.9991 0.18 
0.36 & 0.05 1.26 f 0.04 0.9973 0.29 
0.37 + 0.04 1.30 f 0.02 0.9987 0.32 
0.19*0.09 1.25 f 0.04 0.9972 0.16 
0.16 f 0.07 1.22 kO.03 0.9975 0.14 
0.44 & 0.06 1.34 * 0.04 0.9964 0.37 
0.43 f 0.06 1.32 f 0.04 0.9965 0.36 

distribution constant P, we use a two-parameter 
correlation equation amounting for both the steric 
and hydrophobic effects of the substituents: 

log(PB,)=u~+n(a,ZE*+a,Z:n) (6) 

where ZE, is the sum of the steric constants of the 
substituents on the phosphorus atom, Y&r is the sum 
of the hydrophobic constants of the substituents, and 
n is the stoichiometric coefficient in equation (1). 

It turns out that equation (6) well describes the 
influence of alkyl groups on PB, for DTPA complexes 
and on &/PC. for DTPA. The parameters of the 
correlation equation are given in Tables 3 and 4. 

The coefficient a*, which reflects the sensitivity of 
the series to the hydrophobic effects of the substitu- 

ents, is virtually independent of the central ion and of 
the organic solvent, whereas the coefficient a,, which 
reflects the sensitivity of the series to the steric effects 
of the substituents, shows an appreciable dependence 
on the nature of the metal ion. Hence, it follows that 
by variation of the substituents, the conditions for 
preconcentration and separation of metals can be 
optimized to a certain degree with DTPA as the 
extracting agent. 

The separate determination of the P and /?,, values 
in difficult, as the equilibrium concentration of the 
complex in the aqueous phase is very low, owing to 
the high value of f. At the same time, the stability 
constants of the DTBA complex in aqueous solutions 
cannot readily be determined, owing to their low 

Table 4. Parameters of correlation equations log &/1r; =a,+ 
a, ZE, + a,Zn 

Organic 
solvent a0 --ai oz R s 

W,, -0.90 0.42 f 0.05 1.30 & 0.03 0.9978 0.09 
ccl, -0.11 0.41 f 0.02 1.28 f 0.02 0.9912 0.08 
GWH, 0.06 0.50 f 0.03 1.27 f 0.02 0.9955 0.07 
GH, 0.18 0.55 f 0.02 1.26 f 0.01 0.9993 0.04 
CHCl, 0.59 0.58 f 0.03 1.26 f 0.02 0.9992 0.05 

Table 5. Logarithms of stability constants (log &) in the water-propan- 
2-01 solutions and of the distribution constants (log P) in the system 
1M WClO,/NaClO,-CCl, for the nickel 0,Odialkyldithiophosphates 

Ni[S(S)P(OR)& at 25 f 0.2” 

100% H,O 
R 

Me 
Et 
Pr 
i-Pr 
Bu 
i-Bu 
S-BU 
t-Bu 
n-W%* 
i-C,H, , 
(C,H<),CH 

25% H,O 

2.04 
2.73 
3.01 
4.71 
3.19 
3.44 
5.51 
8.90 
3.20 
3.27 
6.51 

40% H,O 60% H,O (extrapoi.) 

0.76 -0.28 -1.62 
1.49 0.47 -0.88 
2.06 1.01 -0.47 
3.59 2.49 1.09 
2.11 1.13 -0.37 
2.40 1.49 0.13 
4.47 3.65 2.08 
7.65 6.49 5.23 
1.93 1.11 -0.37 
2.12 1.42 0.03 
5.35 4.37 2.93 

log P 

1.80 
4.22 
6.40 
5.56 
9.05 
8.07 
7.24 
- 

11.45 
10.35 
9.15 . . ..-_ 

n-W% 3.20 2.00 - -0.39 - 
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solubility. The only way to solve this problem con- 
sists in determining the /I. values in aqueous organic 
solutions containing different concentrations of 
water, and extrapolating the results to 100% water. 
In that way, we have determined the fir values of 
nickel-DTPA complexes in water-propan-2-01 solu- 
tions containing 20, 40 and 60% v/v water. For all 
cases investigated, the change in /I2 from one medium 
to another is approximately the same, and the equi- 
librium constant of the complexation reaction 
(K = jIz[HzO]6) is only slightly affected by the com- 
position of the aqueous alcohol solvent, i.e., the 
change observed for a series of solvents is considered 
to be due to the dilution effect.’ The values of jz 
found by extrapolation to purely aqueous medium 
are presented in Table 5. 

It is interesting that the influence of alkyl groups 
on the distribution constants P of the complexes 
examined can also be described by a two-parameter 
correlation equation 

log P = 4.53 + 2(0.49 ZE, + 1.25 En) (7) 

with a standard deviation of 0.4 and regression 
coefficient 0.995. The coefficient u, has a positive 
value, i.e., unlike the stability constants, the P values 

decrease with increase in the steric effect of the alkyl 
groups. 

In conclusion, it should be noted that there is a 
possibility of using these data in analytical chemistry. 
Knowledge of the extraction equilibrium constants 
and correlations between the extraction properties of 
DTPA and their structure allows a quantitative ap- 
proach to the choice of proper reagents and esti- 
mation of the optimal conditions for precon- 
centration or separation of different metal ions. 
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Smnmary-The interaction of tungsten(W) with a series of 2,3,7-trihydroxylhtorones in the presence of 
cationic and non-ionic surfacants has been studied. Optimal conditions for the formation of the complexes 
and their spectrophotometric determination have been found. Possible mechanisms for the effect of the 
surfactants are suggested. The method developed has been applied to determination of trace tungsten in 
rocks and silts. 

Various techniques have been proposed for deter- 
mination of tungsten in magmatic and sedimentary 
rocks.‘” Thiocyanate and toluene3,4&hiol have 
been used as photometric reagents. Preliminary con- 
centration of tungsten is often necessary by ion- 
exchange,3 or extraction or precipitation with 
a-benxoinoxime or dithiol,2 owing to the low sensi- 
tivity and selectivity of some methods, and rather a 
large sample is taken for the analysis. To improve the 
sensitivity and selectivity of photometric deter- 
mination of tungsten in rocks it would seem 
profitable to examine the use of more sensitive re- 
agents than thiocyanate or dithiol. We have found 
that 2,3,7&ihydroxyiIuorone and 3,4,5trihydroxy- 
fluorone derivatives give very sensitive reactions 
with tungsten in the presence of surfactants, with an 
accompanying extension of the reaction conditions 
towards higher acidity.&’ However, the 2,3,7-trihy- 
droxfluorones are the more sensitive reagents, and 
we have extended their investigation to include some 
further derivatives, in the presence of cetylpyridinium 
(CP) and cetyltrimethylammonium (CTMA) ions 
as representative cationic surfactants, and syntanol, 
Triton X-100 and DC-20 as representative non-ionic 
surfactants. The trihydroxylhtorones tested were: 

Reagents 

EXPERIMENTAL 

A 1 x lo-‘M solution of sodium tungstate in 0.5M 
sodium hydroxide was used. The PF, SF and DSPF solu- 
tions (l-2 x lo-‘M) were prepared in 0.06M hydrochloric 
acid in ethanol, and 5 x lo-‘M solutions of DBPF and 
TBSF were pmpared in a 1: 1 v/v mixture of water and 
ethanol; solutions were made on the day of use. A 1% 
solution of gelatin was prepared as well as O.OlM solutions 
of the cationic surfactants, 1 and 10% solutions of the 
non-ionic surfactants, and O.OlM sodium citrate solution. 
The pH was adjusted with hydrochloric acid, sulphuric acid, 
ammonia, and ammonium acetate buffer solutions. 

Procedure 

The required quantities of acid or buffer solution, eth- 
anol, sodium citrate, surfactant or gelatin were placed (in 
that order) in a 25-ml standard flask, followed by the 
trihydroxy&orone solution and the tungsten solution. 
Sodium citrate was added to prevent hydrolysis of the 
tungsten. The combining ratio of tungsten and trihydroxy- 
fluorone was determined spectrophotometrically by the 
isomolar series, molar ratio and isosbestic point methods. 
The interaction between the binary tungsten-trihydroxy- 
fluorone complexes and the surfactant was examined by the 
equilibrium shift method. 

Procedure for rock analysis 

Decompose the sample (0.25450 g) in a platinum dish 
with concentrated sulphuric acid (2.CL2.5 ml) and concen- 

OH 

R = -C!,Hr, R, = H (phenylfluorone, PF); 
R = -CsH5, RI = Br (dibromophenylfluorone, DBPF); 

; R, = H (salicylfluorone, SF); 

HO Br 

R= /\; 
-0 

R, = Br (tetrabromosalicylfluorone, TBSF); 

Br 

SOsH; RI = H (disulphophenylfluorone, DSPF). 
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trated hydrofluoric acid (10 ml). Before the decomposition 
samples containing carbonates should be treated with 
hydrochloric acid followed by evaporation to dryness, and 
shales and silts should be ignited at 450-500”. Evaporate 
the acid mixture till fumes of SO, appear, cool, add water 
(2-3 ml) and evaporate again to yield the moist salts. Cool, 
take up in water, oxidize with hydrogen peroxide, then tilter 
if necessary through a sintered glass filter (porosity 4), 
neutralize with ammonia to pH 5-7, add concentrated 
hydrochloric acid (5 ml), evaporate to 10 ml, add 1 ml of 
2.5% solution of titanium(II1) chloride in concentrated 
hydrochloric acid and boil for 5-10 min. To the cooled 
solution add 1 ml of 0.4% suspension of zinc dithiolate 
complex in ethanol, adjust the hydrochloric acid concen- 
tration to 6M and heat on a water-bath for 10 min. Cool, 
and shake with 5 ml of chloroform for 2 min. Separate the 
extract and evaporate it to dryness in a platinum dish, then 
ignite in a muiile furnace at 500” for IO-15 min. Cool, 
add 2 ml of 1% sodium carbonate solution and 3 drops of 
saturated potassium chlorate solution, evaporate to dryness 
and fuse at 750-800” for 2-3 min. Leach the cooled fusion 
cake with water (5-7 ml), add 2.5 ml of 20% hydraxine 
hydrochloride solution, 5 ml of 5% mannitol (or sorbitol) 
solution and 2.5 ml of 10% EDTA solution. Boil for 3-4 
min to reduce the volume to 10-12 ml, and cool. Add 0.5 
ml of O.OlM sodium citrate, 4 ml of 6M hydrochloric acid, 
0.5 ml of 5% ascorbic acid solution, 1 ml of 1% ammonium 
fluoride solution, 1.5 ml of 0.002M salicyltluorone and 2 ml 
of 0.01 M CP or CTMA and dilute to volume with water, in 
a 25-ml standard llask. Measure the absorbance 20 min 
later, at 518 nm, in a 5-cm cell against a reagent blank 
carried through the entire procedure. Construct a cali- 
bration graph from the absorbances for known quantities of 
tungsten (O-10 pg) and the amounts of hydraxine hydro- 
chloride, mannitol, EDTA, sodium citrate, hydrochloric 
acid, ascorbic acid, ammonium fluoride, salicyliluorone and 
CP or CTMA used in the procedure for samples. 

RESULTS 

Study of the reactions of tungsten(V1) with the 
trihydroxytluorones, in presence of gelatin as sta- 
bilizing agent, showed as in previous work4 that in 
acid medium a single coloured complex is formed; 
with PF and DBPF as reagent (R) the W:R ratio is 
1:2 and with SF and TBSF it is 1: 1. The reagents 
brominated in the xanthene ring react at greater 
acidity @H 2-2.5 for PF and SF and pH 0.5-1.0 for 
DBPF and TBSF). To stabilize the gelatin systems 
the addition of up to 30% ethanol is necessary. A 
higher ethanol content decreases the absorbance. The 
surfactant systems require a lower ethanol content. 

Introduction of a cationic surfactant instead of 
gelatin as stabilizing agent shifts the complex for- 
mation into a still more acid region, this effect being 
considerable for sulphate solutions and DBPF and 
TBSF. Use of the non-ionic surfactants gives a 
smaller shift into the acid region, but the effect of the 
cationic and non-ionic surfactants on the spec- 
trophotometric characteristics is similar. The use of 
non-ionic surfactant produces an unusual tungsten- 
trihydroxyfluorone combining ratio in some cases. 

Figure 1 shows the absorption spectra of the 
tungsten-PF complex in the presence of CP at 
different acidities. Introduction of surfactants into 
the system results in a hyperchromic shift in the 
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T 

Fig. 1. Absorption spectra of tungsten nhenvlfluoronate in 
the presence -of CP-at different -acid&es: 2 x 10e6it4 W; 
1 x 10e5M PF, 1 x lO-)M CP; 1 x 10e4M sodium citrate; 
10% of ethanol; 2-cm cell. Curves 1 and 2, reagent blank; 
1, 1M HrSO,; 2, pH 1.3. Curves 3-7, complexes; lJI,S041, 

M: 3, 1.0; 4, 0.75; 5, 0.5; 6, 0.4; 7, 0.1. 

spectra, and the appearance of the band at 505-515 
nm and the shoulder at 540 nm, the intensity of which 
depends on the solution pH and the ethanol and 
surfactant concentrations. Similar results were ob- 
tained for all the trihydroxyfluorones and surfactants 
studied. 

The absorption spectra do not in general change 
with surfactant concentration except for the band at 
505-515 nm, which increases in intensity with surfac- 
tant concentration up to the critical micelle con- 
tration (CMC) and then becomes constant and inde- 
pendent of surfactant concentration. Figure 2 shows 
the dependence of the surface tension and absorbance 
of the solution on the surfactant concentration for 
the system W-DSPF-CP. Maximum absorbance and 
minimum surface tension occur for CP concen- 
trations greater than the CMC. 

To stabilize the tungsten-trihydroxyfuorone- 
surfactant systems the addition of ethanol is neces- 
sary. The maximum absorbance is obtained with 
2-10% v/v ethanol. 

In acid medium up to pH 3 the systems give only 
one coloured complex, except for the W-SP-CTMA 
and W-SP-CP systems in sulphate medium, which 
yield a mixture of complexes. In most of the systems 
studied there is no evidence, over a wide range of 
surfactant concentrations, of formation of stoi- 
chiometric ternary complexes. The conditions for 
complex formation in the systems studied, and the 
spectrophotometric characteristics of the complexes, 
are summarized in Table 1. 
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-log CCPI 

Fig. 2. Dependence of absorbance (1) and surface tension (2) 
of the system W-DSPF-CP on CP concentration in solu- 
tion: 2 x 10e6M W; 1 x 10-SM DSPF, 1 x 10m4M sodium 

citrate; 1% of ethanol; pH 1.0 @ICI). 

DISCUSSION 

From comparison of the experimental results with 
the literature data it may be. concluded that the 
mechanisms of formation of tungsten and molyb- 
denum complexes with 2,3,7&hydroxylIuorones are 
similar.s-9 As for molybdenum, optimal effects on 
the light-absorption characteristics of the tungsten 
trihydroxyfluoronates appear at surfactant concen- 

trations at CMC level and above. This proves the 
decisive role of the surfactant micelles in stabilization 
of the complexes. Presumably the micehes react 
with the trihydroxylluorone molecules through acid 
groups which do not take part in co-ordination of 
the metal ion. The tungsten ions react with the 
fluorone molecules fixed on the micelles. That is 
why the spectra of the complexes formed in the 
presence of any stabilizing agents (gelatin, cationic 
surfactants, non-ionic surfactants) are analogous. 
Since this fixation of the trihydroxyfluorone prevents 
aggregation of the tungsten complexes and promotes 
the production of finely-dispersed light-absorbing 
particles within the solution, hyperchromic shifts 
are observed in the absorption spectra. The extra- 
ordinary variation in tungsten-trihydroxyfluorone 
ratio from 1: 1 to 1:4 for different trihydroxy- 
fluorones and different surfactants is due to a variety 
of interactions that we have not yet fully elucidated. 
The sizes and hydrophobic properties of the tri- 
hydroxyfhrorones and surfactant micelles studied are 
different, and the form, structure, and “capacity” of 
the surfactant micelles also differ, which determines 
the possibilities of co-ordination of different numbers 
of trihydroxylluorone ions by the tungsten(V1). It 
is possible that the Triton X-100 micelles interact 
not just with single PF and SF molecules but also 
with their hydrogen-bonded aggregates, which could 
account for the 1:4 complexes observed. This is 
perhaps substantiated by the observation that the 
complexes of composition 1: 4 are not the most inten- 
sely coloured, i.e., the increase in the molar absorp- 
tivity of the complex in the presence of surfactants is 
not due to increased co-ordination capacity of the 
metal ion. The tungsten trihydroxyfluoronates can be 
stabilized both by cationic surfactants (CP, CTMA) 
and non-ionic ones (‘I’riton X-lOO, OC-20). Tungsten 
salicylfluoronate formed in the presence of these 

Table 1. Characteristics of tungsten complexes with trlhydroxytluorones in the presence. of surfactants 

Trihydroxyfiuorone + t, nm 1, nm Ethanol, W: trihydroxy- 
snrfactant reagent complex pHw, lack-lit y,, % fluorone l@ LmoZ-1. CM-’ 

PF+CP 
PF + CTMA 
PF + Triton X-100 

DBPF + CP 

464 
480 

472; 496 

472; 496 

510 
508; 540 

512 

518; 546 

DBPF + CTMA 480 528; 550 
DBPF + Triton X-100 480 530 

SFfCP 472 518; 536 
SF+CP 470 512; 534 

SF + CTMA 470 512; 532 

SF + Triton X-100 
SF + syntanol 
SF + OC-20 

TBSF + CP 
TBSF + CTMA 
TBSF + T&on X-100 

DSPF + CP 

480 512 
472 517 
470 514 

480; 512 
480; 512 
480; 512 

464 

564 
528; 552 
540; 560 

500 

0.7-0.9 (l-l* SO,) 6-18 
0.9-1.2 (l&SO,) 2-20 
1.6-2.0 (O.lM H2S04) 8-20 

1M H,SO,-pH 1.4 410 

0.5l.OM H,SO, 2-20 
0.1-0.3M H,SO, 2-16 

0.4l.OM HCl 2-6 
0.30.6M H,SO, 2-6 

0.4-Q.7M H,SO, 2-6 

1.4-1.6 (H2S04) 5-15 
1.0-2.0 (HCl) 2-4 
1.6-2.2 (HZ SO,) 2-4 

1.2-2.2 (H2S04) 5-l 5 
1M H,SO,-pH 1 2-6 
0.8-l .6 (HZ SO,) 2-20 

1.0-1.4 (HCl) 1 

1:l 10.1 
1:l 8.4 
1:4 5.6 

1:l 

1:2 
1:2 

7.5 (518) 
5.0 (546) 

7.8 
5.5 

1:&2) 
1:2 (534) 
1~2 (512) 
2:3 (532) 
1:4 (512) 

1:4 
1:2 

12.4 

13.6 
13.2 
7.4 

13.6 

1::1:52) 
1:2 

1:l 

7.7 
5.5 
1.6 

6.7 
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Table 2. Results for 8 parallel determinations of tungsten in geological 
samples 

Sample 
Sample reference W found; Relative 
type mark lo-4% std. devn., % 

Alkaline granite CT-3 1 .o f 0.07 10 
Metamorphized shale ccn-1 1.51 f 0.14 11 
Dolomitic stromalitic 

limestone CM-2 0.22 f 0.07 11 
Dolomitic limestone 

containing feldspar CkI-3 3.28 f 0.05 2 
Carbonatbsilicate 

rocks CI-XM-1 0.90 f 0.04 1 
Aluminium silicate 

rocks CI-XM-2 0.85 f 0.05 1 
Carbonate-silicate 

rocks CI-XM3 3.03 f 0.09 1 
River silt cl-x-1 2.41 f 0.06 7 
River silt cl-X-3 2.58 f 0.06 7 
River silt cl-X-5 12.5 f 0.2 2 

*95% confidence limits. 

surfactants is one of the most sensitive of the com- 
plexes of this metal with organic analytical reagents 
known today. 

Unfortunately, the selectivity is rather poor. Nb, 
Ta, Ti, Zr, Hf, MO, Sb, Sn and Fe all interfere. The 
effect of some of these elements can be eliminated by 
preliminary extraction of the tungsten with 
a-benxoinoxime or dithiol, and several of them, 
molybdenum in particular, can be masked by a 
mixture of EDTA, hydrazine hydrochloride and 
mannitol (or sorbitol). Ascorbic acid and ammonium 
fluoride are finally added to mask any traces of 
iron(II1) introduced with the masking mixture. The 
tolerance limits (pg) in the determination of 0.2-l pg 
of tungsten are Nb (20), Ta (30), MO (250), Sn (200) 
and (mg) Zr (OS), V (0.5) Cr (> l), Fe (> 4), Cu, Ni, 
Zn, Mn (10-20). 

The method has been used to determine traces of 
tungsten in nickel-based alloys and alkali metal 
halides and perrhenates. ‘O We have used the tech- 
nique for determination of tungsten in a number of 
rocks and silts intended as standard samples for issue 
by the Institute of Geochemistry, Siberian Branch 
of the USSR Academy of Sciences (Table 2). The 
validity of the method has been established by 
analysis of a standard sample of albitized granite, 

CT-lA, [certified value 2.3 f 0.4 x 10e4 % W; tung- 
sten content found 2.28 + 0.06 x lo-‘% (95% conti- 
dence limits), n = 21; relative standard deviation 6%] 
and of a nickel alloy (certified W content 0.035%; 
content found 0.0335 f 0.0004%). 

RRFERENCRS 

1. A. I. Busev, V. M. Ivanov and T. A. Sokolova, Ana- 
lytical Chemistry of Tunasten tin Russian). Nauka. 
Moscow, 1976. - - - . 

,, ~. 

2. N. A. Stepanova and G. A. Yakunina, Zh. Analit. 
Khim., 1962, 17, 858. 

3. K. Kawabuchi and R. Kuroda, Talanta, 1970, 17, 67. 
4. V. A. Nazarenko and V. P. Antonovich, 

Trioksipuorony, Nauka, Moscow, 1973. 
5. V. A. Nazarenko, G. I. Ibragimov, E. N. Poluektova 

and G. G. Shitareva, Zh. Analit. Khim., 1978, 33, 938. 
6. V. P. Antonovich, G. I. Ibragimov, B. M. Nevskaya, 

E. I. Shelikhina and M. A. Chemysheva, ibid., 1979,34, 
81. 

7. V. P. Antonovich, M. M. Novoselova and V. A. 
Nazarenko, ibid., 1984, 39, 1157. 

8. V. A. Nazarenko, M. M. Novoselova, Yu. M. Cher- 
noberezhsky, E. V. Golikova and V. P. Antonovich, 
ibid., 1980, 35, 2331. 

9. M. M. Novoselova, E. V. Golikova, Yu. M. Cher- 
noberezhsky and V. P. Antonovich, ibid., 1981,36,914. 

10. V. A. Nazarenko, N. A. Veschikova. V. P. Antonovich 
and M. M. Novoselova, Zaoodsk: Lab., 1984, SO, 
No. 2, 7. 



Talrmta, Vol. 34, No. 1, pp. 219-222, 1987 ~3~91~/87 $3.00 + 0.00 
Rinled in Great Britain hrgamon Journals Ltd 

ELECTROCHEMICAL I~ESTIGATION OF PALLADIUM 
COMPLEXES WITH ORGANIC SULPHIDES AND 

THEIR USE IN EXTRACTION DIFFERENTIAL 
PULSE POLAROGRAPHY 

H. C. BUDNIKOV* 

Faculty of Chemistry, V.I. Ul’yanov-Lenin State University, Lenina 18, Kazan, 420008, USSR 

V. N. MAYSTRENKO and Yu. I. MURINOV 
Faculty of Chemistry, Bashkirian State University, Frunze 32, Ufa, USSR 

(Received 15 October 1985. Accepted 1 February 1986) 

~~-~~yl-, amino-, keto- and keto~nos~p~de complexes of ~a~~~1) are shown to 
undergo one- or two-step reduction in a mixed acetonitrilectoluene solvent containing Bu,NClO~ at O.lM 
concentration. The half-wave potentials of the complexes show a certain dependence on the ligand 
structure, a positive shift of the potentials being caused by an increase in the x-acceptor ability of 
the ligands. The limiting currents are proportional to the concentration of the complex, according to 
the IlkoviE equation. Fast-scan differential pulse polarography was applied to the determination of 
palladium(H) in the organic phase after extraction of its complex with dihexylsulphide. 

There are a number of papers and reviews dealing 
with the co-ordination chemistry of ligands and 
chelates containing the thio-ether group in their 
structure.’ These organic compounds are of some 
importance on account of their biological activity and 
also their usefulness as extraction reagents for the 
concentration and determination of metal ions.2 The 
analytical application of organic extractants for the 
separation and determination of metals, in particular 
palladium, in the presence of the other platinum 
metals, is of special interest. This paper reports on the 
electrochemical reduction of palladium(I1) complexes 
with organic sulphides, with composition PdL,Cl,, 
where 

m = 1, L = C&HUSC2H4~ 0) 

C~~COCH(CH~)CH~SC*H,~ (II) 

C&I&‘CH(CH,SC&,,)Z (III) 

m = 2, L = C,H,COC2H,SC,H,, W) 

WI,,XS (v) 

G%)tS Ivr) 

in an acetonitrile-toluene mixture at the dropping 
mercury electrode, and discusses the possibility of 
determining palladium(I1) by fast-scan differential 
pulse polarography (FSDPP) with dihexylsulphide 
(DHS) as an extractant. The general principles of 
extraction ~laro~aphy used in the investigation 
have been described in a review.3 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Apparatus 

The electrochemical experiments were done with a PU-1 
polarograph (USSR) for recording d.c. and a.c. polar- 
ograms, a dropping mercury electrode (d.m.e.) with 
m = 1.96 m&ec at zero potential and controlled drop time 
t = 0.21 sec. Cyclic and FSDPP voltamperograms were 
obtained with a PA-3 polarograph and a stationary mercury 
drop electrode of type SMDE- 1 (Czechoslovakia). All volt- 
ammetric measurements were made with a three-electrode 
cell at 25 & 0.1” with Ag/O. 1M AgNO, in acetonitrile as a 
reference electrode, and a platinum win: as an auxiliary 
electrode. 

Reagents 
The organic sulphides and palladium complexes were 

prepared as described in the literatureaM Their purity was 
checked by infrared spectroscopy and elemental analysis. 
Organic solvents were purified by the methods recommen- 
ded in the literature’ and were kept over 4A molecular 
sieves. Tetrabutylammoni~ perchlorate (0.W) was used 
as background electrolyte. The solutions were deoxygenated 
by a stream of argon. The purity of the electrolyte was 
checked by recording blank polarograms with the d.m.e. 
The base-line for the solvent mixture was run as a check on 
electrochemical purity. 

Solutions 
Measurements were made on a 2:3 v/v mixture of the 

extracting and ionizing solvents: O.lSM Bu,NClO, in ace- 
tonitrile as ionizing solvent and 0.05M DHS in toluene as 
the extractant. Stock solutions of organic sulphides were 
prepared by accurate direct weighing. The buffer solutions 
for the extraction were prepared from reagents of high 
purity. 

Extraction procedure 
A 5-ml portion of 0.05M DHS in toluene and a 25-ml 

portion of 10-s-10-7M aqueous solution of palladium(H) in 
1M hydrochloric acid were shaken together in a separating 
funnel for IO min. After separation of the phases by 

T.A.L. w-0 
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centrifuging, a 2-ml portion of the extract was transferred 
to a poiarographic cell and 3 ml of 0.15M Bu,NClO, in 
acetonitrile were introduced. The FSDPP voltamoeroaram . - 
was recorded after deaeration of the solution. 

RESULTS AND DISCUSSION 

Palladium(I1) complexes with the ligands men- 
tioned above show one reduction step in acetonitrile 
at the d.m.e. in the concentration range 
1O-5-5 x 10eSM (Fig. la), but those. with the ligands 
&IV, containing the keto-group, give a second re- 
duction wave at more negative potentials, from - 2.1 
to -2.3 V. The experimental data indicate that this 
step arises from reduction of free ligand released 
during reduction of the complexed metal ion at less 
negative potentials. A number of electrochemical 
characteristics of some palladium(II) complexes are 
given in Table 1. Microcoulometric measurements 
indicate that two electrons react with one molecule of 
palladium(I1) complex to give elemental palladium. 

Cyclic voltamperograms show a pair of cathodic 
($,J and anodic (i,) peaks corresponding to the d.c. 
waves. The peak current ratio (i,/i,) tends towards 
unity as the scan-rate is increased within the range 
0.01-0.5 V/XX. Decrease of this ratio with decrease in 
scan-rate is thought to be due to degradation of the 
two-electron reduction product within the period 
from one scan to the next. Alternating current volt- 
amperograms show one symmetric peak. Both the 
half-width of the a.c. peak (4648 mV) and the slope 
of the plot of Ep us. log (ih - i)/i (Table 1) indicate 
that the electrode process is close to being completely 
reversible. The reduction scheme may be as follows: 

[pdL,$lJ + 2e - e [PdL,,,Cl$- + Pd + m L + 2Cl- 

Comparison of the half-wave potentials for the 
reversible reduction of Pd(I1) complexes (Table 1) 
and PdCl, (Q = -0.105 V) shows the contribution 
of the metallic atomic orbitals to the localized valency 
molecular orbital energy to be essential. Therefore 
the fast degradation of the negatively charged prod- 
uct of the two-electron reduction, [PdL,ClJ2-, pro- 
duces Pd and free ligand, this being noticeable at slow 
scan-rate. The reduction may also proceed by a 
one-electron transfer and simultaneous cleavage of a 
metal-ligand bond, owing to the relatively low 
atomic orbital energy of the central ion. The second 
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Fig. 1. a-Voltamperograms (d.c., curves l-3; cyclic, curve 
4) for palladium(I1) complexes at 5 x IO-‘M concentration 
in O.lM Bu,NClO, solution in acetonitrile, at the d.m.e.: 
l-l&and II; 2-ligand V; 3 and kligand I. b- 
Voltamperograms (d.c., curves l-4, cyclic, curve 5) for the 
complex with ligand I in O.lM Bu,NClO, solution in 
acetonitrile at the d.m.e. Concentrations: l-5 x 10e5M; 

2-l x 10F4M; 3-1.5 x 10e4M; 4 and 5-3 x 10e4M. 

electron transfer occurs at potentials close to the E;,, 
values for the complexes, depending on the strength 
of the metal-ligand bond. Examples of analogous 
reduction mechanisms of metal complexes with or- 
ganic ligands have been reviewed.’ 

If the concentration of the complexes is higher than 
5 x lO-sM, new waves appear at more negative po- 
tentials (E,,2 from -0.58 to -0.67 V) on the volt- 
amperograms, and the sum of the wave-heights corre- 
sponds to a two-electron reduction (Fig. lb). The 
cyclic and a.c. voltamperograms both contain peaks 
in the potential range under discussion. The parame- 
ters of the peaks show the electrode process to be not 
fully reversible. Increasing the complex concentration 
increases the half-width of the a.c. peaks to 78-82 mV 
and decreases the current ratio i,,Jipc on the cyclic 
curves to 0.17-0.23. A second scan of the cyclic 
voltamperogram at the stationary mercury electrode 
shows only the second peak. 

Figure 2a illustrates the dependence of the limiting 
currents of the complex with ligand V on its concen- 
tration. When the concentration is increased the 
diffusion current of the first wave reaches a limit 
when C > 5 x lo-‘M. The height of the second wave 
is also dependent on the concentration, and the sum 
of the wave-heights is a linear function of concen- 
tration. The limiting current of the first step increases 
linearly with the height of the mercury column and 

Table 1. Electrochemical data for the reduction of palladium(I1) complexes at 
the d.m.e. in O.lM Bu,NClO, solution in acetonitrile; palladium concentration 

5 x lo-‘M 

-E,,r, i,, AE/A log (i,,,,, - i)/i, 
Ligand V PA IPIV $J,’ A log i@log V 

I 0.255 0.36 35 0.92 0.54 
II 0.270 0.24 35 0.87 0.57 
III 0.360 0.30 37 0.84 0.58 
IV 0.225 0.20 33 0.95 0.52 
V 0.205 0.32 31 0.97 0.48 
VI 0.200 0.30 32 0.98 0.49 

*Scan-rate 0.5 V/set. 
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Fig. 2. a-The relationship between the limiting current of 
the reduction steps of the complex with ligand V, and the 
concentration; l-the first step; 2-the second step. b- 
Polarograms of the palladium complex with ligand VI in 
0.1M Bu,NClO, solution in acetonitrile at the d.m.e. at 

various temperatures: l-15”; 2-25”; 3-35”; 4-45’. 

with temperature, at any concentration in the range 
l-5 x 10_5M. 

The temperature coefficient is about 6-8% per 
degree, a value characteristic for reduction of ad- 
sorbed species. When the temperature reaches 45” the 
second waves for the complexes with ligands V and 
VI practically vanish (Fig. 2b) and only one step is 
recorded on the voltamperograms. The appearance of 
the second waves at high concentration indicates that 
the first reduction step is inhibited by the adsorbed 
film of the reduction product. The first wave corre- 
sponds to a process at the clean electrode surface and 
the second to one at the surface covered with elec- 
trolysis products. Adsorption of reduction products 
of Pd(I1) complexes at the mercury electrode has 
been reported before. ‘g9 Interestingly, PdCl, has been 
shown to undergo a two-step reduction identical to 
the one described for the complexes. 

The reversibility of the first reduction and its 
occurrence at the free electrode surface indicates that 
the & values should be close to the standard 
reduction potentials (E,). Hence, the shifts in & 
may be considered to be a measure of the ligand 
effect on the electron transfer. The E,,, values 
for the complexes studied become more negative, 
for the following sequence of ligands: V, 
VI > IV > I > II > III. The data are in accordance 
with the idea that the properties of organic sulphides 

2.5 r 

Fig. 3. The differential pulse polarogram of 10e6M pal- 
ladium(III comDlex in 0.02M DHSIO.IM Bu,NClO. sol- 
ution in toluen&a&onitrile mixture’ (2: 3), inGal poG.ntial 
+0.3 V, pulse magnitude -50 mV, scan-rate 20 mV/sec. 

Table 2. Determination of palladium in 
solutions with lOOO-fold excess of Pt, Rh, 
Ru and Ir; O.lM Bu,NClO, solution in 2:3 
toluene-acetonitrile mixture (extraction re- 

agent 0.05M DHS in toluene) 

Taken, Found, 
K?lml /J&?glml 
0.063 0.059 * 0.0035 
0.128 0.123 f 0.004 
0.250 0.240 + 0.006 
0.500 0.479 f 0.010 

**Confidence limits (n = 5, p = 0.95). 

as n-acceptors affect the reduction potentials of the 
complexes. lo Strengthening the n-acceptor properties 
of the ligand shifts the reduction potential of the 
palladium(I1) complexes in general. However this 
relationship is not too clear: it is possible that the first 
three complexes are in c&form, and the others in 
trans-configuration. 

A linear relation between the limiting current and 
the concentration of the complexes (for concen- 
trations below 5 x lo-‘M) was also found with the 
3: 2 acetonitrile-toluene mixture, which is of practical 
importance for the extraction-polarographic deter- 
mination of Pd(I1) in the presence of other platinum 
group metals. The usefulness of this method of 
analysis is based on the selectivity of the extraction 
of palladium dialkylsulphides from hydrochloric acid 
solution.2 To lower the limit of detection the FSDPP 
method of determination was used. The relation 
between Ai,, and the concentration of palladium(I1) 
in the organic phase is linear over the range 
10-5-10-7M. Figure 3 shows the differential pulse 
voltamperogram of a 10e6M Pd(I1) solution in the 
3:2 acetonitril+toluene mixture in the presence of 
DHS. The limit of detection is 0.01 pg/ml. 

To select the optimum conditions for the deter- 
mination of palladium the influence of different fac- 
tors on the limiting current of the extract was in- 
vestigated. Artificial mixtures were used to show that 
Ai,, is practically constant for extraction from 1-4M 
hydrochloric acid. Extraction times greater than 10 
min did not further improve the extraction efficiency, 
which was >98%. The optimum extraction con- 
ditions are listed in the experimental section. Results 
for the determination of palladium in the presence of 
lOOO-fold excesses of platinum, rhodium, ruthenium 
and iridium are summarized in Table 2. 
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Smnmary-1-(2-Pyridylaxo)-2-naphthol has been used for extraction concentration of palladium, copper, 
cobalt and nickel from aqueous solutions and subsequent separation of the chelates obtained, by means 
of high-pressure liquid chromatography. A technique for determining microamounts of palladium in 
aqueous solutions in the presence of RN-fold ratio of copper and 80-fold ratio of cobalt has been 
developed. 

The rapid development of high-pressure liquid chro- 
matography (HPLC) in recent years has considerably 
expanded the area of its application in science, tech- 
nology and industry. In addition to the traditional 
fields, such as separation and determination of or- 
ganic compounds and biologically active substances, 
and in environmental pollution monitoring, HPLC is 
widely used for inorganic systems for the separation 
and determination of metals both in the ionic state 
and in the form of organometallic and complex 
compounds.‘*2 Chelates appear to be convenient spe 
ties for the determination of some metals by HPLC,’ 
since the structures and properties of chelates are 
close to those of organic compounds, which makes 
possible the direct transfer of the wide experience 
obtained in organic HPLC. 

A combination of preliminary extractive concen- 
tration of chelates followed by chromatographic 
analysis of the extracts makes it possible to combine 
in a single technique the main advantage of HPLC, 
namely, fast and effective separation of complex 
multi-component mixtures, with the selectivity of 
complexation and extraction. 

The high molar absorptivity of chelates in the 
ultraviolet and visible regions of the spectrum allows 
the use of the detector most widely used in liquid 
chromatography, the spectrophotometer. The main 
principles for selecting the chelating agents for use in 
HPLC are well known. The requirements are that 
each element should form only one complex with the 
reagent, and that the chelates should be stable in 
the conditions for the chromatographic separation 
(medium, pH, temperature), and have high molar 
absorptivity at the absorption maxima.’ 

All the possible types of interaction of chelate 
complexes with silica gels have been identified,3*’ and 
mechanisms proposed for the separation of diethyl- 
dithiocarbamates5 and b-diketonates’,’ of metals by 

thin-layer chromatography. Owing to the similarity 
of the adsorption process in two-dimensional and 
three-dimensional layers of a sorbent, these mech- 
anisms can be used for interpretation of the chelate 
retention in HPLC. 

At present HPLC is mainly being developed in 
terms of choosing the optimal chelating systems for 
metal separation.’ Detection of platinum metals in 
the presence of non-ferrous metal impurities repre- 
sents one of the important and not yet completely 
solved problems of the analytical chemistry of these 
metals. Separation and determination of the platinum 
metals in the form of their chelates holds a great deal 
of potential for solution of the problem. Use has been 
made&‘* of the chromatographic behaviour of pal- 
ladium chelates with quadridentate ligands (various 
substituted fl-ketoimines and salicylaldimine) to sep- 
arate palladium from copper and nickel, but the 
palladium was not determined quantitatively. The 
most promising class of organic reagents for platinum 
metals, palladium in particular, since these tend to 
form complexes with donor S- and N-atoms, appears 
to be that of the heterocyclic axe-compounds which 
are widely used for their spectrophotometric deter- 
mination.12 l-(2Pyridylazo)-2-naphthol (PAN-2), 
one of this class of compounds, complies with all the 
requirements listed above for chelating agents useful 
in HPLC. PAN-2 has already been used for the 
separation and determination of iron, nickel, cobalt 
and copper by both normal-phaseI and reversed- 
phaseI HPLC. 

This paper deals with a study of the chro- 
matographic properties of the palladium, copper, 
nickel and cobalt chelates with PAN-2 and the devel- 
opment of an HPLC method which would combine 
preliminary extractive concentration of palladium 
with its determination in the presence of larger 
amounts of copper, nickel and colbalt. 

223 
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EXPERIMENTAL 

Palladium solution (0.935 mg/ml) was prepared by dis- 
solving PdCl, (analytical grade) in 0. IM hydrochloric acid, 
and standardized gravimetrically with dimethylglyoxime.r5 
Palladium solutions of lower concentration were prepared 
by dilution with O.OlM hydrochloric acid. Copper, cobalt 
and nickel solutions were made from the pure nitrates and 
standardized complexometrically. Inorganic salts were re- 
moved from the PAN-2 reagent (Reanal, Hungary) by 
recrystallization from ethanol,16 and the absence of PAN-l 
in the initial PAN-2 was checked by HPLC.” The pal- 
ladium(H) chelate was made according to an established 
procedure.‘* Dimethylformamide (DMF) solutions of PAN- 
2 (lo-’ or 10-2M) were used for complexation, the optimal 
pH values being attained by addition of hydrochloric acid 
and sodium hydroxide solution, and monitored notentio- 
metrically. The conditions for separating Pd(IIi Cu(II), 
NifII) and Co(II1) bv HPLC were chosen bv use of the 
PAN:2 chelates of thkse metals obtained under the condi- 
tions optimal for formation of the Pd(I1) chelate. 

The chelates was separated with a Varian-5000 liquid 
chromatograph equipped with a spectrophotometric de- 
tector (200-700 nm), and stainless-steel columns (250 x 5 
mm) packed with Silasorb-600 silica gel (Lachema, CSSR) 
with an average particle size of 10 pm. Acetone, benzene, 
propan-2-01, chloroform and their mixtures of various 
composition were used as eluents. All the organic solvents 
used were analytically pure. 

The capacity factors were determined in the usual way, 
with quinalizarin as the model non-adsorbed substance. The 
resolution (R,) for adjacent peaks was also calculated in 
the usual way.19 

Calibration graph 

Since the chromatographic peaks of the palladium chelate 
with PAN-2 have the form of Gauss curves, the peak height 
can be plotted against amount of palladium for calibration. 

Solutions containing 1.86-186 pg of palladium are each 
mixed with 5 ml of lo-“M PAN-2 solution in DMF and 
diluted with water to 25 ml after pH adjustment to 2.9-3.2. 
After mixing, the solutions are heated for l-2 min in a 
boiling water bath and then cooled. Next, 1 ml of chloro- 
form is added to each, the mixtures are shaken for 1 min, 
and the extracts are separated. For chromatographic analy- 
sis, a lO-~1 aliquot part of the chloroform extract is injected 
by sample-loop into the HPLC column and chro- 
matographed with acetone as eluent at a flow-rate of 2 
ml/mm, at 25”. The absorbance of the ehtate at 620 nm is 
monitored. The calibration graph is linear over the pal- 
ladium range 1.86186 pg in the initial solution. 

Procedure 

Five ml of O.lM PAN-2 solution in DMF are added to 
a known volume of sample solution containing 3-180 pg of 
palladium and not more than 2.5 mg of copper and 1.8 mg 
of cobalt. After adjustment of the pH to 2.9-3.2, the mixture 
is diluted to 25 ml with water, aud then heated, extracted 
etc., as in the procedure above for calibration. 

RESULTS AND DISXJSSION 

The absorption spectra of the chelates studied have 
their absorption maxima in the visible region of the 
spectrum (Table l), where they differ from the PAN-2 
spectrum (,l_ =470 mn). They coincide with the 
PAN-2 spectrum in the ultraviolet region. Because 
of the overlap of their major spectral bands, there is 
mutual interference between the palladium, cobalt, 
copper and nickel complexes, so a separation is 
needed. Because of the large excess of PAN needed 

Table 1. Optical characteristics of metal chelates 
with PAN-2% 

Central 
ion 

Pd(I1) 
Ni(I1) 
Cu(I1) 
Co(II1) 

c, lo4 I.mole-‘.cm-’ 
1 mu,- @, am) 

620; 675 1.60 (620) 
530; 565 4.96 (565) 

550 2.50 
580; 630 2.31 (580) 

1.95 (630) 

for the complexation reaction, the chromatographic 
detection of all the chelates was performed at 620 nm 
to avoid the background signal of PAN-2. At 620 nm 
the PAN-2 signal is not significant, and the palladium 
complex exhibits maximum absorption. 

To choose the best conditions for the separation, 
the nature and the composition of the mobile phase 
were varied, chloroform, acetone, benzene, propan- 
2-01 and their mixtures being used as eluents. The 
palladium and nickel PAN-2 complexes are eluted 
with choroform and acetone to give sharp and sym- 
metrical peaks and exhibit comparatively short reten- 
tion times (Fig. 1). The retention volumes for these 
compounds do not depend on the size of the sample, 
which indicates that the chromatography of these 
chelates occurs in the linear region of their adsorption 
isotherms. Therefore, these components can be 
identified in a mixture by measuring the retention 
volumes. With acetone as eluent, the copper and 
cobalt chelates with PAN-2 are strongly retained, and 
their elution peaks, though symmetrical, are very 
broad. Although a mixture of the PAN-2 chelates of 
Pd(II), Cu(I1) and Co(II1) can be readily separated 
and palladium detected, the resolution is not good 
enough for complete separation of the palladium and 
nickel chelates. 

A weaker eluent, chloroform, also did not allow 
chromatographic separation of the four chelates, 
the cobalt chelate being so strongly retained that 

Pd (251 

cu (9.5) Co (321 

1’-) w 
I I 1 

0 10 20 30 

t (min) 

Fig. 1. Chromatogram of a mixture of the PAN-2 chelates 
of palladium, copper and cobalt. Eluent acetone, flow- 
rate 2 ml/min, adsorbent IO-pm Silasorb-600, P = 28 atm, 
temperature 25”. The retention volumes (ml) corresponding 

to the peak maxima are. given in parentheses. 
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Table 2. Retention parameters of PAN-2 chelates of palladium, nickel, 
copper and cobalt with the benxencpropan-2-01 1: 1 v/v mixture 

Central 
ion 

Ni(I1) 
W(H) 
Cu(II) 
Co(II1) 

Retention Capacity Peak Plate 
time, factor, resolution, number, 

‘a K 4 N 

1 min 22 set 0 
4 min 1.67 1 

100 

28 min 17.67 6.4 
50 

2x 10’ 
31 min 40 set 20.11 1.5 2x 10’ 

it was not eluted even with a very large volume of 
eluent, and the palladium and nickel peaks were not 
well separated, the resolution factor being only 0.6 
(Fig. 2). 

Complete separation of all four components was 
attained with a 1: 1 v/v mixture of propan-2-01 and 
benzene (Fig. 3, Table 2). The copper and cobalt 
chelates have considerable retention times, and their 
separation requires greater consumption of eluent, 
and gradient elution with increasing polarity of 
the mobile phase is recommended for practical 
application. 

The column used in this work has been operated 
continuously for two months without change in the 
retention parameters or deterioration in the re- 
producibility of the peak heights. 

In the triplicate determination of 23.25 pg of 
palladium in the presence of 2.33 mg of copper and 
1.86 mg of cobalt 23.1 kO.5 pg of palladium were 
found, showing that copper and cobalt do not inter- 
fere in the determination. 

The detection limit for palladium (with a lo-p1 
injection) is 19 ng in the initial sample, the concen- 

Ni (1.26) 

I Pd (2.12) 

cu (9.3) ,J 2_, , 
0 5 10 15 20 

t (mm) 

Fig. 2. Chromatogram of a mixture of nickel, palladium and 
copper PAN-2 chelates. Eluent chloroform, P = 32 atm, 

0th~ conditions as for Fig. 1. 

Pd 

0 10 20 30 

t (mln) 

Fig. 3. Separation of palladium, nickel, copper and cobalt 
PAN-2 chelates. Eluent 1: 1 v/v mixture of benzene and 
propan-2-01, P = 32 atm. Other conditions as for Fig. 1. 

tration coefficient being 25. However, the detection 
limit can be decreased further by use of extractive 
chromatographic concentration. The method for 
palladium with PAN-2 solution in pentan-2-01 on 
polytetraiIuoroethylene (Teflon+ is characterized by 
a concentration coefficient of loO;*’ this should enable 
us to develop a new combination method involving 
the preliminary extractive chromatographic concen- 
tration of palladium from dilute solution, and its 
subsequent determination by the HPLC method. 
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Summary-The method and equipment for pulse circulation high-resolution gas chromatography on glass 
capillary columns have been developed. The separation of a mixture of C, I&, C, HI D, C, H1 D3 and C,D, 
on carbonixed columns coated with squalane has been taken as an example to show the advantages of 
the method. An elliciency of about 5 x lo6 theoretical plates has been achieved with a capacity factor 
ofk=l. 

The method of pulse circulation gas chromat- 
ography’*2 provides an efficiency of up to 1.2 x IO5 
theoretical plates* with standard packed columns, as 
shown by the separation of isotopically-substituted 
organic compounds. However, even this high 
efficiency is insufficient to solve certain analytical and 
physicochemical problems. For this reason capillary 
columns are frequently used in such schemes.” 

EXPERIMENTAL 

Experiments were done with the BIOCHROM-27 capil- 
lary gas chromatograph. The chromatograph is supplied 
with an electro-pneumatic eight-way valve for switching 
columns5*“9 and a time-programming switching unit with 
two programme channels.” 

The circulation scheme is given in Fig. 1. The apparatus 
has a line with a pressure regulator for providing an 

Fig. 1. Circulation scheme of the BIOCHROM-27. 1, 
injector; 2 eight-way valve with microchannels; 3, capillary 
cohunns; 4, 7, pressure regulators; 5, 8, flow restrictors; 

6, ilamsionixation detector. 

auxiliary gas flow into the detector. The required gas 
pressure at the outlet’,” is maintained by means of the 
pressure regulator. 

In the main mode of operation there is bleed of a part of 
the gas flow between the columns. The bleeding velocity’.* 
is controlled by feeding an auxiliary gas flow into the 
bleeding line uia an additional line supplied with the pres- 
sure regulator. In the other mode of operation there is no 
bleeding of the gas flow. 

“-CsH,, 

4 

3 

1 

2 I 

1 
- /I 

16 15 14 13 12 11 IO 9 

mln 

Fig. 2. Chromatogram of a mixture of hexadeuterobenxene 
(l), benxene (2), dodecadeuterocyclohexane (3) and cyclo- 

hexane (4). 

227 



228 V. P. Cm2IiKOv et al. 

5 r Two carbonized glass capillary columns (37.5 m x 0.028 
cm) coated with squalane were used. TO carbonize the inner 
surface of the column, methyl bromide was pyrolysed at 
500”; the carbonized surface was coated with the liquid 
phase by the static method.‘* The cof~ were connected 
to the circulation valve by platin~i~~~ capillaries~6 
The joints were coated with a special glue for quartz and 
glass capillaries,” which practically excluded ~con~o~~ 
gas bleeding. 

Experiments were performed at 65” and gauge pressures 
of 0.4 and 0.25 mPa at the inlet and outlet of the system, 
respectively. Under these conditions the linear velocity of 
the carrier gas belier was 16.8 cm/set, and the c&mm 
ethciency measured for benzene (k = 0.81) was 4700 
theoretical plates per metre. 

RESULTS AND DISCUSSION 

Figure 2 illustrates the high resolution obtained 

with these cohunns without switching the circufation 

m 

Fig, 3. ~ela~ons~p between the number of theoretical 
plates N (for cyclohexane) and number of semi-cycles WI 
(1, without gas bl~~gb~~~~~ columns; 2, 3, with gas 

1 Y. 10 
m=2 

1x2 

!?7=16 

m=5 

“-%%a 

+:::: 
405 396 392 366 124 120 46 44 40 

min 

Fig. 4. Circulation chromatograms of a mixture of deuterobenxenes and benxene (1, CJ&; 2, C,H,D,; 
3, C&D; 4, W-I,). 
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valve. Figure 3 shows the number of theoretical plates 
N (for cyclohexane) as a function of the number of 
semi-cycles m, obtained by switching the circulation 
valve. Curve 1 was obtained with no bleeding of the 
gas flow between the columns. Under these condi- 
tions (k = l.OO), a non-linear increase of efficiency 
was observed. With bleeding of a given fraction of the 
gas flow between the columns of the circulation 
scheme we obtained a linear dependence of N on m 

(curve 2 on Fig. 3) over a wide range of m values (up 
to 24 semi-cycles). A further increase in the bleeding 
velocity leads to a non-linear dependence of N on m 
(curve 3 on Fig. 3), characterized by a more rapid rise 
in N. The data agree with earlier results for packed 
columns’~‘. 

The separation efficiency of capillary columns in 
circulation gas chromatography of isotopically- 
substituted compounds was studied by using a mix- 
ture of deuterobenzenes (C,D,, C,HSD, CsHrD,) 
and benzene. Two carbonized glass capillary columns 
(75 x 0.028 cm) with squalane as the liquid phase” 
were used (Fig. 1). The separation was done in a pulse 
mode at 65” and gauge pressures of 0.4 and 0.25 mPa 
at inlet and outlet, respectively. Under these condi- 
tions the mean velocity of the gas flow (nitrogen) was 
9.0 cm/set, the dependence of N on m was close to 
linearity, and the mean column efficiency for benzene 
was 4500 theoretical plates per metre. 

Chromatograms obtained after a certain number 
of semi-cycles (m) are presented in Fig. 4. A sepa- 
ration characterized by the criterion R r 1 for the 
solute pair most difficult to separate was achieved 

at m = 16, which corresponds to a 1.2-km column 
length and an efficiency of about 5 x 106 theoretical 
plates. 

The BIOCHROM-27 instrument can also be used 
for back-flush of capillary columns and multi- 
dimensional chromatography9*‘5. 
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THE EFFECT OF INORGANIC PARTICULATES ON THE 
ASV SIGNALS OF Cd, Pb AND Cu 
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Summary-The potential influence of inorganic particulates on the ASV response of < 100~pg/l. levels 
of Cd, Pb and Cu, at a thin film mercury electrode, was examined by adding various weights of the solids 
to the acetate background electrolyte solution. Materials added included the hydrous oxides of Mn(IV), 
Fe(II1) or Al(III), clay minerals (kaolinite, illite, montmorillonite) and some contaminated sediments. 
Abrasion of the mercury film was minimized by deaerating the turbid solutions before their transfer to 
the measuring cell. The hydrous oxides specifically sorbed all three metal ions, resulting in peak-size 
changes that varied in magnitude with pH. With the clays, only sorption of Pb by illite or montmorillonite 
was detected. The presence of the solids had little effect on the peak position or half-peak breadth of the 
Cd or Pb signals, but the Cu peak parameters changed, indicating some hydroxy-species formation at 
higher pH. Some contaminated sediment samples released a significant fraction of their total metal content 
into acetate buffer solutions. Shielding the mercury tilm with a semipermeable membrane had a similar 
effect to filtering the suspension before analysis, but diffusion equilibrium was only slowly achieved 
(>12hr). - 

In water analysis, it is traditional to isolate particu- 
late matter (by using a 0.45~pm membrane) before 
determining the metal content of the aqueous phase. 
Analysis by techniques such as plasma emission 
spectrometry or atomic-absorption spectrometry 
yields total metal contents, whereas anodic stripping 
voltammetry (ASV) provides an estimate of the 
“labile” metal fraction, which may be regarded as a 
better estimate of the fraction “available” to biota. 

The preliminary filtration may result in an under- 
estimation of the total “available” fraction, since part 
of the metal content of the particulate matter can be 
loosely bound, and available for redistribution. It has 
been noted,’ for example, that surface association 
phenomena involving colloidal suspended matter are 
an integral part of metal transport in natural water- 
ways. The sorption process can control the fraction 
of total metal ion present in labile (or available) 
forms in the waters and their associated sediments. 

It would thus be more appropriate to analyse 
unfiltered water samples by ASV, but before adop- 
ting this approach it is desirable to have some 
understanding of the effect of suspended colloids on 
electrode response. 

Various groups” have investigated the effect of 
colloidal organic matter on the ASV parameters 
(ir and E,) of several metal ions. The influence of 
inorganic suspensions is less well understood, al- 
though a recent voltammetric study of lead(I1) solu- 
tions containing hydrous oxide suspensions yielded 
results which support the view that metal ions ad- 
sorbed on particulate surfaces are essentially non- 
labile.5 

The aim of our study was accordingly an exam- 
ination of the influence of different inorganic partic- 

ulates on the ASV response for low levels of cad- 
mium, lead and copper. It was expected that the study 
would also provide some information in respect to 
sorption behaviour and modes of bonding. 

EXPERIMENTAL 

Reagents and equipment 

Voltammetric measurements were made with an ESA 
Model 2014 Anodic Stripping Analyser, which uses thin 
(_ 150 nm) mercury films deposited on wax-saturated 
graphite rods. Comparison tests were restricted to a single 
cell, since differences in cell geometry contribute to the 
variance of the peak current. The Cpmole mercury coating 
on the electrode was renewed regularly, and with different 
films the reproducibility (relative standard deviation, 
R.S.D.) of the peak currents for lOO-pg/l. cadmium and 
lead was usually 24%. In this analyser, a nitrogen stream 
(flowing at 40 ml/min) is used to deoxygenate and stir the 
assay solution in the test-cell. 

Test samples containing particulates were deaerated for 
5 min away from the cell system, because it has been shown6 
that pre-analysis abrasion of the mercury film by particles 
can cause enhancement of cadmium and lead peak currents. 
After deaeration, the sample vials were transferred to the 
electrode unit, where metal was deposited for 3 min, at an 
applied potential of -900 mV. The amalgam was then 
stripped at a scan-speed of 50 mV/sec to a cut-off potential 
between - 10 and - 50 mV (the value required to resolve the 
copper peak from dissolution of mercury varied according 
to the ligands present). Five analytical cycles were run for 
each test solution, and the ASV traces were recorded on a 
fast-response Rickadenki Chart Recorder (Model B-181H). 

The background electrolyte solutions (usually sodium 
acetate/acetic acid, pH 5.5) were purified by electrolysis with 
an ESA Model 2014 P Reagent Cleaning System. The 
standard metal-ion solutions were prepared from analytical 
grade salts and demineralized distilled water (Elga Model 
Bl16 Cartridge De-ioniser). After dilution with base solu- 
tion, the test solutions contained up to lOO~g/l. lead, 
cadmium and/or copper. 
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In one series of studies, the mercury electrode was protec- 
ted by a perforated glass tube covered with dialysis tubing 
(Visking) which has a nominal molecular-weight cut-off of 
1000-1200. Before use, the membrane was treated by a 
procedure described by Smart and Stewart,’ to remove the 
sodium benzoate preservative and prevent attack by cellu- 
lytic micro-organisms when the membrane was thoroughly 
wet. Fresh tubing was used in each new study. 

Colloidal parriculates 

Amorphous hydrous iron oxide [HFO, “Fe(OH),“] sus- 
pensions were prepared by adding _ 22 mmoles of sodium 
hydroxide to 7 mmoles of iron(III) nitrate in a total volume 
of 500 ml. The suspension @H 556.5) was stirred for several 
hours before withdrawal of the aliquots (4 ml, -8 mg of 
HFO) used in the test studies. 

Amorphous hydrous aluminium oxide [HAO, 
“Al(OH),“] suspensions were prepared by adding -50 
mmoles of sodium hydroxide to a vigorously stirred solution 
containing 17 mmoles of ahtminium nitrate (equilibrium 
pH N 7). Dilution to 600 ml yielded a suspension containing 
-2 mg of colloid per ml. 

Procedures described in the literature were used to pre- 
pare goethite (FeOOH),8 hydrous manganese(W) oxide 
(HM0)9 and cryptomelane (uMnO,).r” 

The three clay minerals used were commercial products: 
a kaolinite (Carlo Erba), an illite [Morris, Illinois] and a 
montmorillonite [Parkville, Mississippi]. 

The organic particles used in comparison studies included 
two humic acids. One [HA(F), Fluka, ash content 13.2%] 
required pH 8 for dissolution; the other (Tas-4, extracted 
from a forest soil) had a lower ash content (7.1%), and 
dissolved at pH > 6. An acid-soluble fulvic acid (FA, m.w. 
< 1000) was obtained from Contech Ltd., Ottowa. 

A series of contaminated estuarine sediments, calcine and 
jarosite residue were kindly supplied by the Sulfide Cor- 
poration Laboratory, Boolaroo. 

Particulate effects 

Aliquots (4.0 ml) of the inorganic suspensions (N 8 mg of 
solid) were transferred into clean acid-washed 30-ml glass 
vials which contained acetate buffer (adjusted to a pH in the 
range 48), a metal loading of 100 pg/l. cadmium, lead and 
copper, and enough purified water to give a final volume of 
20.0 ml with an acetate concentration of 0.13M. 

The vials were sealed and mechanically shaken overnight 
to ensure equilibration between the phases. Just before 
analysis each vial was purged for > 5 min with a flow of 
nitrogen, which was continued during the transfer to the 
ASV unit. Each sample was subjected to five deposition/ 
stripping cycles. The mean peak heights were used to assess 
the effect of pH. 

The experimental parameters varied in different test se- 
quences included the nature of the particulate matter, the 
solid density, and the metal ion concentration. In some 
studies with cadmium and goethite, the background electro- 
lyte was loaded with l0-2M sodium chloride or ammonium 
acetate. 

In another study sequence, a series of metal ion-colloid 
mixtures was dialysed against 5 ml of pH-5 background 
electrolyte contained in a perforated glass tube covered with 
dialysis tubing. All analyses were performed after an equi- 
libration time of > 15 hr. The variables examined included 
type of solid B-IA(F), Tas-4, FA and FeDOH], particulate 
level (0.1, 0.3, 0.5 mg/ml), and supporting base electrolyte 
(0.13M sodium acetate, chloride or nitrate). To determine 
the optimum dialysis time for the metal ions of interest, 
solid-free metal solutions (100 pg/l.) were dialysed for times 
ranging from 10min to 14 hr. 

In a tinal study, weighed amounts of contaminated sedi- 
ments were equilibrated with background electrolyte. 

RESULTS 

Comparison of the peak sizes obtained with those 
for standard solutions (100 p g/l. metal ion, no solids) 
clearly indicated that the particles were adsorbing 
part of the cadmium, lead and copper content, the 
extent varying with pH, metal-ion involved, and the 
chemical nature of the suspended matter. The de- 
pendence of uptake on pH was also found to depend 
on the weight of solid present and the initial ion 
concentration. In general, the higher the solid:ion 
ratio, the lower the pH required for onset of sorption, 
except for hydrous Mn(IV) oxide, which gave virtu- 
ally total sorption under all conditions studied. 

In the clay studies, the loading with solid was 
varied between 0.1 and 1.4 mg/ml, but no significant 
change in cadmium or copper peak size. was observed. 
Some lead(I1) was retained by illite (cJ Fig. 1, *, I’) 
and montmorillonite suspensions, with uptake increas- 
ing with pH (5.3-8.1) and weight of solid present. 
Retention decreased in the presence of higher acetate 
concentrations. 

Only in the case of copper was peak position (E,) 
or shape influenced by the presence of particulate 
matter (c$ Fig. 3). Comparison with the responses 
for the solid-free systems indicated that the Ep and 
half-breadth (b1,2) values for the cadmium and lead 

4 5 6 7 6 

Equilbrium solWon pH 

Fig. 1. Effect of pH on the percentage decrease. in peak 
size for Cd, Pb and Cu, in the presence of various hydrous 
oxide particles. Total initial M2+ concentration, lOO~g/l.; 
solid 8 mg/20 ml, background electrolyte solution, 0.13M 
CH,COONa, pH 5.5. Substrate code: l , MnDOH; 0, 
aMnO,; A, HAO; A, HFO, @, FeOOH [m, 10W2M NaCl 
present, X, 10m2M CH,CODNH, present]; *, illite [I’, 0.5M 

acetate base]. 
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Fig. 2. Diagram showing the effect of pH and 0.4 mg/ml of 
solids on ASV peak parameters. (a) Ep (mV), for Cu(0) and 
Pb(@) present at 100 pg/l. level with no solid present. (b) 
01 peak cathodic shifts, in presence of aMnO, (O), FeOOH 
(a), HFO (A) or HA0 (A). (c) Cu peak broadening 
(expressed as Mb,,* values) in presence of A, HAO; G, 
FeOOH; I, HFO, or M, aMnO,. Coding for Pb response, 

same as (b). 

peaks not affected (within the precision limits) by the 
presence of colloidal suspensions, but the lead peaks 
did shift with increasing pH, owing to hydroxy- 
species formation (cJ Fig. 2a; 0). 

For copper, the presence of suspended matter 
caused peaks attributable to hydroxy-species for- 
mation to appear at lower pH values. With the 
exception of the aMnO, systems, most peak-position 
changes closely reflected the observed increases in the 
amount of metal ion sorbed (c$ Figs. 1 and 2b). As 
shown in Fig. 2c, the formation of an “ASV-labile” 
hydroxy-bonded species led to peak broadening, and 
in the case of HA0 gels, this broadening at low pH 
contributed to an apparent anodic shift in Ep. The 
anodic shift could also have arisen from adsorption 
of colloid on the mercury film. The Ab,,, values 
recorded in Fig. 2c are the differences in half-breadth 
values (f+) observed in the presence and absence of 
particulates. 

4 5 6 ? 

Equilibrium solution pH 

Fig. 3. (a) Voltamperograms of assay solutions in the 
presence of 0.4 mg/ml inorganic particulates at pH 5.5. 
Values in parentheses indicate broadening of the Cu peak 
[expressed as b,,r (mv) values]. (b) Diagrams showing how 
the peak area of Cu and Pb curves varied with pH in the 
presence of inorganic particulates. Experimental conditions 

Figure 3 shows some typical voltamperograms; and substrate coding, as for Fig. 1. 

Fig. 3b shows how the peak area for copper and lead 
varied with pH in the presence of inorganic particu- 
lates. 

Shielding the mercury film electrode with a dialysis 
membrane mounted on a perforated glass support 
was found to have an effect similar to filtration of the 
suspension before the ASV analysis. A minimum 
diffusion period of 9 hr was required for migration of 
dialysable metal species (cf Fig. 4D). 

The full lines in Figs. 4 and 5 show how the 
metal-ion signal decreased with increasing solid level, 
in the absence of the dialysis membrane. The dotted 
lines indicate the ratio of the signal observed for the 
dialysate to that observed with solid in contact with 
the electrode. With organic acids present, the ratio 
was less than unity (indicating < 100% recovery) and 
its value was influenced by the introduction of chlo- 
ride ions (cJ 0 and 0, Fig. 5). 

When polluted-sediment samples were suspended 
in the same background electrolyte (0.13M acetate 
buffer) and subjected to ASV analysis, measurable 

(a) 
Cd Pb cu 

I I 

-600 -50 

(b) E_(mV) 
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Fig. 4. A-C: diagrams showing the effect of suspended FeOOH density on (i) the amount of metal ion 
sorbed from 100 pg/l. solutions (full lines) and (ii) the percentage of residual “ASV-labile” metal ion found 
to diffuse through dialysis tubing (dashed lines). 0, 0, 0.13M CH,COONa buffer, pH 5; n , 0, 
background electrolyte 0.13M in NaCl. A, Cu; B, Pb; C, Cd. 4D: rate curve for the diffusion of Cu (a), 
Pb (0) and Cd (0) ions (initially 100 fig/l.) through the electrode-shielding membrane. Background 

electrolyte 0.13M CH,COONa, pH 5. 

amounts of Cd, Pb and Cu were released, as shown 
in Table 1. 

DISCUSSION 

The signal loss caused by the presence of the added 
solids could have arisen from electrode passivation 
(i.e., colloid attraction to the surface) but the effect of 
pH and the protective film more strongly supports the 
concept of specific sorption of metal ions by the 
particulate matter. 

The use of acetate background electrolyte solutions 
in ASV studies has been recommended1’~12 because 
acetate-metal complexes are highly labile, but it also 
has to be recognized that the inclusion of acetate at 
high concentration (e.g., 0.13M) results in 99.9% 
conversion of low concentrations of metal ions into 
the acetate-complexes. With the free metal ion con- 
centrations thus reduced to low fig/l. levels, the 
tendency to form hydrolysed metal species is reduced 
and they are formed in higher pH regions. With such 
low metal ion concentrations, there should also be 
minima1 sorption by solids. The presence of O.lM 
sodium from the buffer salt should also minimize 
metal-ion retention by ion-exchange, and in any case 
traces held by electrostatic attraction are normally 
labile in ASV. 

The decreases in peak height shown in Fig. 1 thus 
imply that the affinity of metal ions for some sites on 
the colloidal particles was sufliciently high to pro- 
mote dissociation of acetate-metal complexes. 

With most systems, the uptake increased steadily 
with increasing pH (cf Fig. l), and in only a few cases 
[e.g., Pb and Cu on HAO; Cu on HFO and aMnO,) 
did the sorption values increase rapidly over a narrow 
(1-2 unit) pH range, though this is the more widely 
observed response at higher free metal-ion levels (e.g., 

mg/l.). 
Mn(IV) oxides are considered’) to be better scav- 

engers of metal ions than are other inorganic partic- 
ulates, and it can be seen from Fig. 1 that this trend 
persists even when only traces of metal ion are 
present. Relative uptake values decreased in the 
sequence MnOOH > aMnO, > FeOOH > HFO > 
HOA (with the exception of Pb, for which the 
positions of FOA and FeOOH were reversed). 

The affinity order for each of the oxides studied 
followed the sequence Pb > Cu>>Cd, which bears 
some relationship to the relative magnitudes of the 
respective hydrolysis constants, but it can be modified 
by substrate crystal structure and metal complex 
formation. 

Complex formation applied in these specific sorp- 
tion studies, as shown by the effect of adding 10e2M 
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Fig. 5. Diagrams showing the effect of added organic acids on (i) the amount of metal ion rendered not 
“ASV labile” (e.g., sorbed), with initial ion levels of 100 pg/l. (full lines) and (ii) the percentage of residual 
“ASV labile” metal ion found to diffuse through a semipermeable membrane film (dashed tines). Coding: 
FA, fulvic acid added; HA (F), Fluka brand humic acid; Tas-4, forest soil humic acid. 0, 0, 0.13M 

CH,COONa buffer, pH 5; II, 0, background electrolyte 0,13&f in NaCI. 

Table 1. Weakly bonded metal ions on contaminated sediments 

Total metai, “ASV labile” metal,* 
mglkg mgikg 

Sediment material Cu Pb Cd Cu Pb Cd 

Calcine residue 4000 13000 70 1410 6460 14 
Jarosite residue 1200 tsoO0 250 190 146 60 
Estuarine sediment: A 4000 I5000 900 I700 li800 539 

: 3800 480 13000 2000 IO00 60 1610 70 8940 1790 680 20 
D 70 170 5 8 87 ND 
E 40 270 10 ND ND ND 
F 
G : 

90 
60 1: Nd 

12 ND 
ND ND 

*10 mg of solid equilibrated overnight with 0.13M CH,CGONa (PH 5) prior to 
deaeration and ASV analysis; ND = none detected. 
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sodium chloride or ammonium acetate to cadmium 
solutions in the presence of goethite (cf: Fig. 1, points 
n and X). 

The specific sorption of Cu, Pb and Cd by these 
inorganic articulates, as observed in the ASV stud- 
ies, will be described in more detail in a later publica- 
tion. The sorption of metal ions by colloids has been 
examined extensively but few publications are di- 
rectly comparable with the ASV approach, owing to 
differences in initial concentration or the chemical 
form of the solute species (e.g., hydrated ions and 
acetate-complexes). 

Displacement of acetate ions from the metal com- 
plex by other ligands (e.g., Cl-, OH-) in the solution, 
with the formation of different metal species, tends to 
lead to changes in stripping peak potential values 
(E,,) and peak shape (e.g., width at half peak-height, 
b,,Z). 

In this study, the formation of hydroxo lead or 
copper species on increasing the system pH was the 
most obvious species change (cf Fig. 2), but other 
ligand effects have been considered in some detail in 
earlier papers,4*6,‘4 

Half-wave ~tential shifts, in the presence of excess 
ligand, have been used to determine the stability of 
metal complexes,‘5 and this approach has been ap- 
plied to ASV determinations of hydroxo or carbo- 
nato complexes of metal ions,3*16 but doubts about the 
validity of the measurements can arise where there is 
el~tr~he~~l irreversibi~ty or adsorption onto the 
electrode surface3*” 

The peak broadening and potential shift observed 
for copper(I1) systems may be due to a suspension 
and/or sedimentation effect on potential,” but the 
changes are equally indicative of non-specifically 
sorbed metal ion being present (at higher pH) as 
hydroxo-species (e.g., [Cu(OH),]*-“). 

The results for lead confirmed the responses 
reported’ in a study which used MnO,, FeOOH 
and SiOZ suspensions and a.c. polarography to assess 
colloidal effects on the capacity of the double layer. 
Reversibility was examined by constructing pseudo- 
polarograms. 

The presence of dispersed aluminosiiicate clays 
caused no significant change in peak position or peak 
half-widths, but at pH < 6 the peak currents observed 
tended to be larger than those observed in control 
runs (by -=z 15%). This suggests that some dispersed 
colloids may behave in a similar fashion to those 
surfactants which form adsorbed layers that attract 
M2+ ions by electrostatic attraction and so promote 
a higher rate of electro-reduction at the mercury 
film.19 

Efectrode activation or passivation due to abrasion 
of the film surface by moving particles or adsorption 
effects can be a problem in ASV studies3*” but it has 
been proposed recently7 that this limitation may be 
minimized by shielding the mercury film with a 
semipermeable membrane. In our studies, the ASV 
signals recorded with a shielded electrode in the 

presence of FeOOH differed little from the values 
recorded without the shield (provided ample time was 
allowed for dialysis), as shown by the dashed lines in 
Fig. 4, A-C. It was concluded that the change in peak 
height for copper and lead in the presence of the 
particulates (full lines, Fig. 4, A, 3) was due to 
specific sorption of these metal ions. The presence of 
chloride ions (m) resulted in some cadmium peak 
enhancement (Fig. 4C), but this was attributed to an 
anion effect, rather than particulate intervention, 
be&use the changes were small when acetate base 
electrolyte was used. 

In contrast, in the presence of humic or fulvic 
acids, insertion of the dialysis membrane resulted in 
decrease in peak size, in some cases to only 60% of 
the value obtained for the mercury electrode im- 
mersed in the suspension (c$ Fig. 5). Such results 
imply that part of the “ASV labile” content consists 
of entities too large to permeate through the mem- 
brane (Le., metal-ion loosely bound to particulates or 
dispersed as large metal-bearing molecules). The 
magnitude of this “restrained” fraction varied with 
the metal ion, composition of background electrolyte, 
and solid added. 

Similar (though smaller) differences in response 
were observed in a previous study4 when organic acid 
suspensions were filtered through a 0.45-pm mem- 
brane before re-analysis. The differences have been 
attributed to the smaller pore size of the dialysis 
tubing. 

The membrane tubing used in our experiment had 
a molecular weight cut-off of 1000-1200, hence it was 
predicted that monomeric metal fulvate species 
should diffuse through, while humate species should 
be excluded. In the event, somewhat similar results 
were obtained with a fulvic acid sample and two 
different humic acids. This suggests that part of the 
“labile metal content” determined by direct analysis 
of suspensions is present as ‘complexes having a 
molecular weight > 1200 (either as small dispersed 
entities or electrostatically bound to single functional 
groups on the solid surface). Alternatively, it can be 
proposed that diffusion of the larger molecules pro- 
ceeds far more slowly (i.e., longer equilibration time 
is required). 

As shown by the results listed in Table 1, a 
significant fraction of the metal ion present in con- 
taminated environmentai samples proved to be “ASV 
labile”, when suspended in acetate buffer solution. 
The percentage released varied with total loading, a 
trend to be expected in samples of poorly defined 
composition and possessing a range of sorption sites 
having different affinities for metal ions. With low 

total contents, the more active sites are involved and 
specific sorption predominates. 

ANALYTICAL AND ENVIRONMENTAL IMPLICATIONS 

Combination of anodic-stripping voltaminetry 
with preliminary separation steps has been used by a 
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number of groups to subdivide the metal-ion content Eventually it should prove possible to utilise ASV 
of waters into several different categories, and it has analysis of suspensions as a new approach to “speci- 
been demonstrated, inter ulia, that significant frac- ation” of soil/sediment systems. 
tions can be associated with colloidalmatter.~z5 

This study has confirmed that inorganic particu- 
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Summary-Enhancement of the sensitivity of ion-exchanger absorptiometry by the use of much thicker 
ion-exchanger layers than those previously employed has been investigated. Because the background 
attenuance due to light-scattering from the solid particle layer increases only moderately, whereas the net 
absorbance of the sorbed sample species increases greatly when the cell length is increased, a cell with 
at least IO-mm path-length may be effectively used without difficulty in most commercial spectro- 
photometers, giving at least ten times the sensitivity obtainable with a l-mm cell. Since the background 
attenuance depends on the optical geometry, it can be lowered to some extent by using a particular type 
of spectrophotometer, and by placing a cylindrical mirror between the cell and the light-detector window 
or by setting the cell as close as possible to the window. The use of such long cells has been found to 
improve the sensitivity in the chromiumdiphenylcarbaxide, iron-l,lO-phenanthroline, nickel-PAN, 
cadmium-PAR, bismuth-chloride and uranium-thiocyanate systems. Other methods may be similarly 
improved. 

Since the new technique of solid-phase photometry 
(“ion-exchanger calorimetry”) was proposed in 
1976,’ a large number of applications have been made 
for the determination of trace metal ions in water 
samples,2e9 and have been reviewed.” Recently the 
method was extended to the ultraviolet absorption 
region.” The advantages of this method are (a) the 
sensitivity is much higher than that of the corre- 
sponding conventional spectrophotometric method 
since the light-absorption measurement is made 
directly on the ion-exchanger phase without stripping 
of the coloured component and (6) species interfering 
in ordinary solution spectrophotometry can be ex- 
cluded from the ion-exchanger through equilibration 
under proper conditions and thus the spectro- 
photometric selectivity may often be increased. It has 
already been stated brieflylo that the sensitivity can be 
still further enhanced by using a much thicker ion- 
exchanger layer than those previously employed. The 
present paper will treat this in detail. 

EXPERIMENTAL 

The ion-exchangers, reagents, procedures and conditions 
used were in principle the same as those in the literature, 
unless otherwise stated. 

Light-measurements were made with a Hitachi EPS-3T 
double-beam spectrophotometer (automatic recording ana- 
logue type) or a Nippon Bunko UVIDEC-320 (digital type) 
at room temperature. 

The thickness of the ion-exchanger layer was varied by 
using fused-silica cells of different light-path lengths or a 

combination of a IO-mm path-length fused-silica cell and 
fused-silica spacers of different thickness. A narrow black- 
sided cell (Fujihara Factory, 4 mm width and 10 mm path- 
length) or a wedge-shaped acrylic spacer (Fig. 1) was 
employed in some cases to reduce the volume occupied by 
the ion-exchanger layer, but not the light-path length. The 
shape of the spacer was determined by the geometry and the 
shape of the light-beam of the spectrophotometer. The 
spacer was easily made with acrylic resin plates. 

An externally silvered fused-silica tube (12 mm internal 
diameter and 4Omm long for the Nippon Bunko spectro- 
photometer) was placed between the ccl1 holder and the 
light-detector window to partly recover the light scattered 
from the ion-exchanger layer (Fig. 2). Otherwise, the cell 
was set as close as possible to the detector window, to give 
the best geometry for light-collection, but in any case the 
ion-exchanger layer was set closest to the detector when 
spacers were used to reduce the path-length. 

RESULTS AND DISCUSSION 

Theoretical background of solid-phase absorptiometry 

The net ion-exchanger phase absorbance due to the 
sample component sorbed (AR,-) can be represented 

by 

ARC=A-Aref=cRclRCo 
V 

mv(1 + V/mD) (1) 

if the sample and reference ion-exchanger layers have 
practically the same background attenuance under 
the same conditions. Here A is the sample layer 
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10mm 

fused SIIICQ cell 

I- 4.5 

smoll hoLe _----. 
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Fig. 1. The acrylic resin spacer for a lO-mm cell. The cell is 
for the Nippon Bunko speetrophotorneter. 

attenuance,* Anf the reference layer attenuance, 6ac 
the molar absorptivity of the sample species in the 
ion-exchanger phase, la the actual path-length of the 
light penetrating through the ion-exchanger layer (in 
general not equal to the cell length), C, the sample 
component con~ntration in the initial solution to be 
analysed, V the sample solution volume taken for the 
equilibration, m the weight of ion-exchanger, v the 
volume of equilibrated ion-exchanger per unit weight 

light 
detector 

Fig. 2. The cell compartment furnished with special acces- 
sories. A: a cylindrical mirror tube (1.5 mm outer diameter, 
12 mm inner diameter). A thin silver layer deposited by the 
silver-mirror reaction was fixed on the outer surface of a 
fused-silica tube with a synthetic glue. B: a commercial 

perforated metal disc (Hitachi). 

*Attenuance= log I& for the case in which tight is 
scattered as well as absorbed by the system. 

taken, and L) the distribution ratio of the sample 
component (ml/g).‘* 

As shown in equation (1), an effective way to 
enhance the sensitivity is ~doubt~ly to use a longer 
cell, since the increase in cell length leads to an 
increase in the actual light-path length through the 
ion-exchanger layer, though a direct proportionality 
between these two quantities cannot necessarily he 
expected. On the other hand, the use of a very long 
cell results in light loss by scattering and/or absorp- 
tion to such an extent that the light intensity to be 
detected may be below the limit of detection by the 
light-debtor used. Therefore we first examined the 
correlation between the background attenuance of 
the ion-exchanger layer and the cell length, to find 
the maximum cell length for reliable and sensitive 
measurements. 

Figure 3 demonstrates typical examples of the 
attenuance spectra of long ion-exchanger layers, in 
which no light-absorbing species are sorbed, mea- 
sured against air as reference. A perforated metal disc 
of attenuance 1 .O or 2.0 was used to balance the light 
intensities. The increase in cell length caused only a 
moderate increase in background attenuance (curves 
D, E and F), unlike the case for a liquid medium 
(Lambert’s law) and the attenuance was found to be 
a linear function of the logarithm of the cell length, 
in all cases studied, at wavelengths where only light 
scattering is involved (Fig. 4). This relationship is 
empirical and has not been derived from first prin- 
ciples, but can be understood by considering the 
following. If the light-source passes through the 
centre of a layer of large dimensions consisting of fine 

500 400 500 so0 roe 
Wavelength tnm) 

Fig. 3. Attenuance spectra of an ion-exchanger layer at 
long cell length. A: QAIMephadex A-25, Cl- form, Hitachi, 
10 mm. B: Dowex I-X2, Cl- form (100-200 mesh), Hitachi, 
10 mm. C: AG SOW-X2, H+ form (lOO-2OOmesh), Hitachi, 
10 mtn. D-G: AG5OWX2, H+ form (100-200 mesh), 
Nippon Bunko, 20 mm @), 10 mm (E), 5 mm (F). 10 mm 
with cylindrical mirror (G). Light measurements were 
conveniently made with use of a perforated metal disc of 
A = 1.0 or 2.0. The ordinates in the figure are taken as 

measured against air for mutual comparison. 
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2 5 10 20 

Cell length (mm) 

Fig. 4. The &I-length dependence of the ion-exchanger 
layer background attenuanee. A and B: QAESephadex 
A-25, CI- form, in H,O, at 330 nm (A), and 600 nm (B). C: 
Dowex 1-X2, Cl- form (100-200 mesh), in H,O, at 600 nm. 
D: AG 5OW-X2, H+ form (100-200 mesh) in H,O, at 550 
nm. Instrument: Hitachi EPS3T (A, B and C), Nippon 

Bunko UVIDECJZO (D). 

ion~xchanger particles and water, the light intensity 
at any point inside this layer should be inversely 
proportional to the square of its distance from the 
centre, if no light-absorption takes place, as the light 
intensity will be the result of multiple reflection and 
refraction inside the layer. 

In practical meas~ements with an ordinary 
square-type cell of path-lent 1, the relationship 
between the intensities of the incident (I,) and de- 
tected (I) light may be written in approximate 
form as 

where r is the fraction reflected at the irradiated layer 
surface (which is a constant for a thick solid layer), 
S is the area of the front surface facing the light- 
detector window, f is the intensity ratio of the light 
reaching the layer front to that detected by the 
detector, which depends on the geometry of the 
cell+-letector system (Fig. S), and a is a directionality 
parameter which should usually be somewhat larger 
than zero, because the incident light enters the ion- 
exchanger layer only in the direction from the light 
source to the detector and this directionality cannot 
be completely destroyed even by a long cell length, 
because the partially directional reflectance at par- 
ticles and the cell wall is still forwards towards the 
detector. Equation (2) can be written in logarithmic 
form, 

‘4 =logI,/I=(2-u)log f+k (3) 

where k is a constant. Equation (3) is consistent with 
the results in Fig. 4, when a = 0.5-0.7 in the condi- 
tions studied. A similar relation was found for milk 
samples, but a was approximately zero. 

The attenuance of a layer consisting of fine solid 

m-exchanger layer 

Fig. 5. A schematic model of the behaviour and detection 
of a light beam passed through an ion-exchanger particle 

layer. 

particles depends on the geometry for the cell and the 
detector, and therefore on the inst~ent employed. 
For instance the Nippon Bunko UVlDEC-32 spectro- 
photometer gave significantly lower background 
attenuance than the Hitachi instrument (curves C and 
E in Fig. 3), indicating that the geometry is optically 
more favourable in this instrument. A further lower- 
ing of the background attenuance could be accoIT1- 
plished by placing a cylindrical mirror parallel to the 
light beam and covering the optical path from the cell 
to the detector window (curves E and G). getting the 
cell as closely as possible to the light-detector window 
lowers the background attenuance by about 0.5. A 
cell length of 10 mm seems to be a practical limit, for 
use with an ordinary commercial s~trophotome~r 
with a measurable absorbance limit of 34, though it 
may sometimes be possible to use a 20-mm cell with 
longer wavelengths in the visible region (curve D). 

For the ultraviolet region, aromatic ion-exchange 
resins cannot be used, because of the strong absorp- 
tivity of the aromatic matrix, whereas Sephadex 
ion-exchangers can safely be employed with 10 mm 
cell length even at wavelengths near the ultraviolet 
(curve A in Fig. 3). 

Enhancement of sensitivity by use of long cells 

Next we examined the relation between the mea- 
sured net absorbance due to the sample component 
sorbed and the cell length. As shown by the examples 
in Fig. 6, a direct proportionality was observed in 
some cases between the two quantities, while in other 
cases, especially with the Sephadex ion-exchanger in 
the ultraviolet region, the increase in cell length 
produced a non-linear increase in the absorbance. 
Taking a11 these facts into account, it can be con- 
cluded that the use of cell lengths of about 10 mm is 
very advantageous for the determination of sample 
components present at low levels. 
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Cell tength imml 

Fig. 6. The effect of cell length on the net absorbance 
of an ion-exchanger layer with a sample component sorbed 
on it. A: solution, 2 x lo-‘M Ni @H 6.0); ion-exchanger, 
AG SOW-X2 1100-200 meshj with mesorbed PAN: 
V/m = 400. B: .&lution, 2 x 10z7M Cr, &@6% diphenyl- 
carbaxide + 0.025M H, SO,; ion-exchanger, AG 5OW-X2 
(~~2~rn~); V/m -400. C: solution, 2 x 10-‘&f Fe, 
2.5 x lo-‘M l.~~oh~ant~oline + 0.25% hydroxylamine 
(pH 5); ion-exchanger, AG 5OW-X2 (100-206 mesh); V/m 
~400. D: solution. 4 x 10m7M U. 1MNHSCN +O.IM 
HCI + ascorbic acid; ion-exchanger, QAE-Sephadex A-25; 
Y@r = 10@0. E: solution, 3 x IO-‘&# Bi, 0.2M HCl + 50% Z- 
propanol; ion-exchanger, QAE-Sephadex A-25; V/m = 200. 

Figure 7 gives calibration graphs for various metal 
elements with long cells. A much higher sensitivity, 
roughly in proportion to the cell length, was attained 
in every case, without an appreciable lowering of the 
accuracy in comparison with that obtainable with a 
l-mm ~41. This suggests that use of longer cells would 
significantly enhance the sensitivity for all systems 
usable in ion-exchanger spectrophotometry. 

Concentration fpgA.1 

Fig. 7. The calibration curves for ion-exchanger absorp- 
tiometry with a IO-mm cell (V/m = 400). Colouring agent: 
Fe, 1,l~phenanthroline;’ Cr, diphenyl~arbazide;’ Ni, 

PAN;” Cd, PAR: 
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!%unmary---An Apple microcomputer has been interfaced to a Perkin-Elmer model 577 infrared 
spectrometer. The spectral data are digitized with the aid of an in-house designed 12-bit analogue-to- 
digital interface unit. Control and status signals are obtained from the spectrometer and an optical encoder 
unit is used to provide an accurate wavenumber marker for the conversion and data recording. The digital 
data are formatted by the mi~~omputer and then can be ~nipulated by programs already developed 
for handling spectral data recorded from digital spectrometers. 

In recent years the integration of microprocessor 
technology into the const~ction of s~trometers by 
manufacturers has produced major advances in the 
move to more automated and comljuterized labora- 
tory instrumentation and procedures. Today ana- 
lytical apparatus having a significant electronic com- 
ponent is invariably supplied with a digital output for 
computer interfacing or, with the larger inst~ments, 
an integral computer or workstation is available. 
There has also been an acceptance of some necessary 
standardization in digital interfacing schemes. Poss- 
ibly the most common is the asynchronous serial 
data-transfer protocol, the RS232C. Originally in- 
tended for data transfer rather than inst~ment con- 
trol, the serial interface can provide a simple yet 
effective link between a computer and laboratory 
equipment.‘*2 Higher rates of data transfer can be 
achieved with a parallel interface, and one soph- 
isticated and popular arrangement is the general- 
purpose interface bus (GPIB), often referred to as the 
IEEE488 interface, originally conceived by the 
Hewlett-Packard Corp. These developments in 
modem analytical instrumentation have produced 
changes in laboratory practice and management. The 
basic principles and advantages of an integrated 
laboratory data-acquisition and manipulation system 
using a network of linked ~~r~ornpute~ are now 
widely appreciated and a modern instrumentation 
laboratory would not be designed without some 
thought to computerized communications and 
laboratory information management. 

The transition of the instrumental analytical labor- 
atory from manual to computerized and automated 
work cannot be achieved overnight, and in most 
laboratories there is the need to integrate into the 
newer digital system the older, but still functional and 

*o The Macaulay Institute for Soil Research, 1986. 

respected, spectrometers. In such cases the more 
tractional techniques of analogue inte~a~ing of the 
apparatus to the computer system are employed and, 
unlike the digital interfacing schemes, there are rarely 
“off-the-shelf” solutions. 

In our spectrometry laboratories Apple micro- 
computers are employed for the acquisition and 
manipulation of spectral data. A research-grade 
infrared spectrometer is controlled by a serial 
RS232C digital link’** and the data produced by EPR 
and AAS spectrometers are accessed by analogue 
interface links.3” In this communication we report the 
modification of an analogue infrared spectrometer 
and its interfacing to an Apple micr~mputer for 
data-logging. The techniques and procedures em- 
ployed are relevant to the integration of any similar 
analogue instrument into a more modem and com- 
puterized laboratory information network. 

INSTR~~TATION AND INTERFA~NG 

The Perkin-Elmer Model 577 infrared spectro- 
photometer is a double-beam instrument typical of 
many analogue spectrometers still in routine use. It 
provides a continuous record of the infrared trans- 
mittance of a sample, as a function of frequency, by 
means of a chart driven in s~~hro~~tion with the 
monochromator. The wavenumber (frequency) scan- 
ning motor drives both the recorder and the grating 
monochromator, and as both are directly coupled, 
this ensures that the wavenumber settings are accur- 
ately reproduced. As well as the chart recorder, an 
analogue read-out signal obtainable from one of two 
external sockets can be connected to a logging device. 
The magnitude of the read-out voltage (10 mV and 
1 V full-scale deflection) is indicative of the sample 
transmittance. The O-l V range output signal is 
employed for interfacing and data-logging by the 
mi~~omputer. 
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Fig. 1. Schematic representation of the computer-spectrometer interface, illustrating the trigger, status 
and control signals employed in the digitization of the spectral data. 

The acquisition of spectral data from the spec- 
trometer and their subsequent digitization and for- 
matting were achieved with an Apple microcomputer 
system. This type of microcomputer is employed 
extensively in many laboratories for instrument con- 
trol and data-logging and has been demonstrated to 
be of considerable value in laboratory applications. 
The Apple microcomputer’s internal architecture and 
interfacing capabilities have been recently reviewed 
by Karanassios and Horlick.5 Briefly, the computer is 
based on an g-bit 6502 microprocessor having direct 
access to 64 kbyte of digital memory, of which up to 
about 48 kbyte may be used for program and data 
storage in a typical system. The most common lan- 
guage employed with this computer, as with most 
microcomputers, is BASIC, although a wide range of 
“higher” languages is available. Interfacing of exter- 
nal devices to the Apple computer is achieved 
through the backplane bus arrangement used in this 
computer. A series of six directly addressable edge- 
connector slots is provided within the computer. The 
provision of these expansion ports provides the Apple 
computer with the flexibility needed for the general- 
purpose interfacing tasks required of a laboratory 
microcomputer and has been a major factor in this 
computer’s popularity for laboratory use and appli- 
cation. 

A diagram of the general scheme for interfacing the 
Model 577 spectrometer and the Apple micro- 
computer is given in Fig. 1. The O-l V analogue 
transmittance signal from the spectrometer is linked 
to the computer by a x 10 offset amplifier unit 
necessary for the f5 V bipolar analogue-to-digital 
(A/D) computer interface. The design, construction 
and use of the high-speed 1Zbit A/D unit have been 
described in detail elsewhere.6 By use of the technique 
of successive approximations a complete 12-bit data 
conversion is accomplished in about 25 p sec. For use 

with the Apple computer, all the A/D components 
were mounted on a single circuit board for direct 
connection to the computer by one of the input/ 
output slots. No external power supply is necessary. 
To use an A/D interface in the laboratory for data 
acquisition a trigger signal is required to initiate a con- 
version and control the data-logging operations. The 
provision of these control signals, Fig. 1, required 
modifications and additions to the spectrometer. 

It is important in infrared spectrometry that trans- 
mission measurements be recorded at reproducible 
and accurately known frequency intervals. The accu- 
racy and precision were attained in this application 
with the aid of an optical rotary encoder mounted on 
the monochromator-grating drive shaft. Optical en- 
coders are commonly employed in many servo loops 
requiring accurate positional information, e.g., plot- 
ters, automatic handlers, robots etc., and are widely 
available. The device employed was a high-resolution 
1000 counts/rev, two-channel (quadrature) kit 
(Hewlett-Packard type HEDS 6000) the 5-V operat- 
ing supply being derived from the Apple computer. 
The TTL-compatible outputs from the encoder were 
linked to the computer through a buffer gate. The 
resolution of the encoder provided a trigger pulse at 
every wavenumber, in the region from 4000 to 2000 
cm-‘, and two pulses per wavenumber from 2000 to 
200 cm-‘, i.e., 5600 data points per complete spec- 
trum. As well as this trigger signal it was necessary 
to derive (from the spectrometer) signals to indicate 
a start-of-scan condition and to monitor the positions 
during a scan when the grating and filter changes 
occur. During these latter periods no data should be 
recorded. Actuation of the start button on the spec- 
trometer caused a relay (RLA) to be. energized and 
spare contacts on this relay were used to switch a 5-V 
line to indicate to the computer a start-of-scan. The 
dead periods of a scan were indicated by means of a 
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Fig. 2. A flowchart of the data-acquisition algorithm coded 
in machine assembly language within the computer. 

S-V line switch by a relay mounted in parallel with the 
relay (RLE) which the spectrometer employs to dis- 
engage the pen recorder during a grating change. 

As well as the expansion slots the Apple computer 
provides a useful but simple interfacing facility by 
means of a “games” socket which permits the com- 
puter to monitor the status of TTL signal lines 
directly. The scan-start and grating-change signals, as 
well as the optical encoder input, were all connected 
to this peripheral socket (PBO, PBl and PB2) by TTL 
buffer amplifiers, as indicated in Fig. 1. 

Data acquisition 

The general scheme for logging the data from the 
spectrometer is provided in flowchart form in Fig. 2, 
and to take advantage of its high operating speed was 
coded in the Apple microcomputer in assembly lan- 
guage. The timing diagram shown in Fig. 3 illustrates 
the status of the various control and trigger signals 
during a spectral scan. The status of the start-scan 
button is monitored and once it is activated the 
output signals from the spectrometer are digitized 
by use of the trigger signal supplied by the optical 
encoder, until the end-of-scan (--SCAN) 
signal is recorded. During a scan the status of the 
monochromator gratings is monitored continuously 
and, within the indicated dead periods when a grating 
is changed, no digitizing is performed. The spectral 
data, as 12-bit integer values, are recorded se- 
quentially in RAM within the computer with the 
position of the grating changes marked with a suit- 
able flag value (Hex FFFF). After the spectrum has 
been recorded, the computer automatically proceeds 
to format the spectral data. The accurate assignment 
of spectral frequency is achieved by reference to the 
internal flag markers in the data. To ensure com- 
patibility of the data with similar spectra recorded 
from other instruments, the spectra were reduced to 
2820 data points of 1 l-bit resolution. By this means 
the data recorded from the type 577 spectrometer 
could be stored, examined and manipulated by soft- 
ware developed for use with the model 580B research 
infrared spectrometer.’ 

Conclusion 

With the increasing use of microcomputer systems 
in analytical laboratories, there is frequently the 
demand that instrumentation be linked directly to the 
computer for recording data. Where no suitable 
digital interfaces are available with the instrument, 
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Fig. 3. The trigger, status and control signals during a spectral scan. 
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analogue interfacing techniques can be efficiently 
employed. As described here, a common type of 
double-beam infrared spectrometer can be connected 
to a ~cr~mputer with relatively minor additions 
to the spectrometer mechanics to provide suitable 
control, trigger and status signals for the data digi- 
tization. The use of an inexpensive, but high- 
precision, rotary optical encoder mounted directly on 
the monochromator drive shaft ensured accurate 
frequency assignment of the spectral data. The 12-bit 
analogue-to-digi~l conversion process was per- 
formed by a specially designed interface board. The 
total interface system required no external power 

supplies, was inexpensive to construct and has been 
demonstrated to be of value in providing greater 
integration of analytical spectrometers in the labora- 
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Smry-The chelate of uranium with the azo dye Mordant Blue 9 is shown to be adsorbed and then 
reduced on the hanging mercury drop electrode. These properties have been exploited in developing a 
highly sensitive stripping voltammetric procedure for trace determination of uranium. With controlled 
adsorptive accumulation for 5 min, a detection limit near 2 x lo-“M uranium is obtained. Cyclic 
voltammetry has been used to characterize the interfacial and redox behaviour. The effect of various 
operational parameters on the stripping response is discussed. Experimental conditions include use of 
1 x 10m6M Mordant Blue 9 in O.OSM acetate buffer @H 6.5), an accumulation potential of -0.43 V, and 
a linear potential scan. The response is linear up to 1.2 x lo-‘M uranium, and the relative standard 
deviation at 4.2 x lo-‘M is 3.2%. The effects of possible interferences from organic surfactants or metal 
ions have been investigated. 

Because of the importance of uranium, a simple, 
rapid and highly sensitive method for its determin- 
ation is required. Atomic-absorption spectroscopy, 
neutron-activation analysis, X-ray fluorescence, and 
other techniques can be used, but with various diffi- 
culties, often insuthcient sensitivity, and expensive 
instrumentation.‘-3 

Voltammetric techniques have frequently been 
used for the determination of uranium in various 
matrices. At mercury electrodes uranium yields a 
number of reduction steps which can be used for 
polarographic measurements. Modern polarographic 
methods-based on alternating current, differential 
pulse or square wave techniques-permit convenient 
and rapid determination of uranium down to the 
submicromolar level.3A Even lower levels of uranium 
can be measured by using the recently developed 
adsorptive stripping voltammetric approach5*6 based 
on interfacial accumulation of the uraniumcatechol 
complex on the hanging mercury drop electrode, 
followed by reduction of the adsorbed species. While 
the method permits measurement down to the 
3 x 10-iOM level, it suffers from a narrow linear 
range and interferences by iron, lead and copper ions. 

The present paper describes a highly sensitive 
adsorptive stripping procedure for determining ura- 
mum by adsorptive accumulation and reduction of its 
chelate with the dihydroxyazo dye Mordant Blue 9 
(Colour Index 14855). The polarographic behaviour 
of the uranium/Mordant Blue 9 chelate has been 
described by Ishibashi et al.’ The chelate produces a 
distinct cathodic response, attributed to reduction of 
the azo bond involved in the co-ordination. The 
polarographic procedure enables uranium to be de- 

*Author for correspondence. 

termined down to the 2 x 10w6M level. The inter- 
facial properties of the uranium/Mordant Blue 9 
chelate are exploited in the present study to achieve 
a substantial lowering of the detection limit, by use 
of a stripping voltammetric measurement at the 
hanging mercury drop electrode. Conditions for en- 
hancing the surface concentration of the chelate have 
been carefully optimized. The proposed method 
offers a similar detection limit to that of the catechol- 
based adsorptive approach,6 but with shorter accu- 
mulation times. Other advantages of the present 
method are its extended linear range and reduced 
interferences from lead, copper, and iron. A number 
of sensitive adsorptive stripping procedures for mea- 
suring other trace metals, such as titanium,* alumi- 
nium,’ manganeselO and yttrium,” based on chelation 
with dihydroxyazo dyes, have also been developed 
recently in our laboratory. 

EXPERIMENTAL 

Apparatus 

The instrumentation used, a PAR 264A voltammetric 
analyser with a PAR 303 static mercury drop electrode, has 
already been described in detai1.8v9 

Reagents 

The uranium stock solution (1000 ppm) was obtained 
from Aldrich, and diluted as required for making standard 
additions. A 1 x 10m4M stock solution of Mordant Blue 9 
(Aldrich) was prepared daily. The supporting electrolyte 
was a O.OSM acetate buffer (pH 6.5). All solutions were 
prepared from doubly distilled water. 

Procedure 

Transfer 10.0 ml of 1 x 10e6M Mordant Blue 9 solution 
in the supporting electrolyte into the cell, and purge with 
nitrogen for 8 min. Switch on the accumulation potential 
(usually -0.43 V) while the solution is still being stirred. 
After the accumulation step, stop the stirring, and after 15 
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set record the voltamperogram by applying a linear scan 
terminating at - 1.0 V. This gives the background curve. 
Introduce an aliquot of the uranium sample or standard 
solution, stir (while purging with nitrogen) for 6 min to 
allow chelate formation, then go through the deposition and 
stripping steps as before. All the results in this paper were 
obtained at room temperature, with a nitrogen atmosphere 
maintained over the solution surface. 

RESULTS AND DISCUSSION 

Figure 1 shows voltamperograms obtained with a 
hanging mercury drop electrode immersed in a stirred 
2+g/l. (8.4 x 10m9M) uranium solution, containing 
1 x 10e6M Mordant Blue 9, for increasing periods of 
time. The uranium/Mordant Blue 9 chelate yields a 
well defined reduction peak at -0.56 V, the peak 
width at half-height being 55 mV. The longer the 
accumulation time, the more the amount of chelate 
adsorbed onto the mercury surface, and the larger the 
peak current. For a 120~see accumulation period 
(curve e), the response obtained is 20 times that 
attained without accumulation (curve a). Hence, 
convenient measurements at the pg/l. level are fea- 
sible following short accumulation periods. Also 
shown in Fig. 1 are current vs. accumulation-time 
plots for 2 (A) and 4 (B) pg/l. uranium. At both 
levels the peak rises rapidly at first and then more 
slowly. Obviously, a compromise between sensitivity 
and speed is advisable when optimizing the accumu- 
lation period, with 10 and 60 set sufficing for con- 
venient measurements at the 10 and 1 pg/l. levels, 
respectively. 

I Time (set) 

The interfacial and redox behaviour of the 
uranium/Mordant Blue 9 chelate can be evaluated 
from cyclic voltammetric experiments. For example, 
Fig. 2A shows repetitive cyclic voltamperograms for 
1 x 10m6M Mordant Blue 9, obtained after accumu- 
lation at -0.20 V for 60 sec. The first scan (labelled 
1) exhibits a distinct cathodic peak at -0.43 V, 
related to the reduction of the adsorbed dye. Sub- 
sequent scans result in a sharp decrease of the dye 
peak, to a stable response associated with the dis- 
solved species (i.e., rapid desorption of the reduced 
form of the dye). No peaks are observed on scanning 
in the positive direction. When the same experiment 
is repeated after the addition of 25 pg of uranium per 
litre (Fig. 2B), an additional cathodic peak, due to 
reduction of the adsorbed chelate, is observed at 
-0.56 V. Desorption of the product is indicated by 
subsequent scans. Accumulation at -0.43 V results 
in a single chelate reduction peak (Fig. 2C). With 
25 pg/l. uranium, 1 x 10m6A4 Mordant Blue 9 and 
stirring at -0.43 V, maximum adsorption density 
was attained after 240 sec. The maximum charge, 
obtained by integrating the area under the chelate 
stripping peak (“cut and weigh” method), was found 
to be 0.69 PC. Division of the charge by the con- 
version factor (nFA) yields an adsorbed-layer density 
of 1.2 x lo-” mole/cm* (n = 4). A plot of log (peak- 
current) vs. log (scan-rate) for the adsorbed chelate 
was linear, with a slope of 1.12, over the 
10-200 mV/sec range (other conditions as in 
Fig. 2C). A slope of 1.0 would be expected for an 
ideal redox couple immobilized on an electrode sur- 

I 25 nA 

Potential (V) 

Fig. 1. Voltamperograms for 2 pg/l. (8.4 x 10-9M) uranium following different accumuladon periods: (a) 
0, (b) 30, (c) 60, (d) 90, (e) 120 sec. Also shown are current us. accumulation-time plots for the 2 (A) and 
4 (B) pg/l. uranium levels. Accumulation potential, -0.43 V, scan-rate, 50 mV/sec, 0.05M acetate buffer 

@H 6.5) solution, containing 1 x 10e6M Mordant Blue 9. 
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Fig. 2. Repetitive cyclic voltamperograms following 60 set 
accumulation in the absence (A) and the presence (B, C) of 
25 pg/l. uranium. Accumulation potential, -0.2 (A, B) and 

-0.43 (C) V. Other conditions as for Fig, 1. 

face. A negative shift in the peak potential, from 
-0.65 to -0.73 V, was observed upon increasing the 
scan-rate from 10 to 200 mV/sec. The resulting plot 
of peak-potential vs. log (scan-rate) was linear, with 
a correlation coefficient of 0.999. 

Various experimental variables affecting the ad- 
sorptive stripping response were evaluated and opti- 
mized. For example, Fig. 3A shows the dependence 
of the uranium/Mordant Blue 9 chelate peak on the 
dye concentration. The peak height rapidly increases 
with the dye concentration up to 6 x lo-‘M, after 
which it starts to level off. The dye-to-metal ratio is 
1: 1.” All subsequent work used the dye at a concen- 
tration of 10-6b4. The dependence of the peak height 
on the accumulation potential is shown in Fig. 3B. 
Potentials ranging from 0 to -0.30 V yielded similar 
stripping peaks; larger peaks were obtained over the 
range from -0.40 to -0.43 V. The peak current 
decreased rapidly at potentials more negative than 
-0.43 V. The best results, judged from the overall 
signal-to-background characteristics, were obtained 
at an accumulation potential of -0.43 V. At this 
potential, the peak is not affected by the base-line 
current associated with the preceding dye peak, 

Ix 0 
Llgand concentration (10-7M),A 

Fig. 3. Effect of Mordant Blue 9 ~n~ntration (A) and 
accumulation potential (B) on the stripping peak current. 
Accumulation for 60 set in the presence of 10 pgjl. uranium. 

Other conditions as for Fig. 1. 

Accordingly, this potential was used in all further 
work. Earlier polaro~phi~ measurement on the 
u~ium/Mordant Blue 9 chelate required the pH-5.3 
acetate buffer solution to be heated to assist chelate 
formation.‘J2 In contrast, the best adsorptive strip 
ping results were obtained when the solutions were 
kept at room temperature, with 6 min allowed for 
chelate formation. The present approach uses a 
pH-6.5 acetate supporting electrolyte. 

Mass-transport during the accumulation step also 
affects the magnitude of the uranium/Mordant Blue 
9 stripping peak. For example, a stirring rate of 400 
rpm resulted in 35fold enhancement of the response, 
compared to that obtained in a quiescent solution (IO 
pg/l. ~~~, l-min a~umulation). Such mass- 
transport control indicates a fast rate of chelate 
adsorption. The linear-scan stripping mode offered 
slightly better signal-to-background characteristics 
than the differential pulse mode. As a result of its 
response characteristics and speed advantage, the 
linear-scan mode was used throughout this study. 

The adsorptive stripping peak for the 
uranium/Mordant Blue 9 chelate yields a well-defined 
concentration dependence. Figure 4 shows voltam- 
perograms for solutions of increasing uranium con- 
centration, 2-10 pg/l. (8.4 x 10-gM-4.2 x 10-Biw, 
a-e), after 45 set ambulation. Sharp and well 
defined peaks are observed. Also shown as an inset 
in Fig. 4 are calibration plots, over the 2-28 pg/l. 
(8.4 x 10-gM-1.2 x lo-‘M) concentration range, 
following 0 (A), 15 (B), and 45 (C) set accumulation 
times. For 1 S-see accumulation the response is linear 
over the entire range examined {slope, 5.1 nA ,I. pg- I; 
correlation coeflicient, 0.999). With 45see accumu- 
lation the response is linear up to 16 &g/l. 
(6.7 x IO-‘M; slope of the initial linear portion, 
12.6 nA. 1. hg-’ ; correlation coefficient; 0.999). Anal- 
ogous uranium measurements, based on the 
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Fig. 4. Stripping vol~rn~ro~rns obtained after increasing the uranium inflation in steps of 2 pg/l, 
(a+)_ Accumulation for 45 see, other conditions as for Fig. 1, Also shown are calibration plots over the 

2-28 pg/l. range, following 0 (A), IS (B) and 45 (C) set accumulation. 

uranium*atechol complex, result in a linear response 
up to 5 x lo-EM.6 

The inherent sensitivity of the method is apparent 
from a comparison with adsorptive stripping 
measurements of the uranium-catechol complex.5,6 
Figure 5 compares voltamperograms for lOpg/l. 
uranium in the presence of Mordant Blue 9 (a) and 
catechol (b) as complexing ligands. Optimized condi- 
tions were employed for both ligands, in conjunction 
with 60+x accumulation. While convenient deter- 
mination at the pg/l. level is feasible in the presence 
of both ligands, the use of Mordant Blue 9 offers 
improved sensitivity and sharper peaks. Detection 

n I 40 nA (0) 
15 nA (b) 

III 
-0.4 -0.6 -0.35 - 0.65 -0.75 

Potentiol tV) 

Fig 5. Stripping voltamperograms for 10 @g/l. uranium in 
the presence of Mordant Blue 9 (a) and oateehol (b). 
Accumulation for 1 min, 50 mV/sec scan-rate. Other condi- 
tions: (a) as for Fig. 1; (b) 2 x 10e3M eatechol in 0.008M 
PIPES solution (pH 6.8) with accumulation at -0.35 V. 

limits were estimated from the base-line noise charac- 
teristics (S/N = 3) of the 2-pg/l. (8.4 x 10e9M) ura- 
nium solution (conditions as for Fig. 1). For 120 and 
300-set accumulation periods the limits found were 
3 x lo-‘OM and 2 x lo-‘OM, respectively. A de- 
tection limit of 3 x lo-‘OM was reported for the 
catechol-based procedure, with accumulation for 150 
sec6 The adsorptive a~umulation of the 
Umnium~Mor~nt Blue 9 chelate results in re- 
producible stripping peak currents. For ten successive 
measurements of 10 kg/l. uranium, the mean peak 
current was 102 nA with a range of 98-106 nA and 
a relative standard deviation of 3.2% (conditions as 
for Fig. 1~). 

The major sources of interference in adsorptive 
stripping measurements are likely to be organic sur- 
factants that compete with the chelate for space on 
the mercury surface, and other metal ions that form 
chelates with Mordant Blue 9. Interferences by or- 
ganic surfactants were tested by addition of two 
model compounds (~nditions as for Fig. lc, with 
10 @g/I. uranium). The signal for uranium/Mordant 
Blue 9 chelate was decreased by 11, 27, 31 and 42% 
in the presence of 2, 4, 5 and 100 mg/l. respectively, 
of the representative colloidal protein gelatin. Even 
larger depressions, cu. 32, 80 and 93%, of the chelate 
peak were observed on adding 2, 4 and 6 mg/l., 
respectively, of the anionic surfactant dodecyl sodium 
sulphate. Hence, destruction of organic surfactants 
by ultraviolet irradiation is advisable for samples 
suspected to contain high levels of these materials. 
Similar measurements on 10 rig/l.. uranium were not 
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affected by the addition of 10 pg/l. Cu(II), Zn(II), 
Pb(II), Cd(II), Hg(II), Ca(II), Th(IV), Sb(II1) and 
Fe(II1). Similar additions of Ti(IV) and Al(II1) re- 
sulted in 26 and 27% enhancements of the 
uranium/Mordant Blue 9 peak, respectively; 4, 16 
and 20% diminutions of the lo-pg/l. uranium peak 
were observed on adding 10 bg/l. Bi(III), Ga(II1) and 
Ni(II), respectively. The addition of Fe(III), Ni(II), 
and Ga(II1) resulted in the appearance of new peaks 
(at 0.13 and 0.11 V more negative, and 0.07 V more 
positive than the uranium peak, respectively) 
associated with reduction of their corresponding 
chelates with Mordant Blue 9. On the basis of these 
peak separations, it is possible to measure uranium 
simultaneously with nickel or iron. The results 
quoted indicate an advantage of the proposed 
method over the catechol-based stripping scheme6 as 
far as interferences due to copper, lead or iron are 
concerned. In contrast, a separation step is required 
for samples “rich” in titanium, aluminium or gallium. 
Hence, the use of Mordant Blue 9 for adsorptive 
stripping measurements of uranium offers a useful 
alternative to the use of catechol, and each ligand 

may have advantages over the other under certain 
conditions. 
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Summary-An apparatus has been constructed primarily for determination of nitrogen released from 
steels on reaction with organic solvent-halogen mixtures. The nitrogen is collected in a coil and then 
flushed with argon through a spectroanalyser that is selective to nitrogen and coupled to a recorder and 
integrator. The integrated signal is linearly related to the mass of nitrogen produced. The apparatus has 
been tested by determining the yield of nitrogen produced by reaction of hydrazine with a large excess 
of hypobromite in aqueous solution. For ten 57-pg amounts of hydrazine the average yield of nitrogen 
was 99%, with a relative standard deviation of 2.4%. 

Nitrogen, which is present in almost all steels, usually 
at concentrations in the range 10-500 pg/g, can have 
profound effects on the mechanical properties of the 
steels, and the manner in which the nitrogen is 
distributed is very important.’ The nitrogen can be 
present in different forms, depending on the elements 
in the steels and the heat treatments to which they 
have been subjected. Some of it may be present as 

atomic nitrogen, some may be bound as less stable 
nitrides such as manganese silicon nitride and some 
may be combined in more stable or very stable 
nitrides such as aluminium nitride or titanium nitride 
respectively. Organic solvent-halogen mixtures have 
long been used to isolate inclusions such as alumi- 
nium nitride from steels2 It is known that the more 
stable nitrides are not decomposed by some of these 
mixtures whereas less stable nitrides are dissolved.‘*4 
The ability of the mixtures to dissolve nitrides and 
other non-metallic phases is least if the halogen is 
iodine and greatest if it is chlorine. The oxidizing 
power can also be modified by using interhalogen 
compounds such as iodine trichloride instead of a 
single halogen4 It has been stated that when steels are 
dissolved in appropriate organic solvent-halogen 
mixtures, the atomic nitrogen and the nitrogen from 
less stable nitrides is released as molecular nitrogen 
but very little work has been done on determining the 
nitrogen released under different conditions and re- 
lating it to the concentrations of the various forms of 
nitrogen in steel.5 For progress to be achieved in this 
area an apparatus was required for collecting the 
nitrogen released by such chemical reactions and 
determining it conveniently. 

Such an apparatus is described in this paper. The 
nitrogen released is gushed into a collection coil by 
a stream of pure argon. After collection the 
nitrogen/argon mixture is flushed through a BOC 

Spectroanalyser, in which the nitrogen molecules are 
excited and produce a molecular emission spectrum 
on relaxation. The radiation at 337 nm is measured 
with a photomultiplier tube, the current from which 
is processed and then registered on a potentiometric 
recorder fitted with an integrator. For standard 
nitrogen/argon mixtures the integrated signal is a 
linear function of the mass of nitrogen. The appara- 
tus has been thoroughly tested by investigating the 
yield of nitrogen produced by reaction of hydrazine 
with excess of hypobromite. 

EXPERIMENTAL 

Apparatus 
This is shown in Fig. 1 and incorporates the following 

components. 
(i) A cylinder of high purity argon (A). 
(ii) A cylinder of nitrogen in argon, Gold Star standard, 

BOC Special Gases (Deer Park Road, London SW19 3UF), 
certified to contain 40 + 0.08 ppm v/v nitrogen (B). 

(iii) A BOC Rare Gas Purifier (RGP-4) supplied by the 
British Oxygen Company (C), operated according to the 
manufacturer’s instructions; the argon from the purifier 
contained less than 1 ppm v/v of total impurities. _ 

Civl A BOC Soectroanalvser Mark II (N). which was keot 
permanently switched on -with argon continuously passing 
through it. The argon flow-rate was kept low overnight, for 
economy. The equipment was operated according to the 
manufacturer’s instructions. The Span potentiometer for the 
range &IO0 was adjusted so that the meter read zero when 
the purified high-purity argon (7 psig) was flowing through 
it at 2.0 I./mm, and read 40 for passage of the standard gas 
mixture at the same pressure and flow-rate. 

(v) Cylinder gauges-Spectral Model 4OB/BS3/GG Regu- 
lators from BOC Special Gases. 

(vi) Vacuum pump (L), Leybold-Heraeus, Type D2A. 
(vii) Potentiometric chart recorder with integrator (0), JJ 

Instruments, type CR604. This was connected to the output 
from the BOC Spectroanalyser (1OOmV). 
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Fig. 1. The apparatus. A, high-purity argon gas cylinder; B, standard nitrogen-in-argon gas cylinder; C, 
BOC rare gas purifier; D, stainless-steel bellows; E, ball and socket glass joints with clips; F, reagent flask; 
G, “pear-shaped” reaction flask; H, cold trap 1; I, collecting volume (coil); J, mercury manometer; K, 
measuring ruler; L, vacuum pump; M, cold trap 2; N, BOC Spectroanalyser; 0, potentiometric 

chart-recorder; P, Quickfit glass joints fitted with springs; Q, stainless-steel tubes. 
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(viii) SHLS stainless-steel tube, A 269-321 grade, outside the integrator of the recorder us. mass of nitrogen. The mass 
diameter 0.25 in., wall thickness 0.032 in. Seven metres were 
used in construction of the gas lines. 

of nitrogen is obtained from its partial pressure (PN1) in the 
collecting coil, by using the equation of state: 

(ix) Eight SS-400-6 straight connectors, four SS-400-3 
tees and three SS-400-7 elbows, all fin. size, Swagelok type, 
were used to join the various parts of the gas lines. 

n (moles) = 
Pt.+ (atm) x V (litres) 

R x T (kelvin) 
(x) Seven stainless-steel bellows (D) overall length 12 in., 

0.455 in. outside diameter, with fin. termination at each 
end, supplied by FTL Engineering Systems (611 Riley St., 
Willenhall, England), were used in the construction of the 
gas lines. 

(xi) PTFE greaseless high-vacuum taps. 
(xii) PTFE greaseless Rotaflo high-vacuum stopcocks 

were used as exit taps at the end of a branch to void gases 
to atmosphere when desired. 

where R = 0.0821 1. atm. K-r. mole-‘. 
Since PNz = (40 x 10e6) P, where P is the pressure (in the 

coil) of the nitrogen-in-argon mixture containing 40 ppm v/v 
nitrogen, and V = 1641itres, the equation reduces to: 

Amount of nitrogen = 7.99 x 10e4 P/T moles 

= 2.24 x lo4 P/Tpg 

(xiii) Glass-to-metal seals (Jencons Scientific) were used 
for the connection of stainless-steel tubes to glass tubes. 

(xiv) All glass-to-glass tube connections were by Quickfit 
joints. 

The apparatus contains a glass reaction flask (G) (volume 
about 200 ml) connected to a glass reagent flask (F) (volume 
about 400 ml) by means of tap 2. Both flasks have Quickfit 
female joints (B19 and B14 for flasks F and G respectively) 
for the introduction of solids or solutions; normally these 
joints are closed with well greased Quickfit stoppers, secured 
with two pairs of springs and hooks. Each flask has an inlet 
tube ending in a fine sinter; introduction of argon through 
these tubes efficiently deaerates solutions in the flasks. An 
exit tube from flask G leads through taps 5 and 9 to 
cold-trap H which consists of two U-tubes, one filled with 
glass beads to aid in the condensation of solvent vapours 
arising from the solution in flask G. The second U-tube 
contains anhydrous magnesium perchlorate (8-20 mesh), a 
very efficient desiccant. The exit tube from H passes through 
taps 11 and 14 to a 27-turn collection coil (I) with an internal 
diameter of about 12 mm, coil diameter about 15 cm and 
volume of 1.64 litres. The other end of the coil is connected 
to a manometer (J) through tap 15 and through taps 16 and 
20 to cold-trap M which consists of a U-tube filled with glass 
beads to condense any mercury vapour arising from the 
manometer. The exit tube from M leads to the Spec- 
troanalyser through taps 21 and 27. 

where T is the temperature of the apparatus (K). 
(a) Raise the pressure of argon (from the overnight 

minimum) to 7 psig on the cylinder head gauge. Adjust the 
flow-rate so that the Spectroanalyser flowmeter reads 
2.0 l./min. Switch on the gas purifier and wait about 20 min 
for the temperature to reach 700” and become steady. Put 
a mixture of acetone and solid carbon dioxide into the 
Dewar vessel around cold-trap M to give a temperature of 
about - 78”. Open the standard-gas cylinder and adjust the 
pressure to 6 psig. Allow argon to flow through the coil into 
the Spectroanalyser with taps 12, 14, 15, 16, 20, 21, 24, 26 
and 27 open and the others closed. Maintain this flow for 
about 10 min. 

(b) Check that the argon pressure and flow-rate are 7 psig 
and 2.0 I./mm respectively, adjusting if necessary. If neces- 
sary, adjust the Spectroanalyser meter to read zero. Note the 
reading on the manometer. 

(c) Close taps 12 and 20 and quickly open tap 22. Check 
that the reading on the Spectroanalyser meter is still zero. 

(d) Switch on the vacuum pump and open taps 17 and 19. 
When the manometer reading is steady, close tap 19 and 
switch off the pump. Note the manometer reading. 

(e) Open tap 13 and allow a certain amount of standard 
gas mixture to pass through to the coil. Note the manometer 
reading and close tap 13 when the required pressure has 
been reached. 

The manometer is used to measure the pressure of the 
standard gas within the coil and to adjust the pressure of 
nitrogen/argon mixtures before they are flushed into the 
Spectroanalyser. The volume of gas in the manometer was 
always less than 1% of that in the coil. Between taps 16 and 
20, a side-arm is connected to the vacuum pump L through 
taps 19 and 17. The vacuum pump stands on 2 in. thick stiff 
sponge and is connected to the gas line through a stainless- 
steel bellows (D) and a ball and socket glass joint (E). The 
output from the Spectroanalyser is displayed on the 
recorder. 

(f) Close tap 22, quickly open tap 12, which introduces 
argon into the coil, and observe the mercury level. When the 
manometer reaches the level previously observed in step (b), 
close taps 12 and 15. Qpen tap 22 to allow the Spectro- 
analyser meter to settle down to zero again. 

(g) Close tap 22 and quickly open taps 12 and 20, thus 
allowing the argon to push into the Spectroanalyser the gas 
mixture already collected in the coil. A signal due to 
molecular nitrogen is produced on the chart recorder along 
with the integrated signal. 

The lower stainless-steel gas line in Fig. 1 is connected to 
the high-purity argon cylinder through the Rare Gas 
Purifier. There are five entrances to the glass parts of the 
apparatus from this argon line, into the reagent flask F, into 
the reaction flask G, immediately before the cold-trap H, 
immediately before the collection coil I and just before the 
spectroanalyser N. The third of these is used only occa- 
sionally and is connected to the flexible steel bellows when 
required, the bellows normally being connected to the 
entrance tube to the reagent flask F. 

(h) Repeat operations (b)-(g) with different pressures of 
gas in the coil to ensure that data for about 8 points on the 
calibration graph have been obtained. 

(i) Convert the manometer readings (in cm) into pressure 
of gas mixture in the coil (atmospheres) by using the 
equation 

p = Z[(manometer reading for gas) - (reading for vacuum)] 

76.0 

(.i) Calculate the mass of nitrogen in the coil from the 
equation derived above, namely mass of nitrogen = 
2.24 x 104 P/Tpcg. 

The upper stainless-steel line in Fig. 1 is connected to the 
standard gas mixture. There are two entrances to the glass 
parts of the apparatus from this gas line, namely immedi- 
ately before the collection coil I and just before the Spec- 
troanalyser N. The stainless-steel lines and glass lines and 
apparatus are clamped to a rigid stand fixed to the work- 
bench. 

Determination of the yield of nitrogen from reaction of 
hydrazine with a large excess of hypobromite 

Use analytical-grade chemicals whenever possible. 
Sodium hypobromite solution. Dissolve 11 g of sodium 

hydroxide in 500 ml of water and add 20 g of bromine slowly 
with vigorous shaking. Dilute to 2 litres with water and store 
in a dark cupboard. Prepare a fresh batch every two weeks. 

Calibration graph 

This is obtained by plotting the peak area obtained from 

AmmoniaIfree water: Pass distilled water through a 
column of Amberlite IR-I20 ion-exchange resin in the 
hydrogen form. 

TAL 34,2-C 
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Stock solution of hydrazine s&hate (nitrogen I mgjml). 
Dissolve 4.644 g of N,H,.H,SO, in ammonia-free water 
and make up accurately to 1 litre. Dilute 20-fold to obtain 
hydrazine sulphate solution A (nitrogen 50 p&ml) with 
ammonia-free water. 

Dilute solution A IO-fold with ammonia-free water to 
obtain hydrazine sulphate solution B (nitrogen 5 pg/ml). 

Hydra&e s&hate solutions for reaction flask G. Dilute 
0, 10, 20, 40, 60 and 80 ml of solution B to 100 ml with 
ammonia-free water in six separate standard flasks. These 
solutions have nitrogen concentrations of 0, 0.5, 1, 2, 3 and 
4 pg/ml. In a similar way prepare 500 ml of a hydrazine 
sulphate solution containing 2.5 pg of nitrogen per ml. The 
eighth standard is solution B. 

Procedure 
(i) Carry out steps (aHe) in the procedure for obtaining 

a calibration graph. 
(ii) Fill the Dewar vessel around cold tran H with a 

mixture of acetone and solid carbon dioxide.‘ 
(iii) Rinse flasks F and G thoroughly with water. Suck 

out the water by means of a syringe tip fitted in the end 
of a plastic tube joined to a water suction-pump. 

(iv) Rinse the tlasks with acetone from a wash-bottle and 
pass argon through the sinters of flasks F and G until the 
flasks are thoroughly dry. 

(u) Close tap 2 and introduce a mixture of 20 ml of 
hypobromite solution together with 5 ml of 1M potassium 
bicarbonate into flask F. The DH of the mixture should be 
adjusted beforehand to 7.3-7.5 by dropwise addition of 5M 
hydrochloric acid. Deaerate the solution by passage of 
argon through it for about 15 min. 

(oi) Pipette into flask G, through the side-arm, 20ml of 
one of the eight standard hydrazine sulphate solutions 
(nitrogen 0-5pg/ml) and deaerate with argon for about 
15 min. 

(vii) Stopper the side-arm of flask G and secure the 
stopper with springs. Open taps 6, 8 and 5 to flush out any 
air remaining in the tube between flask G and tap 5. Close 
taps 5, 8 and 6. 

(viii) Close tap 4 and open tap 2. The argon will now pass 
through tap 2 and bubble through the hypobromite solu- 
tion in flask F. 

(ix) Stopper flask F, securing the stopper with springs, 
close tap 1 and open tap 4. The hypobromite rushes into 
flask G. Close taps 4 and 2. The reaction producing 
nitrogen is now in progress. 

(x) After about 10 min, evacuate the volume between 
taps 5 and 20 with tap 15 open. Close tap 22 to stop the 
argon flow through the Spectroanalyser, and open taps 1 
and 5. The argon now bubbles through the reaction 
mixture, carrying the released nitrogen-and filling the 
volume up to tap 20. Let the pressure in the manometer rise 
until the reading is the same as that noted in step (6) of 
the calibration. Then close tap 1. 

(xi) Pass argon through the Spectroanalyser via taps 22, 
24, 26 and 27 for about 30 set to stabilize the meter reading 
at zero. Then close tap 22 and allow argon to pass through 
taps 12 and 14 and flush through the Spectroanalyser the 
gas collected from the reaction. 

(xii) Obtain the peak area from the recorder and read off 
the corresponding mass of nitrogen from the calibration 
graph. 

(xiii) Empty flask G by suction. 
(xiu) Repeat steps (iii)-(xi) with the other seven standard 

hydrazine sulphate solutions and then ten times more with 
2.5 pg/ml nitrogen solution. 

RESULTS 

Calibration graphs 

Calibration graphs of peak area vs. mass of nitro- 
gen (up to 110 pg) were very good straight lines with 
an intercept of 0.46-0.77 cm* on the ordinate, equiv- 
alent to 0.9-1.5 pg of nitrogen. The slopes of the 
graphs were very consistent, varying by only f 0.4%. 

The small intercept is an instrumental effect caused 
by a temporary decrease in flow-rate when tap 22 is 
closed moments before taps 12 and 20 are opened. 

Determination of the yield of nitrogen in the 
hydrazine-hypobromite reaction 

The masses of nitrogen obtained from the in- 
creasing amounts of hydrazine sulphate taken are 
shown in Table 1. The amount of nitrogen found was 
read from a calibration graph with a slope of 
0.496 cm*/pg and intercept of 0.46 cm* on the ordi- 
nate. 

Plotting “nitrogen found” against “nitrogen 
taken” (Table 1) yields a straight line with a slope of 
0.980 (s.d. 0.003), intercept of 0.11 pg N, on the 
y-axis (s.d. 0.16 pg) and a correlation coefficient of 
0.9999. The average yield of nitrogen from this 
reaction is thus 98% and the reagent blank 0.11 pg 
of nitrogen. 

Analysis of ten 20-ml aliquots of hydra&e sul- 
phate solution (nitrogen 2.5pg/ml) with correction 
for the blank, gave a mean of 49.6 pg with a relative 
standard deviation (rsd) of 2.4%. From the data in 
Table 1, an rsd of 0.6% would be expected at this 
level. Three of the results were 47.9,51.6 and 51.8 pg, 
and if these are treated as outliers, the rsd for the 
remaining results (mean 49.4pg) is OX%, in better 
agreement with expectation, 

DISCUSSION 

For very low masses of nitrogen (~5 pg), the 
recorder tracings are sharp peaks. With increasing 
mass, these rise sharply, approach a constant height 
and broaden. This pattern arises because when argon 
is introduced to bring the pressure within the coil up 
to the normal pressure, the nitrogen-in-argon mixture 
is compressed into the right-hand section of the 
collection volume. However, there is no problem in 
measuring the peak areas. Typical peaks are shown 
in Fig. 2. 

The collection volume, which is mainly that of 
the coil, was determined by filling it with a standard 
gas mixture and pushing this volume through the 
Spectroanalyser with high-purity argon at flow-rates 

Table 1. Nitrogen yield from the hydrazine-hypobromite reaction 

Nitrogen taken, pg 0 10.00 20.0 40.0 50.0 60.0 80.0 100 
Peak area, cm2 0.48 5.26 10.4 19.9 24.8 29.9 39.3 49.1 
Nitrogen found, pg* 0.04 9.68 20.0 39.2 49.1 59.4 78.3 98. I 

*Uncorrected for the blank. 
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Fig. 2. Peaks recorded for increasing masses of nitrogen. 

of 1 .OO, 1.50, 2.00 and 2.50 l./min. The times taken 
for the volumes of gas to pass through the Spectro- 
analyser were obtained from the recorder tracings of 
potential (light intensity) us. time. Four deter- 
minations of the volume were made at each flow-rate. 
The overall average volume found was 1.64 litres, 
with a relative standard deviation of 2.3%. 

Because of the compression effect (referred to 
above) when high-purity argon is added to the coil to 
bring the pressure to the required level, a small 
amount of nitrogen will be lost in the manometer 
(above tap 15). This will be proportionately greater 
when low pressures of standard gas are used for 
constructing the calibration graph. However, the 
volume of gas in the manometer above tap 15 is 
always less than 1% of the total collection volume, 
and a study of all the calibration graphs obtained 
shows no detectable loss of nitrogen at levels below 
25 pg. This effect would appear to be negligible but 
could be completely prevented by reducing the pres- 
sure in the collection volume, containing high-purity 
argon, not to a vacuum but to say 50 mmHg, before 
adding the standard gas. It would then be pure argon 
that is compressed into the manometer. This minor 
adjustment in operating conditions should ensure 
that no nitrogen released in reactions in flask G is lost 
in the manometer. 

Riley et a1.,6 in studying the reaction between 
hydrazine and hypobromite by using the tracer i5N 
and mass spectrometric analysis of the product, 
reported that the oxidation of hydrazine yields nitro- 
gen as the main product, together with a very small 

amount of nitrous oxide. The results of our study 
show conclusively that hydrazine is 98-99% oxidized 
to nitrogen by a large excess of hypobromite at 
pH 7.3-7.5. It has been established in our laboratory 
that nitrous oxide, nitric oxide and nitrogen dioxide 
are not detected by the BOC Spectroanalyser. 

The apparatus works well and will be used to study 
the reactions between organic solvent-halogen mix- 
tures and steels containing nitrogen. Because it does 
not respond to oxides of nitrogen, it could also be 
employed to investigate the exact yields of nitrogen 
produced from other reactions in aqueous solution, 
which produce high yields of nitrogen, such as the 
ammonia-hypobromite reaction. 
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Summary-A theoretical model has been proposed for the transient characteristics of an atomic- 
absorption pulse generated by atomization from a graphite platform in a pulse-heated graphite-furnace 
atomic-absorption spectrometer. The model has been used (with the aid of a computer program) to predict 
the effects of various factors on analyte atom populations as a function of time. The various factors studied 
were heating rate, initial temperature of the graphite tube wail, platform mass and thickness, and 
activation energy for the rate-dete~ining step in the reaction sequence leading to atom formation. The 
results predicted by the model are in reasonable agreement with the experimental results obtained by using 
lead as- the analyte element. 

Transient atomic-absorption signals generated by 
rapid atomization of an analyte element in a pulse- 
heated electrothermal atomizer provide a temporal 
history of the analyte atom population. Several dy 
namic models for interpretation of the transient 
signal generated by various types of electrothermal 
atomizers have been proposed.‘-” Holcombe has 
reported the effect, on the atomic-abso~tion signal, 
of gas expulsion resulting from the heating of the 
tube.” 

Paveri-Fontana and Tessari13 have developed a 
model to describe atomization of an analyte element 
from a graphite platform in a pulse-heated graphite 
furnace, assuming a linear, slow increase in the 
tem~rature of the platform, 

Assuming that the graphite platform is heated 
primarily by radiation emitted from the heated 
graphite tube wall, Chakrabarti et aLL4 have proposed 
a model to describe the non-linear heating char- 
acteristics of the platform under various chosen 
conditions. 

In the present study a simplified model to describe 
atomization of an analyte element from a graphite 
platform is advanced. The atomization process and 
model for prediction of platform temperature pro- 
posed by Chakrabarti and co-workers,1i*‘4 are used to 
study the effect of some chemical, physical and 
instrumental parameters on the analyte atom popu- 
lation as a function of time. The predictions of the 
model have been tested qualitatively by comparing 
them with experimental results obtained with lead as 
the test analyte. 

THEORY 

The time-dependence of the atom population in a 
graphite tube furnace can be described by a 

*Author to whom correspondence should be addressed. 

first-order, or pseudo first-order, consecutive rate 
process’1~‘5 

kl(rt W? 
X-Y-Z (1) 

where X is the pre-atomization analyte species, Y is 
the absorbing analyte atomic vapour formed, Z is the 
analyte species that is lost from the analysis volume, 
and k,(T) and k2( T) are the first-order rate constants 
for the formation and loss of the observable atomic 
species, Y, respectively, as a function of the absolute 
temperature, T. Since the temperature of a pulse- 
heated graphite furnace is a function of time, t, the 
expressions k,(T) and k,(T) should be replaced by 
k,fT(t)] and k,[T(?f], respectively. However, to sim- 
plify the notation for the rate constants, k,(t) and 
k2(t) will be used in the following text to stand for 
k,[T(t)] and @T(t)], respectively. 

Assuming that the rate constant for the formation 
of atoms, k,(t), is determined by an Arrhenius-type 
equation, and the rate constant for the atom loss, 
k2(t), is determined solely by diffusion, Chakrabarti 
et al.” have expressed the rates of change for each 
species in equation (1) by a set of differential equa- 
tions as follows: 

dxt - = -k&)X,= -A exp[-E,/RT(t)]X, 
dt 

(2) 

dYt 
- = k,(t)X, - k#) Y, 
dt -_ 

g& T(t) 
= A exp[- E,/RT(t)] X, - 7 T Y, 

[ 1 (3) 
0 

(4) 

where k,(t) and k2(t) have units of set-‘; X,, I’, and 
2, are numbers of atoms of species X, Y and Z; A, 

259 
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E,, D,, 1 and n are the frequency factor, activation 
energy of the rate-determining step, diffusion 
coefficient at T, (273 K) and 1 atm, length of 
the graphite tube, and gas combination factor, 
respectively. 

At t = 0, X, is the amount of analyte introduced, 
i.e., X,=, = X0, and Y, and 2, are zero. With these as 
initial conditions in equations (2)-(4), a numerical 
integration method, the Adams-Bashforth method, 
was employed to compute the instantaneous amount 
of each species inside the furnace.“,i6 

When a graphite platform is used inside a pulse- 
heated graphite furnace, the sample is usually depos- 
ited on the platform through the sample injection 
hole. It is reasonable to assume that the rate of atom 
formation depends on the temperature of the atom- 
ization surface; hence, the temperature of the plat- 
form, and not that of the tube wall, is the determining 
factor. In addition, loss by diffusion is a gas-phase 
mass-transport process. The rate of analyte loss by 
diffusion is therefore considered to be determined by 
the gas temperature inside the graphite tube. This 
treatment of analyte atom loss as solely due to 
diffusion is admittedly an over-simplification as it 

experimentally studied by Chakrabarti et aLI and 
Falk.” Although the electrical resistive (Joule) heat- 
ing of the graphite platform has some effects on the 
temperature profiles because of the contact between 
the tube and the platform, these effects have not been 
taken into account, in order to keep the mathematical 
formulation of the theoretical model simple. In the 
present model, the platform is regarded as heated 
primarily by radiation heat transfer from the tube 
wall, and the platform temperature, T,,(t), is ex- 
pressed byI 

where m, cp, F2_, , a and Q are the mass of the 
platform (g), specific heat of the platform 
(J.g-’ . K-l), total radiation interchange factor be- 
tween the platform and the furnace wallI (dimen- 
sionless), effective surface area of the platform (cm*), 
and the Stefan-Boltzmann constant (5.67 x lo-‘* 
W. cm-*, Km4), respectively. 

To develop a digital computer solution for the 
temperature transient of the platform, equation (7) is 
expressedi in a finite-difference form: 

T,,(t + At) = T,,,(t) + 
aag2_ 1 { [TWO + At)14 - [Tp~O)141 At 

(8) 
9 

, I 

does not take into account analyte atom loss by 
expulsion, especially in tube-wall atomization and at 
high tube-wall heating ratesi 

Platform temperature 

When the temperature of the graphite tube wall is 
increased linearly from the charring temperature (T,) 
to a predetermined final atomization temperature 
(Tr) at a certain heating rate, a, the instantaneous 
temperature of the tube wall, T,(r), can be described 
by the equations: 

T,(t) = T, + at; 
Tc - T, 

0 < t < - 
a (3 

T,(t) = Tr; 
Ti - T, t>- 

a (6) 

The temperature of a graphite platform inside a 
pulse-heated graphite tube has been theoretically and 

where t + At is the time expressed explicitly in terms 
of the previous time, t, plus a finite increment of 
time, At. 

Because of the large temperature ranges encoun- 
tered in the furnace, an accurate analysis requires that 
the temperature-dependence of various properties of 
the materials be taken into account (Table 1). 

Approximation of the gas-phase temperature in the 
graphite tube with the platform 

As mentioned earlier, the rate of loss of species Y 
by diffusion is dependent on the temperature of the 
gas-filled space inside the graphite tube. It is therefore 
important to know this temperature. 

Two-dimensional Cartesian co-ordinates can be 
used to describe the gas-filled space in the graphite 
tube with the platform inside it, and hence the 
gas-phase temperature distribution. However, in the 
present study, the nodal geometry of the system is 

Table 1. Properties of anisotropic pyrolytic graphite and argon as a function of temperature 

Material 

Anisotropic 
pyrolytic 
graphite 

Argon* 

Property Unit Function Ref. 

Density, p g/cm’ p(T) = 2.20 
Heat capacity, cp J.g-‘.K-’ c,(T) = 0.816 + 9.59 x 10-4T 14 
Emissivity, 6 e(T) = 0.7 + 8.36 x IO-‘T 14 

Density, p g/cm’ p(T) = 1.784 x lo-‘(273.15/T) 
Heat capacity, cP J.g-‘.K-’ c,(T) = 0.52 18 
Thermal conductivity, K K(T) = 1.774 x 10-4(T/303.15)0” 19 

*cV = (cr - R) where R is the gas constant. 
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Fig. I. Nodal geometry of the cross-sectional plane of the 
graphite tube. The filled circle at n = 1 represents the 

graphite platform. 

described more simply by use of one-dimensional 
radial co-ordinates, as shown in Fig. 1. In particular, 
the platform is considered as a cylindrical rod at the 
centre of the tube, shown as a filled circle at the centre 
of the diagram. Although the actual position of the 
graphite platform is off-centre, calculations made for 
this position by use of two-dimensional Cartesian 
co-ordinates yield results of the weighted-average gas 
temperature (not shown here) which are not 
significantly different from those obtained by using 
the simplified model in Fig. 1. The simplified model 
shortens the computational time considerably. The 
real platform is a rectangular plate and not a cylindri- 
cal rod. However, a cylindrical rod has been used in 
the model because the cylindrical symmetry of the 
rod inside the cylindrically symmetrical graphite tube 
considerably simplifies the model’s mathematical 
complexity without seriously impairing the validity of 
the results obtained. 

With this simplification, the temperature at the 
centre of the tube is that of the platform [equation 
(8)]. The temperature of the tube wall is given by 
equations (5) and (6). Assuming that heat is trans- 
ferred from both the tube wall and the platform to 
stagnant argon inside the tube by conduction alone, 
the rate of heat transfer inside the gas-filled space of 
any node is then expressed by:2o 

Ka aT ( > dT -- j.- 
r ar dr 

=PG-$ 

r= 0; T = TP, 

r = r,; T = T, 

where K, p, r and c, are the thermal conductivity of 
the gas (W .cm-‘.K-I), density of the gas (g/cm’), 
radial distance from the centre of the tube, and heat 
capacity of argon at constant volume, respectively. 
The reason for the use of c, instead of c,, has been 
given by Chakrabarti et ~2.” If equation (9) is put into 
finite difference form, the temperature of the vapour 
in each annular node, T,, after a finite time in- 

crement, can be expressed as: 

where 

Ar =z; 2<~ <‘n - 1; Fe,(t)= 

T,=, = TPt and TM=, = 7; 

The subscript u in the equation above represents the 
annular node, Fo is the Fourier number and r, is the 
internal radius of the graphite tube. The mathe- 
matical stability criterion for the equation is 
Fo < OS. The gas temperature is considered to be the 
weighted-average gas temperature (of all annular 
nodes inside the tube), defined by 

Tavs = + (11) 
c mu 
II=2 

where m, is the mass of gas in the volume of node a. 

Rate expressions for atom formation and loss in the 
platform atomization technique 

The set of differ~tial equations for calculating the 
rates of atom formation and loss in atomization from 
the platform can now be written as follows: 

dx, 
- = - A exp[--E,/RT,,(t)]X, > (12) 

EXPERIMENTAL 

~p~rut~ 
Cbmputation was done with a Honeywell CP-6 computer. 

The program was written in FORTRAN IV. 
A Perkin-Elmer heated nranhite atomizer, model HGA- 

2100, equipped with a labiraiory-made power supply, was 
used. This power supply provided furnace heating rates 
varying from 1 to 10 K/msec. Atomic-absorption signals 
were measured with a Varian-Techtron 0.5 m Ebert-mount 
mon~hromator (SO x 50 mm grating, ruled with 638 
lines/mm), fitted with a Hamamatsu R955 photom~tiplier 
tube. Signals from the photomultiplier tube were passed 
through a laboratory-made amplifier which had a time- 
constant variable from 4 to 104 msec. A time-constant of 
8 msec was used. 

Perkin-Elmer pyrocoatcd graphite tubes (part No. 
091504) were used. Rectangular platforms (of various di- 
mensions and masses specified later) made of anisotropic 
pyrolytic graphite and reported in earlier paperst4**’ from 
this laboratory were used. The platforms were cut away to 
a depth of 0.5 mm along their lower lateral edges, between 
the comers, to prevent physical contact between the sides of 
the platforms and the tube wall except at four corners. 
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Temperatures below 1300 K were measured with an 
automatic optical pyrometer, b-con series 300, model 300 
(Ircon Inc., Skokie, IL, USA). Higher temperatures were 
measured through the sample injection hole with another 
automatic optical pyrometer, Ircon series 1100, model 
11 x 30. 

In the atomization stage, the output voltages from the 
optical pyrometer and spectrophotometer were recorded 
simultaneously with a Nicolet model 2090-111 dual-channel 
digital oscilloscope, fitted with a model 201 plug-in unit and 
a disk recorder. The output voltage of the optical pyrometer 
was converted into temperature by means of the calibration 
curves provided by the manufacturer. 

Reagents and procedure 
A stock 1000~pg/ml solution of lead was prepared by 

dissolving lead nitrate in 1% ULTREXTM nitric acid (J. T. 
Baker Chemical Co.). The test solutions were prepared 
immediately before determination by serial dilution of the 
stock solution with ultrapure water obtained direct from a 
Milli-Q2 water-purification system (Millipore Corporation). 
A 5-4 aliquot of test solution was deposited through the 
sample injection hole onto either the tube wall or the 
graphite platform with an Eppendorf microlitre pipette 
fitted with a disposable plastic tip. 

RESULTS AND DISCUSSION 

The instantaneous absorbance value is assumed to 
be proportional to the number of analyte atoms in 
the analysis volume. Analytical information is usually 
obtained from the peak height or the integrated 
absorbance. It would be interesting to study, at least 
qualitatively, the effect of physical, chemical and 
instrumental parameters on the analyte atom popu- 
lation as a function of time. 

The platform is primarily heated by radiation 
emitted by the heated tube wall. Chakrabarti et aLi4 
have theoretically shown that the characteristics of a 
non-linear temperature us. time curve for a graphite 
platform is determined by the initial temperature, 
final temperature and heating rate of the graphite 
tube wall, as well as the geometry of the graphite 
platform. 

Eflect of heating rate of the graphite tube wall 

Figure 2 shows curves for analyte atom population 
us. time, calculated by means of the model, for 
tube-wall heating rates of 10, 5, 2 and 1 K/msec, 
respectively. In Fig. 2 (I-IV), curves A represent the 
analyte atom population as a function of time, simu- 
lated by using equations (2)-(4), for the analyte 
element atomized from the tube wall,” and curves B 
represent the analyte atom population as a function 
of time, simulated by using equations (12X14), for 
the analyte element atomized from the platform. 
Curve c is the weighted-average gas temperature 
inside the gas-filled space of the graphite tube, simu- 
lated by using equations (10) and (11). As can be seen 
from Fig. 2, an increase in the heating rate of the tube 
wall increases the peak height. When the analyte 
element is atomized from the platform, the peak 
height remains nearly constant at heating rates 
>2 K/msec under the conditions used. 

As shown in Fig. 2, at the beginning of the heating 

cycle the predicted platform temperature increases 
more slowly than the temperature of the tube wall. 
Also, the instantaneous heating rate of the platform 
is lower than that of the tube wall if the tube wall 
heating rate is >5 K/msec. However, no significant 
change in the heating rate of the platform with 
increasing rate of heating of the tube wall is observed 
between 1500 and 2600 K when the heating rate of 
the tube wall is > 2 K/msec. Since atomization of an 
analyte element from the platform is determined by 
the platform temperature, the delay in the rise of the 
platform temperature causes a later appearance time 
of the analyte atom from platform atomization. If the 
appearance temperature of the analyte element from 
platform atomization is > 1500 K, the peak height of 
the analyte atom population us. time curve is not 
affected by the heating rate of the tube wall if that is 
>2 K/msec. However, for appearance temperatures 
< 1500 K, the different instantaneous heating rates of 
the platform at different tube-wall heating rates may 
affect the rate of atomization, and hence, the peak 
height. 

As Fig. 2 shows, the weighted-average gas tem- 
perature, Tavgr follows the tube wall temperature 
closely. However, there is as much as 1000 K 
difference between 7”, (platform temperature) and 
Tavg during the heating of the platform. The resulting 
temperature gradient in the gas phase may have a 
significant effect on the loss of analyte atoms by 
diffusion and convection. 

In the model considered here, atom loss by 
diffusion is the only process which has been taken 
into account. The gas temperature experienced by the 
analyte element will generally be higher for platform 
atomization than for tube-wall atomization. This 
higher gas temperature increases the rate of 
diffusional loss of the analyte element. A combina- 
tion of relatively low platform heating rate and 
higher gas temperature results in lower peak height 
and peak area of the analyte signal for platform 
atomization than for tube-wall atomization. 

However, as shown in Fig. 2 (IV), at a relatively 
low heating rate of the tube wall, the heating rate of 
the platform is higher than that of the tube wall over 
most of the analyte atom-population us. time curve. 
Since the diffusion coefficient, D, is a power function 
of temperature,’ [D = D,(T/273)y where n is 1.5-2.0, 
and the rate constant for analyte atom formation is 
an exponential function of temperature, k,(t) cc exp 
[ -E,/RT(t)], the rate of analyte atom loss by 
diffusion is not as sensitive to temperature as the rate 
of analyte atom formation is. Hence, in platform 
atomization at low platform heating rates, for analyte 
species having appearance temperatures below about 
1500 K the rate of analyte atom formation may be 
greater than that of diffusional loss, resulting in the 
peak height of the analyte being higher for platform 
atomization than for tube-wall atomization. 

Curves A and B in Fig. 3 show the experimentally 
observed atomic-absorption signals for lead atomized 
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Fig. 2. Theoretical analyte atom population US. time curves for tube-wall and platform atomization at 
various heating rates of the tube wall: A, tube-wall atomization; B, platform atomization; a, tube-wall 
temperature; b, platform temperature; c, weighted-average gas temperature with the platform inside the 
graphite tube. General parameters: Ea = 430 kJ/mole, A = 1.0 x lOI set-‘, D, = 0.10 cm2/sec, n = 1.8, 
graphite tube length = 2.8 cm, graphite tube internal diameter = 0.60 cm, platform length = 1.8 cm, 
platform width = 0.43 cm, platform thickness = 0.03 cm, initial wall temperature = 773 K, final wall 

temperature = 2800 K. Tube-wall heating rate, K/msec: (I) 10, (II) 5, (III) 2, (IV) 1. 

from the tube wall (A) and the platform (B), re- 
spectively, at tube-wall heating rates of 4.5, 1.8 and 
1.3 K/msec. The peak heights and peak areas of the 
Pb atomic-absorption signals in Fig. 3 are compared 
in Table 2. Curves a represent the tube-wall tem- 
perature used to calculate the theoretical platform 
temperature, shown as curves b. Curves c (mainly 
coincident with curves a) represent the tube-wall 
temperature measured by optical pyrometry. The 
relative positions of curves A and B in Fig. 3 agree 
qualitatively with predictions from the model. Also, 
both the theoretical and experimental values indicate 
that increase in the heating rate of the tube wall 
results in more of the platform-atomization signal 
arising when the tube wall has reached constant 
temperature. 

Table 2 shows that for wall-atomization the peak 

height of the lead signal first increases slightly with 
heating rate, then decreases, whereas the peak area 
decreases approximately linearly with increase in 
heating rate. These decreases are not predicted by the 
model, and may be due to other processes occurring 
during atomization, e.g., analyte loss by expulsion,‘0 
which is not taken into account by the theoretical 
model. Since the furnace is open to the ambient 
atmosphere through the sample injection hole, the 
pressure inside the furnace is constant (1 atm). Ac- 
cording to the ideal gas law, pV = nRT, an increase 
in temperature results in expansion of the gas. The 
amount of gas thus expelled from the furnace de- 
pends only on the initial and the final temperature, 
but the rate of expansion and hence of expulsion 
depends on the rate of change of temperature.u Any 
analyte vaporized from the tube wall during the rapid 
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Fig. 3. Experimental atomic-absorption pulses for 1.0 ng of 
Pb (taken as the nitrate) for (A) tube-wall and (B) platform 
atomization at various heating rates of the tube wall; a and 
b are the theoretical temperatures of the tube wall and 
platform, respectively; c is the measured tube-wall tem- 
perature. Initial tube-wall temperature = 773 K, final tube- 
wall temperature = 2273 K, platform mass = 51.0 mg. 
Tube-wall heating rate, K/msec: (I) 4.5, (II) 1.8, (III) 1.3. 

heating of the furnace may be partially lost with the 
gas expelled. Thus, expansion of the purge gas in the 
furnace plays an important role in the loss of analyte 
element during fast heating of the furnace, especially 
if the analyte is vaporized or atomized concurrently.‘o 

Atomization from the platform generally results in 

the analyte signal appearing at a relatively high gas 
temperature. As shown in Fig. 3, even at the lowest 
heating rate used, 1.3 K/msec, with platform atom- 
ization -70% of the peak area of the Pb signal is 
obtained at constant temperature of the tube wall, 
whereas the corresponding fraction is only N 9% for 
wall atomization. Appearance of the analyte signal 
pulse at high and nearly constant gas temperature 
eliminates loss of the analyte element by expulsion 
along with expanding internal purge gas. The in- 
creased residence time of the analyte atoms in the 
tube makes the peak area for platform atomization 
greater than that for wall atomization. Table 2 shows 
that with platform atomization the peak area for lead 
is practically independent of wall heating rate, and 
that peak area measurement with platform atom- 
ization is the most reliable method of determination, 
fulfilling all the conditions required for the use of 
integrated absorbance. 23 The slight increase in the 
peak height with the initial increase in the heating 
rate of the tube wall agrees with the predictions of the 
model. 

Eflect of initial wall temperature 

Figure 4 shows the simulated analyte atom popu- 
lation us. time curves obtained for initial wall tem- 
peratures of 773, 1073 and 1373 K, with a final 
temperature of 2800 K and a wall heating rate of 
2 K/msec. As the radiational energy emitted is pro- 
portional to the fourth power of the temperature,” a 
low initial wall temperature results in a longer delay 
in the rise of the platform temperature. 

As seen in Fig. 4, change in the initial wall tem- 
perature has no effect on the peak-height, -shape or 
-temperature for wall atomization. However, for 
platform atomization, decreasing the initial wall tem- 
perature shifts the analyte atom concentration profile 
further into the constant wall-temperature region and 
slightly increases its peak height. Although 
diffusional losses increase with increasing gas tem- 
perature, use of a lower initial wall temperature 
results in a higher platform heating rate at the 
appearance time for analyte atoms. As explained 
earlier, the rate of analyte atom loss by diffusion is 
not as sensitive as the rate of atom formation to 
change in temperature, so for platform atomization 
the peak height should be higher for lower initial tube 
wall temperatures. 

Figure 5 shows the experimental results for the 
effect of initial tube wall temperature. The values of 

Table 2. Values of the peak height and the peak area of the Pb 
atomic-absorption signal pulses shown in Fig. 3 (Abs. = absorbance) 

Curve A Curve B 

Peak height, Peak area, Peak height, Peak area, 
Plot Abs. Abs.msec Abs. Abs.msec 

I 0.313 28.2 0.410 163.1 
II 0.334 71.4 0.412 162.1 
III 0.319 87.6 0.348 160.1 
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K, (III) 1373 K; other conditions and symbols as for 

Fig. 2. 

platform atomization, the effect of initial tube-wall 
temperature agrees qualitatively with the effects pre- 
dicted by the model, except for the decrease in the 
peak height with decreasing initial tube-wall tem- 
perature. This decrease may be due to a temperature 
gradient that develops along the length of the end- 
contacted graphite tube, which is not accounted for 
in the model. Falk et aLzs have reported that there is 
a significant drop in the temperature at the tube ends 
with time after the tube centre attains the preset 
temperature for the atomization step. An increasing 
temperature gradient along the tube length after 
attainment of the preset atomization temperature by 
its centre may make the instantaneous rate of heating 
of the platform predicted by the model too high, since 
for calculating the platform temperature the model 
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peak heights and peak areas of the signals in Fig. 5 
are compared in Table 3. At initial tube-wall tem- 
peratures of 473, 673 and 873 K, the measured 
average heating rates of the tube wall were 2.00, 1.95, 
and 1.90 K/msec, respectively. However, these slight 
differences between the average heating rates should 
not affect the significance of the results. For the 
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Fig. 5. Experimental atomic-absorption pulses for 1.0 ng of 
Pb (taken as the nitrate) for (A) tube-wall and (B) platform 
atomization at various initial tube-wall temperatures. Final 
tube-wall temperature = 2273 K, platform mass = 51.0 mg. 
Initial tube-wall temperatures, K, (I) 473, (II) 673, (III) 873; 
heating rates of the tube wall, K/msec, (I) 2.0, (II) 1.95, (III) 

1.90; other symbols and conditions as for Fig. 3. 
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Table 3. Values of the peak height and the peak area of the Pb 
atomic-absorption signal pulses shown in Fig. 5 

Curve A Curve B 

Peak height, Peak area, Peak height, Peak area, 
Plot Abs. Absmsec Abs. Abs.msec 

I 0.373 61.2 0.395 155.3 
II 0.372 62.3 0.428 160.2 
III 0.378 59.7 0.438 150.3 

assumes there is a uniform temperature along the 
tube length. A lower initial tube-wall temperature 
results in a further delay in the atomization from the 
platform, and hence in a further shift of the 
Pb atomic-absorption pulse into the constant- 
temperature region of the temperature us. time curve 
(the temperature being measured at the centre of the 
tube); this further delay results in a greater cooling at 
the tube ends. Thus, in Table 3, for the platform 
atomization, the observed slight decrease in the peak 
height absorbance of lead with decreasing initial 
tube-wall temperatures may be attributable to a 
decrease in the actual heating rate of the platform by 
an increased temperature gradient along the tube 
length. 

Efect of the platform mass 

For a given type of graphite, a change in the 
geometry of the platform may result in a change in 

the !mass. Only the top and bottom surfaces of the 
platform are used in equation (8) as the effective 
surface area for receiving radiational energy from the 
tube wa11.r4 According to equation (8) the platform 
temperature is directly proportional to the effective 
surface area and inversely proportional to the mass 
of the platform. A change in the length and/or width 
of the platform (with other dimensions being held 
constant) does not affect the heating characteristics of 
the platform, because it results in the same fractional 
change in the effective surface area and mass, and 
these effects, being in opposite directions, cancel. 
However, a change in the thickness of the platform 
results in a change in the mass but not the effective 
surface area, and hence would affect the heating 
characteristics. 

Figure 6 shows the tube-wall (curve a) and plat- 
form temperature profiles superimposed on the simu- 
lated analyte atom population profiles for graphite 
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Fig. 6. Theoretical analyte atom population us. time curves for atomization from platforms of different 
thicknesses: a, tube-wall temperaturetime curve; B-l, B-2, B-3 and B-4, analyte. atom population vs. time 
curves; b-l, b-2, b-3 and b-4, platform temperatures for platform thickness 0.015, 0.030, 0.045 and 0.060 

cm, respectively. Wall heating rate 2 K/msec; other parameters as for Fig. 2. 
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platforms of different masses. With increasing plat- 
form mass, a decrease in the heating rate of the 
platform and a longer delay in commencement of the 
platform heating is expected from equation (8), and 
the greater the platform mass, the greater is the shift 
of the analyte atom population vs. time curve to- 
wards the constant-temperature region. Increase in 
the platform mass also results in decrease in the peak 
height of the population vs. time curve, because of the 
lower heating rate of the platform. 

Figure 7 shows experimental results for the effect 
of the platform mass. The peak heights and peak 
areas are compared in Table 4. Figure 7 shows that 
increase in the platform mass shifts the lead signal 
towards the constant-temperature region of the tube- 
wall temperature curve and decreases the peak height, 
in agreement with the model. Table 4 shows that the 
peak area for platform atomization is nearly constant 
and independent of the platform mass but the peak 
height is significantly decreased by a relatively large 
change in mass above a certain critical value. 

Effect of activation energy 

Figure 8 shows the effect of activation energy on 
the analyte atom population vs. time curves. Once the 
platform geometry, initial temperature, final tem- 
perature and heating rate of the tube wall are fixed, 
the characteristics of the temperature-time profile of 
the platform become invariant. Equation (3) shows 
that for a given temperature, the rate constant for 

atom formation, k,(t), is governed by both the fre- 
quency factor and the activation energy. A high 
activation energy makes k,(t) relatively small, so an 
atomization reaction having a high activation energy 
requires a high temperature for its initiation. For 
platform atomization, when the activation energy is 
high the platform takes a relatively long time to reach 
the required temperature, as seen in Fig. 8, which also 
shows that an increase in activation energy results in 
a decrease in the peak height of the analyte atom 
population curve. Since the gas temperature closely 
follows the tube-wall temperature, and since curves 
B-2 and B-3 are both located in the constant- 
temperature region of the tube-wall temperature 
curve, the rate constant for diffusional loss should be 
the same for both curves. However, although the 
heating rate of the platform is nearly the same at the 
appearance temperatures for curves B-2 and B-3, it 
decreases at temperatures above the appearance tem- 
peratures for curve B-3 and the consequent lower rate 

Table 4. Values of the peak height and 
peak area of the Pb atomic-asborption 

signal pulses shown in Fig. 7 

Peak height, Peak area, 
Curve Abs. Absmsec 

A 0.395 77.8 
B-l 0.435 162.2 
B-2 0.440 168.3 
B-3 0.387 160.0 
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Fig. 7. Experimental atomic-absorption pulses for 1 .O ng of Pb (taken as the nitrate) for wall atomization 
and platform atomization from platforms of different masses: a, the measured tube-wall temperature-time 
curve used for calculation of the platform temperature; c, measured tube-wall temperature; A, atomic- 
absorption pulse from wall atomization; B- 1, B-2 and B-3, atomic-absorption pulses for atomization from 
platforms of masses 39.0, 50.0 and 76.5 mg (thickness 0.23, 0.30,0.45 mm), respectively; b-l, b-2 and b-3, 

corresponding platform temperature curves. 
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Fig. 8. Theoretical analyte atom population US. time curves for platform atomization and various 
activation energies: B-l, B-2 and B-3, curves for activation energies of 350, 430 and 510 kJ/mole, 

respectively. Wall heating rate 2 K/msec; other symbols and parameters as for Fig. 2. 

of atom formation decreases the peak height, but the 
peak area is much less affected. 

CONCLUSIONS 

The simple model presented has some limitations 
which stem largely from the simplifying assumptions 
and oversimplified treatment of the atom loss pro- 
cesses. However, such limitations do not seriously 
impair its usefulness, which lies not so much in its 
predictive power as in its ability to offer a theoretical 
framework for understanding the effect of various 
experimental parameters on the analytical signals 
arising from atomization from graphite platforms in 
atomic-absorption spectrometry. 

A relatively high heating rate and a relatively low 
initial temperature of the tube wall result in a shift of 
the atomic-absorption signal from platform atom- 
ization towards the region of constant temperature of 
both the tube wall and the gas phase. The advantage 
of this shift is a large decrease in the loss of the 
analyte by expulsion with the expanding internal 
purge gas. Relatively high heating rates of the tube 
wall maximize the heating rate of the platform at the 
appearance time of the atomic-absorption signal, and 
hence result in an increase in the rate of atomization 
of the analyte element. 

results in a shift of the analyte absorption pulse 
towards the constant wall-temperature region and an 
increase in the platform heating rate, a cooling step 
before the atomization stage is suggested for opti- 
mizing experimental conditions for platform atom- 
ization.14 The activation energy is also an important 
factor. For an atomization reaction having a high 
enough activation energy, the whole signal pulse will 
arise when the heated tube wall has reached constant 
temperature. A platform of relatively high mass will 
have a relatively slow heating rate, which results in a 
decrease in peak height. However, for an analyte 
element having a low activation energy for the atom- 
ization reaction, a platform of relatively high mass is 
necessary to shift the analyte atomic-absorption pulse 
into the constant-temperature region of the tube- 
wall-temperature curve. Although use of a relatively 
heavy platform, desirable for elements with low 
activation energy (such as relatively volatile ele- 
ments), may result in a decrease in peak height, a 
concurrent decrease in matrix interferences may re- 
sult from the high gas temperature during sample 
atomization; the net result will be an advantage for 
platform atomization over tube-wall atomization. 

Since a low initial temperature of the tube wall 
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Snnnnary-A method is described for moly~enum dete~nation in human serum at su~ng/~ levels 
by graphite-furnace atomic-absorption spectrometry. Sample preparation involves a nitric acid digestion, 
chelation with benzohydroxamic acid and extraction into hexanol. A detection limit of 0.1 ng/ml and a 
characteristic concentration of 0.18 ng/ml for 1% absorption can be achieved. The effectiveness of the 
method has been demonstrated by analysis of unspiked and spiked human serum, standard reference 
materials, and comparison with the results obtained by inductively-coupled plasma atomic-emission 
spectroscopy. 

Molybdenum has been shown to be an essential trace 
element in man.’ Its clinical importance presents an 
analytical challenge for chemists. For instance, the 
recent practice of supplementing diets with trace 
elements has created a need for monitoring the serum 
of patients receiving such treatment.%’ To date, 
neutron-activation analysis (NAA) is the only tech- 
nique that has been reported to be successful for 
determination of molybdenum in human serum at 
normal sub-ng/ml levels4 It is unlikely that NAA can 
be applied for routine testing. 

This study was performed to develop an accurate 
and precise method for determining molybdenum in 
human serum by graphite-furnace atomic-absorption 
spectrometry (GFAAS). The adoption of a digestion/ 
chelation/extraction method was necessary owing to 
the nature of the matrix interference effects in molyb- 
denum determination by GFAAS. Molybdenum is 
considered a refractory element in that it can form 
thermally stable molybdenum carbides.5*6 This prop 
erty effectively limits application of the technique as 
for many instruments it necessitates running at the 
maximum temperature attainable. Tube life is short- 
ened under those conditions and carry-over between 
injections is often a problem.“* Carbon deposits in 
the furnace tube from undigested serum samples 
magnify the effect of molybdenum carbide form- 
ation. Some instrument systems allow introduction of 
oxygen or air during one of the steps in the heating 
programme to reduce carbon build-up in the tube, 
but our experience is that this also tends to degrade 
the furnace cones. 

Digestion techniques may be used to remove the 
organic components from the samples, leaving the 

molybdenum in an inorganic matrix, but the salt 
components may depress the molybdenum signaLi 
Extraction of the molybdenum from the sample 
digest with a chelating agent removes the element 
from the interfering serum matrix. 

Apparatus 

EXPERIMENTAL 

Atomic-absorption measurements were made with a 
Perkin-Elmer ~man/~ ~c~ophotometer. The system 
included an HGA 500 furnace with magnet and optical 
pyrometer, an AS-40 autosampler, a Data 10 station, a 
Hewlett-Packard 7470 plotter and an Alanthus Writer 
III. Atomic-emission measurements were made on an In- 
struments SA JY38P sequential inductively-coupled plasma 
spectrophotometer. The instrument was equipped with a 
Plasma-Therm 2500 torch box, peristaltic pump and MAK 
nebulizer with a Macon mass-Row controller. 

All sample and reagent preparations were performed 
with plastic or Teflon ware. Glassware was used only for 
pipetting the hexanol for the extraction. All other pipetting 
was performed with Eppendorf micropipettes with dispos- 
able plastic tips. Digestions were performed in 3Oml Teflon 
centrifuge t&es with Teflon screw-caps (Nalgene cat. 
# 3 114-0030). The tubes were heated in aluminium biocks 
inside a portable class-100 air laminar-how hood placed in 
a fume hood. 

Reagents 

Benxohydroxamic acid, Eastman Kodak No. 8262; 
I-hexanol, Eastman Kodak No. 825: nitric acid. J. T. Baker 
UltrexQr grade; nitric acid, reagent grade (for cleaning); 
magnesium nitrate, recrystallized Fisher ACS grade; 
ammonium nitrate, recrystallized Fisher ACS grade: ammo- 
nium heptamolybdate~ tetrahydrate, Johnson-Matthey 
Puratronica made: NRS-250 detergent concentrate. Norrel. 
Inc. (for cleaning): 

A stock solution of molybdenum(V1) was prepared by 
dissolving 1.8398 g of the ammonium heptamolybdate 
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Table 1. Temperature nronramme, HGA 500 furnace 

step 1 2 3 4 5 6 7 

Temperature, “C 110 180 1300 20 2700 2700 20 
Ramp time, set 20 5 20 o* 1 1 
Hole time, see 10 10 10 

1: 

Araon. ml~min 300 300 300 300 

*Engages “Max Power” option. 
TChanged to 20 ml/min for higher molybdenum concentrations. 

tetrahydrate in 1000 ml of demineralized distilled water. 
This standard was stored in a plastic screw-cap bottle and 
used for up to one year. 

Cleaning of laboratory ware 

The vessels used in reagent and sample preparation were 
cleaned bv soaking for at least 2 hr in a solution of NRS-250 
detergent; rinsing-with distilled water, soaking for at least 2 
hr in a ~lyethylene bin containing a 10% v/v solution of 
reagent grade nitric acid in distilled water, thorough rinsing 
with demineralized distilled water (DDW), and drying face 
down on rubber matting, then were stored in plastic bags. 
A final DDW rinse was performed immediately before use. 
The Teflon digestion vessels were cleaned by refluxing for at 
least 1 hr with 1 ml of concentrated Ultrex@ nit& acid, 
followed bv a thorough DDW rinse. The Teflon cam for the 
vessels we& cleaned~by soaking overnight in a *IO% v/v 
solution of Ultrexa nitric acid in DDW, then thorough 
rinsing with DDW. 

Sample identification 

Method-development work was performed on Sera Chem 
Normal Clinical Chemistry Control Serum (Human) Un- 
aSSaYed* obtained from Fisher Scientific Company. 
Sufficient q~ntities of the lyop~~~ serum were recon- 
stituted with DDW, on the day of use, in polyethylene 
bottles. Reference materials investigated included NBS 
SRM 1577a Bovine Liver, NBS RM 8419 Bovine Serum, 
and NBS SRM 1572 Citrus Leaves. 

Instrument conditions 

Zeeman-corrected absorbances were taken in the peak 
area mode for the 313.3 nm line, with a 0.7-nm end-~dth 
and 5-set integration time. Table 1 gives the temperature 
program used for the hexanol extracts. ICP emission in- 
tensities were recorded for observation at 15 mm above the 
coil, with an incident RF power of 1.5 kW, an argon coolant 
flow-rate of 16 l./min and an auxiliary coolant flow-rate of 
0.8 l./min. Sample flow-rates were 0.6 ml/min into the MAK 
nebulizer, which was operated with an argon flow-rate of 
0.50 l.,+nin. The molybdenum emission line at 202.07 nm 
was used in the analysis, with the carbon line at 199.36 nm 
as a reference. 

Extraction procedure 

Samples. Serum (2.0 ml) and Ultrex@ nitric acid (2.0 ml) 
were pipetted into a 30-ml Teflon centrifuge tube. The 
sample was reguxed at 130” by heating in an al~inium 
block inside a class-100 air laminar-flow hood, until the 
volume was reduced to about 0.1 ml (approximately 4 hr). 
The tube was removed from the block and allowed to cool, 
then 2.0 ml of 2M hydrochloric acid, 0.2 ml of 0.2 g/ml 
magnesium nitrate solution and 2.0 ml of O.lM benzo- 
hydroxamic acid (BHA) solution were added. Finally 1 .O ml 
of hexanol was pipetted into the tube and the mixture was 
shaken for 2 min. The hexanol layer was analysed 
by graphite-furnace atomic-absorption spectrometry 
(GFAAS). The entire procedure was similarly applied to 
2-ml portions of nitric acid as digestion blanks. 

Standards. Into each of four 30-ml Teflon centrifuge tubes 
were pipetted 0 (standard blank), 50 ~1, 100 ~1 and 150 ~1 

of a 20-ng/ml inte~ediate moly~en~ standard. To the 
tubes were added 100 ~1 of nitric acid, 2.0 ml of 2.OM 
hydrochloric acid and 0.2 ml of 0.2-g/ml magnesium nitrate 
solution. The molybdenum was then extracted from the 
standards with BHA as described above for samples. The 
standards had molybdenum concentrations equivalent to 0, 
0.5, 1.0 and 1.5 ng/ml (in a 2-ml initial volume). 

Sample concentrations were calculated from the results of 
linear regression analysis of the calibration standards. 

RESULTS 

Five samples containing moly~enum at a concen- 
tration of about 1 ng/ml were analysed in triplicate 
to establish the precision of the technique at this level. 
The results obtained are shown in Table 2. Validation 
experiments were performed by applying the 
digestion/BHA-hexanol extraction to unspiked se- 
rum and serum spiked with 1, 2, 3 and 4 ngjml 
moly~enum. Each level was run in quadruplicate, 
including digestion blanks. Calibration standards of 
0, 2, 4 and 6ng/ml were used in these experiments. 
Table 3 contains results for trials performed on three 
separate days. Bovine serum was evaluated by ap- 
plying the technique to four OS-ml aliquots. Portions 
of the solid reference materials (0.2 g of bovine liver 
and 1 .O g of citrus leaves) were weighed, digested and 
extracted as for the serum samples. Data obtained for 
the reference material samples are listed in Table 4. 
The experiment comparing the GFAAS technique 
with ICP-AES was designed to compensate for the 
lower ~nsitivity of the latter method, the serum being 
spiked at 100, 200 and 300 ng/ml levels, each in 
triplicate. GFAAS determinations were made on the 
hexanol extracts remaining after the ICP analysis, 
diluted to bring them into the concentration range of 
the working standards. Table 5 gives the results of the 
comparison. 

Table 2. Extraction of unspiked 
serum (triplicate results j 

Sample 
Mean, R.S.D., 
~~lrn~ % 

A 0.92 0.6 
B 0.95 5.5 
C 1.00 
D 1.06 :: 
E 1.03 312 



Ultratrace molybdenum determination 273 

Table 3. BHA/hexanol validation exneriment results 

Unspiked serum 
Serum+ 1 ng/ml 
Serum + 2 ng/ml 
Serum + 3 ng/ml 
Serum + 4 ng/ml 

Mean, R.S.D. Average spike 
w/ml (N = 12), % recovery, % 

0.80 7.8 
1.81 6.7 101.1 
2.18 4.3 99.0 
3.69 6.0 96.3 
4.68 5.2 97.4 

Table 4. Molybdenum in reference materials 

NBS Bovine Liver, certified value 3.5 f 0.5 pg/g 
ICP 3.14 (SD. 0.19) pg/g 
GFAAS 2.19 (S.D. 0.06) pg/g 

NBS Citrus Leaves, certified value 0.17 f 0.09 pg/g 
GFAAS 0.08 (S.D. 0.003) pg/g 

NBS Bovine Serum, reference vahre 16 + 4 ng/ml 
GFAAS 19.0 (S.D. 1.3) ng/ml 

Table 5. ICP/GFAAS Comparison 

Recovery, % 

ICP GFAAS 

Serum + 100 ng/ml 92.2 86.3 
Serum + 200 ng/ml 92.0 94.3 
Serum + 300 ng/ml 91.3 95.7 
Mean 91.8 92.1 

DISCUSSION 

Instrument optimization 

Studies have shown that heating rate has a 
significant effect on the signal from refractory ele- 
ments.“*‘* As shown by Fig. 1, use of the “max 
power” mode of the Perkin-Elmer instrument (which 

01 r 13OO~C 

allows an atomization temperature of 2700”) has a 
dramatic effect on the molybdenum signal. Pyro- 
lytically coated tubes were used in the course of this 
study, had a useful lifetime of only 40 firings at an 
atomization temperature of 2800”. Use of the 2700” 
atomization temperature increased the lifetime to 100 
firings for acidified aqueous solutions and 150 firings 
for organic extracts, but reduced the signal by about 
30%. 

Selection of charring temperature was based on the 
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Fig. 1. Effect of heating rate for 0.5~ng molybdenum 
injections. 
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Fig. 2. Effect of charring temperature on digested-serum absorbance profiles. 
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Fig. 3. Effect of charring temperature on peak-height signals 
for a simple acid matrix, digested serum, and a hexanol 

extract of digested serum. 

data illustrated in Figs. 2 and 3. The salt matrix 
interference is not removed by charring at 1100”. 
Charring at 1300” removes the interference, but most 
of the molybdenum signal is lost as well. Figure 3 
compares the effect of charring temperature for 
molybdenum in a simple acid matrix, a serum digest 
supplemented with molybdenum, and hexanol extract 
of digested serum supplemented with molybdenum. It 
is apparent that the extraction is successful in re- 
moving molybdenum from the signal-suppressing 
components of the serum digest. Since it was not 
necessary to char at above 1300”, this temperature 
was chosen for the method. 

Sample-injection size and argon flow-rate at atom- 
ization were adjusted to accommodate the working 
standard range. For unspiked serum samples con- 
taining approximately 1 ng/ml molybdenum, 30-~1 
injections were used, with the argon flow interrupted 
at atomization. The signal to noise ratio is illustrated 
in Fig. 4. Samples at normal physiological levels of 
0.6 ng/ml should fall within the working standard 

Std IO ppb MO 

range. The low value for the digestion blank should 
allow for quantitative measurements in serum. Under 
these conditions, a detection limit of 0.1 ng/ml 
(defined as the concentration equivalent to 3 times the 
standard deviation of the blank) and a chara~te~stic 
concentration of 0.18 ng/ml (for 1 O/O absorption) were 
obtained. Standards up to 1.5 ng/ml may be injected 
without carry-over problems. The validation experi- 
ments with standards up to 6 ng/ml required reduc- 
tion of the sample size to 20 pl and introduction of 
argon at 20 mlfmin at atomization. These changes 
raised the characteristic concentration to 0.34 ng/ml, 
but maintained a detection limit of 0.1 ng/ml. Even 
with introduction of argon at atomization, the 
6-ng/ml standard has a carry-over of approximately 
5%. This carry-over was completely removed by 
using a 2-see manually controlled burn-out step at 
2800” between injections. This short cleaning step was 
not observed to affect tube life. 

Method development 

Four chelating agents were investigated for effec- 
tiveness in determination of molybdenum in serum. 
Besides ~~ohydroxa~c acid (BIIA), experiments 
were run with ammonium py~olidin~i~~arbam- 
ate (APDC), acetylacetone (ACAC) and trifluoro- 
acetylacetone (TFAA). Chelation of molybdenum 
with APDC and extraction into MIBK (methyl iso- 
butyl ketane) lacked sufficient precision. Acetylacet- 
one, which chelates moly~enum at acidity up to 
3.OM sulphuric acid,13 requires no pH adjustment 
after the digestion. However, extraction of molyb- 
denum from serum digests with ACAC/MIBK or 
ACAC/C!HCl, gave recoveries with a high positive 
bias. The high solubility of ACAC in aqueous solu- 
tion also made use of this reagent a questionable 

Std 05 ppb MO Digestcon 
Std Mank blank 

Serum b 

Serum 0 

Fig, 4. Hexanol extract absorbance profiles for molybdenum standards, a digestion blank and two digested 
serum samples. 
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choice. Trifluoroacetylacetone was investigated in the 
hope that the fluorine environment would improve 
the efficiency of molybdenum transport in a way 
similar to that given by the addition of trifluoro- 
methane to the argon purge-gas, as reported by 
Kirkbright and Snook.” However, the molybdenum- 
TFAA extract gave the same appearance temperature 
as that for the ACAC extract, and the recovery of 
molybdenum was poor. 

The first experiments with the BHA/hexanol ex- 
traction system included attempts to duplicate the 
work of Agrawal. Is The calorimetric method was not 
sufficiently sensitive for determinations at ng/ml 
serum concentrations of molybdenum. A nitric acid 
digestion prior to chelation/extraction was adopted in 
order to recover all of the molybdenum from the 
samples. Experiments were performed with 3 ml of 
serum, 10 ml of 2A4 hydrochloric acid, 4 ml of O.lM 
BHA and 2 ml of hexanol. Spike recoveries were 
approximately 90% and a value of 3.57 pg/g was 
obtained for NBS Bovine Liver. 

These encouraging results led to validation experi- 
ments in which the sample and reagent volumes were 
reduced to those described in the procedure. These 
changes were made to reduce sample requirements 
and achieve a concentration factor of 2 in the extrac- 
tion. Apparently, the new experimental conditions 
magnified the matrix effects in the method, recovery 
values for spiked serum samples being 160-180%. 
The source of the bias was thought to be some 
electrolyte remaining after the digestion step. In- 
vestigations were made of the effect of various salts 
on the extraction procedure. It was found that mag- 
nesium nitrate caused a significant signal enhance- 
ment. Potassium nitrate at similar concentrations 
caused signal suppression, indicating that the mag- 
nesium was the cause of the enhancement, rather than 
the nitrate. Increasing amounts of magnesium nitrate 
were added to 5-ng/ml molybdenum standards which 
were then extracted. The results are illustrated in 
Fig. 5. This graph was used to modify the extraction 
procedure for serum digests. The magnesium nitrate 
effect begins to level off at addition of about 200 ~1 
of 0.2-g/ml solution. This volume of the reagent was 

0 !501001502002503003504004x)500 

pl 20% w/v rnagneslum nitmt9 

Fig. 5. Plot of magnesium nitrate addition us. absorbance 
for extracted hg/ml molybdenum standards. 

added, before the extraction, to all subsequent stan- 
dards and samples, the data for which are reported 
in Tables 2-5. 

The positive bias, due to magnesium, in the 
GFAAS determinations was not found in the ICP 
results for similar solutions. Standards extracted 
with and without prior addition of magnesium nitrate 
gave virtually identical ICP emission intensities. 
Extraction efficiency was evaluated by GFAAS and 
ICP-AES through comparison of the molybdenum 
signals for the aqueous and organic phases. In both 
cases the signal for the aqueous phase was the same 
as the baseline noise. The organic layers were ana- 
lysed for magnesium content. The hexanol was found 
to contain 0.5 mg/l. magnesium when 50 ~1 of 
magnesium nitrate solution were added before the 
extraction, and 1.0 mg/l. when 200 ~1 were added. 
These values are consistent with the signal enhance- 
ment effect shown in Fig. 5. Thus, the bias is not due 
to an effect on extraction efficiency, but to a matrix 
effect in the graphite tube. 

Statistical evaluation 

The results summarized in Tables 2-5 suggest that 
the BHA/hexanol technique can reliably determine 
molybdenum in serum at concentrations close to 
normal physiological levels. Precision of 5% or 
better can be expected for replicate samples at 
approximately 1 ng/ml molybdenum content. The 12 
determinations in the validation experiment had a 
precision of 8% at a molybdenum concentration of 
0.8 ng/ml. This slight decrease in precision may partly 
be attributed to the poorer sensitivity under the 
instrument conditions used in the experiment. 

Analysis of variance calculations were performed 
on the data of the validation experiments. No effects 
were observed for the 12 determinations on unspiked 
serum over the three trials, at the 95% confidence 
level. This shows consistency of the technique for 
samples at 0.8 ng/ml molybdenum concentration. 
There were also no significant difference between 
spiking-level or between-determination effects within 
quadruplicate groups. A significant effect was found 
when comparing between-trial data for spiked 
samples. This effect was due to a somewhat higher 
average spike recovery on day 1 as opposed to days 
2 and 3. The magnitude of this error was estimated 
to be 0.1 ng/ml. 

The experiment comparing ICP with GFAAS data 
was performed to validate the technique by two 
methods based on dissimilar principles. The results in 
Table 5 are very close. Analysis of variance calcu- 
lations on these data showed no significant effects at 
the 95% confidence level. 

Evidence of matrix effects in the GFAAS can be 
found in the values for reference materials presented 
in Table 4. Addition of magnesium nitrate can com- 
pensate for these effects in serum samples, as the 
bovine serum falls within the recommended concen- 
tration range. I6 However, bovine liver definitely 
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shows a negative bias when the GFAAS technique evaporation losses. These features make the method 
is used. The value of 3.57 pg/g for the sample in an convenient for the analyst. The method as described 
earlier experiment suggests that simple modifications provides an option for monitoring of blood serum for 
to the procedure, such as increasing reagent volumes, molybdenum and may also be useful for analysis of 
might overcome such interferences. The results for other types of biological samples. 
bovine liver in Table 4 show that the ICP method 
of detection is not prone to matrix effects. For 
samples with molybdenum concentrations in the p g/g 
range, ICP would be the method of choice for 
determination. 

1, 

2. 

3. 

CONCLUSIONS 4. 
5. 

The practical usefulness of the BHA/hexanol tech- 
nique & terms of routine analyses has been demon- 
strated. The GFAAS method presented is far cheaper 
and simpler than NAA. Careful laboratory technique 
and a class- 100 air laminar-flow hood are essential to 
the success of the method. However, even a moderate 
commitment to contamination control should be 
sufficient for reliable results to be obtained. The 
laboratory where this work was performed did not 
have clean-room conditions, yet the results on un- 
spiked Serum samples at the 0.8 ng/ml concentration 

level, over three days, contained no outliers. The 
procedure itself takes 4-5 hr for sample digestion 
(2 ml serum sample size) and approximately 4 hr for 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. J. P. McKaveney and H. Freiser, Anal. Chem., 1957,29, 
290. 
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Summary-An improved continuous-flow analysis method has been designed and applied to the 
determination of ultratrace amounts of cobalt(H) by the catalysis of the tiron-hydrogen peroxide reaction 
in basic medium. From 3 to 5000 pg of cobalt(H) in 1 ml of acidified sample can be determined at a 
samdinn rate of 40 samoleslhour. The relative standard deviations (10 replicates) are 1% at the 100 pg/ml 
levei and 3% at 10 pgjml. ’ 

The need for methods for the determination of cobalt 
at pg/ml-levels is increasing in industrial and environ- 
mental analysis. Hence, kinetic methods based on a 
catalytic reaction have received considerable atten- 
tion in those fields because of their great sensitivity.’ 
It is well known that cobalt(I1) catalyses the ox- 
idation of o-dihydroxybenzene derivatives in a basic 
medium, and many workers have applied this phe- 
nomenon to the determination of cobalt; a number 
of reagents such as tiron (disodium l,Zdihydroxy- 
benzene-3,6-disulphonate),” catecholy quinizarin,” 
quinalizarin,” Alizarin Red S,‘* chromotropic acidI 
and its derivatives,‘4*‘5 gallocyaninei6 and pyro- 
catechol Violet” have been investigated. Among 
them, the method using tiron is especially sensitive; 
moreover, its reaction mechanism has been investi- 
gated and the oxidation product identified.5s6 

In spite of their high sensitivity, these reactions 
have not been used for routine analyses because of 
defects such as poor reproducibility and complicated 
procedures. These difficulties, however, can be elimin- 
ated by means of a flow system. There are two types 
of continuous-flow analysis, the air-segmented flow 
type,” and the unsegmented flow type (flow-injection 
analysis, FIA),” which has been used for catalytic 
analysis. **i3*r4 One of the advantages of the latter is 
its higher throughput rate because of the shorter 
residence time of the sample in the flow system. For 
its use with catalytic reactions, however, a longer 
residence time may be needed, and can be achieved 
by using the stopped-flow mode.*O In such a case the 
sampling rate can be improved by use of a rotating- 
drum parallel flow-injection system.*] The segmented- 
flow method has an inherently longer residence time, 
however, and may offer a simpler flow system. 

We decided to use a segmented-flow system, but 
found it necessary to modify the conventional type of 

manifold to overcome certain problems encountered 
in its use for determination of cobalt by its catalysis 
of the tiron-hydrogen peroxide system, as described 
below. 

EXPERIMENTAL 

Reagents 
A standard cobalt(H) solution was prepared by diluting 

a commercial standard for atomic-absorption spectrometry 
(Nakarai Chemicals). The tiron solution was prepared from 
a commercial reagent (Dotite) without further purification. 
Hydrogen peroxide solution was prepared by diluting a 
commercial 30% solution for atomic-absorption spec- 
trometry (Wake Chemicals). Hydrochloric acid was pre- 
pared by purifying analytical-reagent grade acid by a rapid 
isothermal distillation method we had developed. All other 
chemicals were of analytical-reagent grade and were 
checked for contaminants. The water used was prepared by 
purifying distilled water with a Millipore Mini-Q system. 

Apparatus 

A Shimadzu W-240 spectrophotometer with a flow-cell 
(light-path 10 mm, cell volume 18 ~1) was used for all 
absorbance measurements; pH measurements were. made 
with a Hitachi-Horiba F-7 pH-meter. 

The flow system used is shown in Fig. 1. A Technicon 
proportioning pump and a Sampler II were used. The pump 
tubes were made of Tygon and all other flow lines and 3-way 
mixing joints were made of Teflon. A Teflon home-made 
debubbling unit was inserted immediately before the 
flow-cell. 

An IL Video 12 atomic-absorption spectrometer 
equipped with an IL 755 graphite-furnace atomizer and an 
IL Fastac II automatic sample injector was used for cross- 
checking the analyses. 

RESULTS AND DISCUSSION 

The flow system 

The samples were made 0. 1M in hydrochloric acid 
to prevent the adsorption of cobalt on container 
walls. Sample solutions and blank solution were 
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pump 
sample 

(O.lMHCl) 1.0 

RI 1.0 

thermostot 
MC MC 

M 

MC 

oir 0.6 

ml / min 

Fig. 1. Schematic diagram of the improved continuous-flow system for the catalytic determination of 
cobalt(H). AS, automatic sampler; MC, mixing coil (1 mm bore x 0.5 m, Teflon); RC, reaction coil 
(1 mm bore x 12 m, Teflon); M, mixing joint (Teflon); FC, flow-cell (volume 18 ~1). R,, 0.05M sodium 

carbonate-sodium bicarbonate/O.lM sodium hydroxide; R,, O.OlM tiron; R,, 0.005M H,O,. 

alternately introduced into the sample flow line, 
neutralized and buffered, and then mixed with the 
reagent solutions. In a conventional segmented-flow 
system the sample solution is segmented with air 
before mixing with other solutions. However, when 
this mode was used in the catalytic determination of 
cobalt, undesired peaks appeared at both ends of the 
air segments, because of the irregular mixing of the 
reagents with liquid segments at air-liquid interface, 
and the baseline fluctuated somewhat owing to the 
slight difference in the volume of each liquid segment. 
These effects were successfully eliminated by mixing 
the sample solution with the buffer solution and the 
reagent solutions before segmenting the flow with air. 
To avoid carry-over between samples in the mixing 
coils before they were segmented with air, each 
sample solution zone was separated from the con- 
tiguous blank solution zones by introduction of a 
small air segment when the sampling arm was moved 
from one cup to another on the automatic sampler. 
It was found that if glass tubes and joints were 
used in the flow-line, the absorption signals were 
deformed, probably because of adsorption of the 
oxidation product on the walls of the flow lines. This 
was eliminated by using Teflon tubes and joints. 

The effect of air segmentation on the dispersion of 
a sample zone was checked by using a dye solution. 
The dispersion, D, of the whole flow system is defined 
as A,/A, where A, is the absorbance corresponding to 
the fully developed colour reaction and A is the 
absorbance at the peak obtained by introducing 
sample over a period of 30 sec. In a completely 
unsegmented system D was 2.45. When the individual 
sample flow was segmented with air only at the 
reaction coil, D was 1.40. For the finally-designed 
flow system, D was 1.25. Further experiment indi- 

cated that a sample introduction time of at least 60 
set was required for a flat-topped signal to be ob- 
tained with the final flow system. 

The chemical system 

Tiron is oxidized by an oxidizing reagent such as 
dissolved oxygen or hydrogen peroxide in basic 
medium and forms a yellow product., 22 This reaction 
is accelerated in the presence of trace amounts of 
cobalt(I1). From an e.s.r. spectroscopic study, Otto et 
al.’ deduced that the oxidation product is the tiron 
radical (semiquinone), which is stable for several 
hours. It has an absorption maximum at around 
440 nm, as shown in Fig. 2, and the maximum shifts 
from 440 to 426 nm on increase in the pH from 9 to 

350 400 450 300 

Wavelength (m-n) 

Fig. 2. Absorption spectra of tiron oxidized in basic medium 
@H 10.5). (1) Spectrum of a solution without cobalt(I1). (2) 
Spectrum of a solution containing 100 pg/ml of cobalt(II), 

measured against a solution without cobalt(I1). 
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12, owing to formation of different products at low 
and high PH.’ As shown in Fig. 2, the spectrum of the 
oxidation product has another absorbance maximum 
at 336 mn. Kucharkowski ef uL4 used monitoring at 
this wavelength to determine cobalt, but did not refer 
to the absorption maximum at around 440 nm. In our 
preliminary experiments, the stability of the baseline 
and the reproducibility of the signals were much 
better at 440 nm than at 336 nm though the sensitivity 
at 336 nm was about twice that at 440 nm. Further, 
the absorbance was much less sensitive to change in 
wavelen~h when the #O-mu maximum was used, so 
this wavelength was used for monitoring the ox- 
idation product in the present work, as it was as in 
earlier work.“* 

Efict of pH. Phosphate, ammonium, borate and 
carbonate buffers were tested. When phosphate 
buffer or no buffer was used, the ~pr~u~bi~ty of 
the signals was not so good because the pH was 
unstable in the region around 11. Both ammonium 
buffer and borate buffer were unsuitable because a 
small amount of ammonium and a large amount 
of borate interfered with the catalytic action of 
~balt(I1) (see Table 1). However, carbonate up to a 
concentration of 0.05h4, did not interfere with the 
reaction, and the pH of the solution in the reaction 
coil could be maintained within f0.05 by use of 
0.05M carbonate buffer. The effect of pH on the 
catalysed reaction was examined over the range 
8.5-12. The maximum signal was obtained at a 
pH around 11.2; pH 10.342 was reported as the 
optimum pH by other workers.“,‘,* 

Effect of reagent concentrations. In most methods 
based on catalytic reactions, the reagent concen- 
trations must be kept strictly constant to obtain good 
reproducibility because the rate of catalytic reactions 
is strongly dependent on them. The effect of varying 
the reagent concentration from 10p4M to O.lM 
was examined. The signal for 100 pg/ml cobalt was 
maximal with O.OlOM tiron and 0.005M hydrogen 
peroxide, and changed little over the ranges 
O.Ol(M.OlSM tiron and 0.0~.~7~ hydrogen 
peroxide. 

Eflect of reaction time and temperature. Since the 
coloured oxidation product gradually turns into a 
colourless species on further oxidation with hydro- 
gen peroxide,6 the absorbance curve is typical for an 
intermediate reaction and passes through a maxi- 
mum, Both the maximum absorbance and the reac- 
tion time at which it is obtained vary with the 
reaction temperature. From the response surface 
contours of absorbance as a function of reaction time 
and temperature, the optimum values of the reaction 
time and temperature were found to be 210 set and 
30”, respectively. In addition, at temperatures >40” 
the peak shapes were somewhat deformed. 

Calibration graphs, sensitivity and reproducibility 

In catalytic analysis reaction rate plots are often 
used to obtain a linear relation to catalyst concen- 

too pp/ml 
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Fig. 3. Typical signal traces for various concentrations of 
cobalt(U). Sampling time 60 set, sampling interval 30 set, 
pH 11.2, tiron O.OlM, H202 O.O05M, reaction time 210 set, 

reaction temperature 30”. 

tration. However, in the tiron reaction system, a 
linear calibration graph was obtained by using the 
fixed-time method for cobalt concentrations less than 
500 pg/ml. At cobalt concentrations > 500 pgjml, a 
curved fixed-time graph was obtained because the 
catalyzed reaction could not be regarded as pseudo 
zero-order with respect to the reagent concentrations. 
For example, by using the reported value of the molar 
absorptivity of the oxidation product (3.5 x lo3 
l.mole-t.cm-‘)5 it was calculated that 28% of the 
tiron added was oxidized in the presence of 5000 
pg/ml cobalt. 

The detection limit depends on the background 
signal arising from impurities in the reagents, mainly 
the sodium hydroxide and sodium carbonate. Al- 
though the baseline was raised to a level equivalent 
to 10 pgjml cobalt in a sample by the impurities 
contained in the buffer reagents, the fluctuation of the 
absorbance baseline was <0.0005 over a period of 
several hours. Therefore, the effect of the impurities 
was almost negligible. The cobalt detection limit, for 
a signal-to-noise ratio of 3, was 3 p&/ml, and from the 
dilution of the sample in the flow-cell with the reagent 
solutions and the buffer solution, the apparent molar 
absorptivity for cobalt was calculated to be 6 x IO’ 
l,mole-‘.cm-’ in the linear response region of the 
calibration graph. According to earlier investigations 
of the tiron-hydrogen peroxide reaction, the de- 
tection limit for cobalt obtained by manual operation 
was 600 pgjml (at 336 nm)4 and 50 pg/ml (at 440 
nm),7 and that obtained by FIA with an on-line 
concentrator was 2 pg/mi (at 440 ~n).~ in the present 
study, a lower or comparable value was obtained. 

Figure 3 shows typical absorbance signals obtained 
with the flow system (Fig. 1) under the selected 
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Fig. 4. Typical interference curves in the catalytic determination of cobalt(H). Solid lines, with 100 pg/ml 
cobalt(H); broken lines, without cobalt(I1). (A) Effect of magnesium, (B) effect of iron(III), (C) effect of 

calcium. 

conditions. When each sampling time was set at 60 
set and each sampling interval at 30 set, the volume 
of each sample was 1 ml and the throughput rate was 
40 samples/hour. The relative standard deviations 
(n = 10) were 1% at 100 pg/ml and 3% at 10 pg/ml 
with this flow system, whereas they were 6% at 1000 
pg/ml and 15% at 100 pg/ml by manual operation. 

Interferences 

Although most catalytic analytical methods suffer 
interference from foreign species, the tiron-peroxide 
reaction is little affected, because of the specificity of 
the catalytic action of cobalt(I1). In the present work, 
the interferences were investigated in presence and 

absence of 100 pg/ml cobalt at various concentrations 
of foreign species, and classified into three types as 
shown in Fig. 4 and Table 1. The first type, A in 
Table 1, inhibits the catalytic reaction of cobalt(I1). 
As a typical case, the interference of magnesium is 
shown in Fig. 4(A). Further, this type of the interfer- 
ence generally occurs in the presence of species, e.g., 
EDTA and ammonia, which form stable complexes 
with cobalt(I1). The second type, B, occurs when a 
coloured complex is formed between tiron and the 
foreign species, e.g., iron(II1) as shown in Fig. 4(B), 
and/or the foreign species catalyses the oxidation of 
tiron. Although manganese(I1) and nickel catalyse 
the reaction6 their catalytic activity is far less than 

Table 1. Interference levels of foreign species in the catalytic determination 
of cobalt(H) at 100 &ml (1.69 x 10m9M) level 

Tolerance Tolerance 
Species Type* limit,? M Species Type* limit,t M 

Al(II1) 
Ca(I1) 
Cr(II1) 
Cr(V1) 
Cu(I1) 
Fe(I1) 
Fe(II1) 
M8(II) 
Mn(I1) 
MG’I) 
Ni(I1) 
Pb(I1) 
Sr(I1) 
Ti(IV) 
V(IV) 
V(V) 

A 5 x 10-b 
C 2 x 10-h 
B 1 x 1o-6 
B 1 x 10-S 
B 1 x 1o-5 
B 2 x 10-e 
B 5 x lo-’ 
A 5 x 1o-4 
B 2 x lo-’ 
- 0 
C 1 x 10-6 
- § 
A 1 x 10-S 
B 2 x 1o-5 
B 2 x 10-S 
- 6 

ammonia 
borate 
citrate 
EDTA 
fluoride 
nitrate 
nitrite 
perchlorate 
phosphate 
silicate 
sulphate 
tartrate 

A 5 x 1o-4 
A 1 x lo-’ 
A 1 x lo-’ 
A 1 x lo-’ 
B 1 x lo-* 
A 1 x 10-I 
A 5 x 10-d 
A 1 x 10-l 
A 5 x 10-Z 
A 5 x 1o-6 
A 1 x 10-l 
A 1 x lo-* 

Z;l(II, A 5 x IO-6 

*Interference type indicated in Fig. 4. 
tThe concentration giving 10% deviation. 
§No effect at concentration of 2 x 10m4M. 
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Table 2. Determination of cobalt in various waters 

Cobalt found. null. 

about 10% (n = 5). In view of these values, the 
agreement of the results in Table 2 is acceptable. 

Sample Catalytic method GFAAS 

Distilled water 
Purified water* 
Sea-water: de&h 

5.0 

0.35 
Om 1.7 , . 

5Om 3.4 
IOOm 5.3 

*Purified with a Millipore Milk-Q system. 
tNot determined. 

5.1 
NDt 

1.3 
3.1 
5.8 

that of cobalt(D). The third type, C, enhances the 
catalytic activity of cobalt(I1). As shown in Fig. 4(C), 
calcium acts an enhancer at 2 x 10-6-10-3M concen- 
tration and an inhibitor at concentrations > 10m3M. 
Although a similar effect of magnesium on the cata- 
lytic oxidation of gallocyanine by hydrogen peroxide 
has been reported,r6 it is not clear why inorganic ions 
such as calcium specifically enhance the catalytic 
oxidation. Furthermore, some synergic effects are 
found: zinc acts as a suppressor in the absence of 
calcium, but as an activator in its presence. The 
interferences are summarized in Table 1. The toler- 
ance limit was defined as the concentration causing a 
10% deviation in determination of 100 pg/ml cobalt. 

The system has been applied to the determination 
of cobalt in purified waters and sea-water. Samples 
(100 ml) of distilled water and of water purified with 
a Mini-Q system were evaporated to dryness in a 
ventilated clean box and the residues were dissolved 
in 1 ml of 0.1 M hydrochloric acid. The sea-water was 
collected during a cruise of R.V. Ryohu Maru (Japan 
Meteorological Agency) in spring 1984, and filtered 
through a O&pm Nuclepore filter imm~ately after 
collection. Cobalt(I1) was selectively concentrated by 
a factor of 10 for the catalytic method and of 50 for 
graphite-furnace atomic-absorption spectrometry 
(GFAAS), by chelate formation with 4-(2-thiazolyl- 
azo)resorcinol (TAR) and adsorption on XAD4 
resin (details will be publish~ elsewhere). In the 
analysis of sea-water, the catalytic determination 
required at least 10 ml of sample, whereas the deter- 
mination with GFAAS required at least 250 ml. The 
results are shown in Table 2. The values obtained 
were checked by the standard-addition method for 
type A and type C interferents and by repla~ment of 
hydrogen peroxide by water for type B interferents. 
The reproducibility of the measurement of each 
preconcentrated sample by the catalytic method was 
better than 3% (n = 3) and that with GFAAS was 

CONCLUSION 

me results of this work indicate that more than 
3 pg of cobalt(I1) in 1 ml of acidified sample can be 
determined by the catalytic method based on the 
oxidation of tiron by hydrogen peroxide. By use of 
the improved continuous-flow analysis system in 
which air segmentation is introduced after mixing the 
reagent solutions, good mixing, long residence time 
and little carry-over were achieved. Maximum 
throughput rate was 40 samples/hour. The investi- 
gation of interferences indicates that many species 
interfere when present in IOO-fold ratio to cobalt, and 
need to be eliminated before the dete~nation. 
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HYDROGENATION ENTHALPIMETRY-I 

MICROCOMPUTER-ASSISTED CALIBRATION AND DATA-ACQUISITION 
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Summary-A calorimetric device is described which permits enthalpimetric determination of unsaturated 
hydrocarbons through the enthalpy change for their catalytic hydrogenation. Samples with weights from 
< 1 to about 20 mg can be analysed with a mean error of about 2%. The method makes extensive use 
of digital electronics and is well suited to routine automated determination of unsaturation. The principal 
drawback is lack of specificity. 

Enthalpy, like all thermodynamic properties, is an 
extensive variable 

q =nAH,,, (1) 

where q is the heat of reaction at constant pressure, 
n is the number of moles of reactant and AH, is the 
molar enthalpy change. This means, among other 
things, that if a reaction selective to one component 
of a mixture (the analyte) can be conducted at 
constant pressure, the heat produced or absorbed is 
directly dependent upon the number of moles of 
analyte present. Catalytic hydrogenation of a single 
alkene, polyalkene or alkyne in an alkane or mixture 
of alkanes, is such a reaction. Determining the 
amount of reactant in an unknown by measuring its 
heat of reaction at constant pressure is a well-estab- 
lished analytical technique called enthalpimetry.i4 
To distinguish the method from thermometric ti- 
tration,>’ in which the end-point is indicated by 
cessation of heat-production when all the analyte has 
been used up, the method is called direct enthalpi- 
metry. A favoured technique in direct enthalpimetry 
is to inject the sample into an excess of reagent, and 
for this the term direct injection enthalpimetry (DIE) 
is used. 

Instrumental factors having been optimized, the 
sensitivity of an enthalpimetric method is ultimately 
limited by the enthalpy change per mole of analyte, 
which determines the slope of the calibration graph 
of measured heat output us. moles of analyte taken. 
Hydrogenation has one of the highest known molar 
enthalpy changes at room temperature.‘-” The molar 
enthalpy change for hydrogenation of a typical al- 
kene is more than twice the enthalpy change for 
neutralization of a strong acid with a strong base. 
Hydrogenation of polyalkenes and alkynes is even 
more exothennic than that of alkenes. 

We have developed an automated microcalori- 
meter that represents a considerable advance on 
previous designs.1’-‘6 It uses a single-board micro- 
computer for precise electrical calibration, and 

collects and treats digitized data under the control of 
a second, independent microprocessor. The device 
will be used for enthalpy measurements in various 
analytical investigations, e.g., direct injection hydro- 
genation enthalpimetry. 

THEORY 

Some time ago, we described a method of hydro- 
genation enthalpimetry that depended on chemical 
calibration.“-‘6 A known amount of an appropriate 
standard was injected into a suitable calorimeter and 
the temperature rise on hydrogenation was noted. 
The temperature rise for injection of an analyte 
sample into the same calorimeter under identical 
conditions was also measured. The ratio of the molar 
enthalpies of hydrogenation of the analyte and the 
standard was used to calculate the number of moles 
of analyte. 

There are some drawbacks to chemical calibration 
for hydrogenation enthalpimetry. For example, the 
method is not applicable to styrene even though that 
can be quantitatively hydrogenated to ethylbenzene 
over 5% Pd-charcoal catalyst under 2 atm pressure of 
hydrogen at room temperature.” 

Augustine ‘* has described differences in inter- 
actions between some commonly-used heavy metal 
catalysts and various reactants and their hydro- 
genation products. Although the aromatic ring is not 
hydrogenated under these conditions, it does interact 
with the catalyst surface, probably by x-complex 
formation. Aromatic molecules shield the catalyst 
surface and prevent approach by less electron-rich 
molecules such as the I-hexene frequently used as the 
chemical standard in hydrogenation calorimetry10 
and enthalpimetry.4 Though not generally regarded 
as catalyst poisons, aromatic analytes severely retard 
hydrogenation of the standard, and the method of 
chemical calibration breaks down. 

Aromatic molecules, notably styrene itself, are not 
hindered in this way. Even in the presence of its 
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Fig. 1. Block diagram of tandem microcomputers and 
solution calorimeter (th = thermistor; m and b are the slope 

and intercept of dr/dt as calculated by yC,). 

hydrogenation product, ethylbenzene, styrene is evi- 
dently successful in competing for the catalyst surface 
and reacts cleanly and rapidly. One scheme for 
hydrogenation enthalpimetry might be to use 
a known solution of styrene as the standard for 
measuring the styrene content of analyte solutions. 
Because of its proclivity for polymerization, however, 
styrene is not a good standard. The pure reagent and 
its solutions in an inert solvent pose storage problems. 

The same difficulties are encountered in the hydro- 
genation thermochemistry of free fatty acids, and 
their methyl esters and triglycerides.“*’ All of these 
compounds are in some degree chemically unstable 
and all associate more strongly with palladium cata- 
lysts than do stable, commonly-used thermochemical 
standards. 

We have, therefore, chosen electrical calibration of 
the enthalpimetric calorimeter for these studies. The 
coulomb is, perhaps, the most fundamental chemical 
standard of all and has been measured very accu- 
rately.** The fundamental thermochemical unit, the 
joule, is 1 volt-coulomb. Electrical standardization is 
commonplace in classical thermochemistry and most 
other enthalpimetric methods, but has not been re- 
ported for hydrogenation enthalpimetry. In this series 
of papers, we propose to develop methods for en- 
thalpimetric determination of a number of analytes, 
including styrene, simple lipids and simple lipid 
mixtures, for which chemical standardization is not 
well-suited. 

The method of electrical standardization is based 
on the relation 

J = VQ = ?‘Zt = I”Rt (2) 

where V is the voltage across a resistance of R ohms, 
I is the current in amperes and t the time in seconds. 
Because the method is microanalytical, intended for 
the determination of milligram quantities of analyte, 
it uses short calibration times t and employs a digital 
data-gathering scheme. Some sophistication is re- 

quired in the electrical apparatus; the classical knife- 
switches and potentiometer have been replaced by 
microcomputers and microelectronic interface cir- 
cuits which are programmable, more accurate and 
much faster. 

EXPERIMENTAL 

In recent years, our enthalpimetric apparatus has been 
brought under microcomputer control. Figure I is a block 
diagram of the apparatus in its present form. A control 
microcomputer PC, sends current for a very precise time I 
through the heating circuit of the calorimeter CAL.‘“i6 The 
temperature within the reaction flask is transduced by a 
thermistor-bridge combination into a voltage in mV and 
sent to microcomputer PC, which digitizes and stores the 
mV values obtained at regular time intervals. After storage 
of the digitized heating curve as mV =f(t), the slope and 
intercept of the heating curve before and after the heating 
pulse are calculated by PC, and stored in microcomputer 
PC,. Microcomputer PC, is programmed to calculate the 
temperature rise, AT, due to electrical heating, that would 
ideally have been observed if there had been instant heating, 
no heat leak and no instrumental lag. The heat generated 
electrically is qc,. 

The procedure is repeated for injection of a sample, which 
generates a heat of hydrogenation q,, . The new heating curve 
is stored in digital form and treated by PC, in the same way 
as the curve for qc, The ratio of the temperature change for 
hydrogenation to the temperature change for electrical 
calibration yields a precise heat of reaction in joules. The 
molar enthalpy of hydrogenation of the analyte, AH,,,,, 
having previously been entered into it, microcomputer PC, 
completes the calculation of the number of moles of analyte 
present, from equation (l), and prints the result. 

Details of the components in Fig. 1 are as follows. 
Microcomputer PC,. The single-board microcomputer 

(MMD-I, E & L Instruments Inc.) is programmed to control 
a switching circuit SW so as to send a precise energy pulse 
of I’Rr joules to the calorimeter. The circuitz3 and the 
machine-language programz4 are described elsewhere. The 
voltage at the microcomputer output port is used to drive 
a DIP reed relay (Mauser Electronics) having a maximum 
operating time of 0.2 msec. The relay, in turn, places a 
regulated voltage of 12.54 V across a 199.3-ohm resistor 
within the reaction flask to deliver J = 12Rt joules of heat. 
In this work, calibration pulses covering the range 1-15 J 
were used, with heating times of 1.318-10.545 sec. The 
current was read from a digital milliammeter and was the 
least accurately known electrical operating variable, being 
about 60.0 + 0.2 mA. 

CAL. The reaction vessel is a thermally isolated 25-ml 
Erlenmeyer flask fitted with a rubber septum through which 
pass the heating resistor, a hydrogen inlet needle and a 
steel-jacketed thermistor probe (YSI 406, Cole-Panner In- 
strument Co., 8436, time-constant 2.5 set). The temperature 
change occurring within the reaction flask is monitored by 
using the thermistor probe as part of a 1.5-V d.c. bridge 
circuit, BR, (Leeds & Northrup 4775), which communicates 
the bridge imbalance (mV) to an analogue-to-digital con- 
verter A/D and thence to a second microcomputer PC,. 

The reaction flask contains 20 ml of hexane, 300 mg of 
5% Pd-charcoal catalyst (Aldrich) and a magnetic stirring 
bar. Hydrogen is admitted to the flask before a series of 
experiments and is maintained at a constant pressure of 2 
atm. The stirring rate is about 400 rpm. Thermal insulation 
is achieved by using a combination of foam blankets and 
concentric Styrofoam boxes. Injections are made with a 
microsyringe (Hamilton) with a mechanical stop set at 40 ~1 
(calibration of the syringe used showed its mean delivery 
volume to be within 0.2% of the nominal value, with 
reproducibility 0.6%). Solutions of I-heptene were made up 
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Table 1. Enthalpimetric determination of I-heptene in amounts from 
3.4 to 16.5 pmol 

Amount Amount 
Number of taken, found, Difference, Standard 

determinations mg mg % deviation, mg 

12 16.5 16.3 -1.2 0.22 
9 8.34 8.31 -0.4 0.09 

13 8.30 8.40 1.2 0.06 
9 5.67 5.69 0.4 0.05 

11 5.47 5.57 1.8 0.03 
11 5.38 5.43 0.9 0.04 
12 4.33 4.35 0.5 0.07 
14 4.24 4.27 0.7 0.07 
12 4.08 4.16 2.0 0.04 
9 3.07 3.19 3.9 0.04 
9 1.49 1.45 -2.7 0.09 

10 1.49 1.42 -4.7 0.06 
10 1.35 1.46 8.1 0.07 
5 0.723 0.738 2.1 0.02 
9 0.679 0.644 -5.2 0.03 

10 0.339 0.334 -1.5 0.03 
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in n-hexane so that the amount of analyte in a 40-~1 sample 
varied from < 0.4 mg to > 16 mg, as shown in Table 1. The 
sum of reaction time plus instrumental response time was 
about 10 sec. 

Microcompuler PC,. The second microcomputer 
(Bascom-Turner, Model 3110) gathers 500 points for the 
bridge output as a function of time, by means of a 12-bit 
A/D converter. One point is stored every 200 msec and a 
continuous curve is drawn concurrently with the data- 
gathering. This is essentially a temperature-time curve 
except that the temperature is measured in mV units. 

Having collected the data set, PC* performs a linear 
least-squares treatment on segments of the temperature- 
time curve just before the thermal event, e.g., electrical 
heating, and immediately after it. In these experiments, 150 
points were treated before the thermal event and their 
least-squares slope and intercept calculated and entered into 
microcomputer PC,. Immediately after the thermal event, a 
sharp temperature rise was noted. The point of vertical 
inflection*’ of the temperature-time curve was estimated 
visually from the recorder plot and entered in PC,. After a 
thermal steady-state had been re-established, 150 points 
were subjected to least-squares treatment to obtain a second 
slope and intercept which were entered into PC,. Of the 500 
data points collected in a typical run time of 100 set, 150 
were used to establish a linear function T =f(t) before the 
thermal event, 200 were discarded during the period immedi- 
ately after the thermal event, except that the time when the 
curve passed through its vertical inflection 1, was noted, and 
150 were used to establish T = g(t) after the thermal event. 

Microcomputer PC,. This is a commercial microcomputer 
(Tandy TRS-80 Model III) which accepts the data and 
treats them according to an accepted procedure25 to find the 
ideal AT for the electrical heating, free of thermal and 
instrumental drift. The first linear functionf(r) was extrap- 
olated forward to t, to obtain one point T, on a vertical line 
drawn through the inflection point and the second function 
g(r) was extrapolated back to t, to obtain a second point T, 
on the vertical. The temperature difference T, - T, is the 
idealized temperature rise AT (in units of mV) and is 
proportional to the heat released in the thermal event, q., or 
q,,. Once the ratio of the AT values for electrical heating and 
hydrogenation is known, q,, is also known because 
qcl = I*RI. The number of moles of analyte follows from 
AH,, m for the analyte. 

M’icrocomputer PC, is programmed (in BASIC) to com- 
pute and print the number of milligrams of analyte in the 
sample. Minor changes can be made in the programming, 

to obtain the enthalpy of hydrogenation for temperature 
ratios obtained for hydrogenation of a known amount of 
alkene having an unknown AH,,_,, equation (1). 

RESULTS AND DISCUSSION 

A series of 12 heating pulses qe, was sent to the 
calorimeter and the individual AT values were 
recorded. After each pulse, the bridge had to be reset 
to restore the base-line (bridge output voltage) to its 
original value. The bridge output and the thermistor 
response differed in their temperature coefficients, 
and an upward trend in mV output was found, for 
constant qe,. Non-linearity over a temperature range 
of a few mK is expected to be very small, however, 
and agreement between successive calibration pulses 
is expected to be good, as indeed it must be for the 
method to work. 

The mean ratio of successive pulses for 
qel = 3.67 f 0.01 J is expected to be 1.000 and was 
found to be 1.004 with a standard deviation of 0.016. 
A ratio that is slightly larger than expected is consist- 
ent with a slight upward trend in measured qc,. The 
uncertainty of 0.3% in the heating pulse is due mainly 
to uncertainty in measurement of I. The relative 
standard deviation of 1.6% is the total uncertainty 
contributed by all instrumental elements of the cali- 
bration and data-gathering circuitry. It is due mainly 
to uneven heat leak from the calorimeter and 
temperature-sensing apparatus. Slight variations in 
heat leak are magnified by the extrapolation pro- 
cedure. This source of error is thought to be the main 
limitation on the accuracy of the present method. The 
standard deviation of instrumental response is close 
to the total uncertainty given in Table 1 for the 
experiments in which 4-5 mg of analyte were taken. 
The remaining known source of error is sample 
delivery. 

I-Heptene has a molecular weight of about 100 and 
AH,,,, is - 126.6 kJ/mole, so 1 mg of analyte is 



286 D. W. ROGERS and B. J. SIEDMAN 

equivalent to about 0.8 J. Both electrical calibration 
errors, uncertainty in Z and the 0.4% upward trend 
due to non-linear bridge and thermistor response, are 
minor components of the total error. All these 
sources of error have obvious remedies and we do not 
think that the limits of accuracy or sensitivity have 
been reached. 

The results for 16 series of determinations over a 
40-fold (0.34-16.5 mg) variation in sample size are 
shown in Table 1 for 1 -heptene dissolved in n -hexane. 
The mean of the relative deviations (irrespective of 
sign) is 2.3%, and there is a slight positive bias, i.e. 
the mean of the signed deviations is +0.37%, but 
this is not significant in the light of the 2.3% dis- 
persion of the data set. The AZ&,, calibration value 
could have been selected so as to get rid of the 
positive systematic deviation but there is, at present, 
no thermochemical justification for doing SO.*~*~’ 
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Summary-Three methods have been developed for the determination of nomifensine maleate alone and 
in capsules: a spectrophotometric, an iodine charge-transfer, and a spectrofluorimetric method. All three 
give linear calibration graphs, over the ranges 20-100, l-5 and 0.14.5 pg/ml, respectively, with coefficients 
of variation of 0.8, 1.3 and 1.3%, respectively. 

Methods reported for the determination of nomi- 
fensine maleate include polarographic and am- 
pcrometic,’ TLC’,’ and HPLC and GC4,5 procedures. 
The polarographic method is non-specific since it is 
based on electroreduction of the maleate ion. The 
amperometic method involves titration with silico- 
tungstic acid. The chromatographic methods deal 
mainly with the separation and determination of 
nomifensine in presence of its metabolites in human 

urine and serum. 
This paper deals with the determination of nomi- 

fensine maleate alone and in capsules by (i) a spec- 
trophotometric method, (ii) a charge-transfer method 
with iodine, and (iii) a direct spectrofluorimetric 
method. 

EXPERIMENTAL 

Reagents 

Spectroscopic grade methanol was used, and other sol- 
vents were analytical reagent grade. 

Iodine solution. A IO-mg/ml solution freshly prepared in 
dry chloroform. 

Standard solutions of nomifensine maleate. For the AA 
method prepare accurately a I-mg/ml solution in O.lM 
hydrochloric acid. For the-spectrofluorimetric method pre- 
Dare accurately a 0.25ma/ml solution in 0. IM hydrochloric 
acid; using appropriate standard flasks, dilute 2i) ml of this 
solution to 50 ml with O.lM hydrochloric acid and then 5 
ml of that solution to 100 ml with O.lM sodium hydroxide 
to give a final concentration of 5 pg/ml. For the iodine 
method transfer an accurately weighed quantity of nomi- 
fensine maleate equivalent to 20 mg of nomifensine base to 
a separating funnel containing 10 ml of water, add 5 ml of 
0.1M sodium hydroxide and mix, then extract with four 
20-ml portions of chloroform, washing each extract with the 
same three 15-ml portions of water and filtering each extract 
through anhydrous sodium sulphate into a lOO-ml standard 
flask; wash the filter with three 5-ml portions of dry 
chloroform and dilute to volume with dry chloroform. 
Dilute 25 ml of this solution to volume with dry chloroform 
in a IOO-ml standard flask to give a final concentration (free 
base) of 50 ng/ml. 

Calibration graphs 

Spectrophotometric method. Into one set of IOO-ml stan- 
dard flasks pipette 1,2, . . . , 9,10 ml of the I-mg/ml stan- 
dard solution and dilute to volume with O.lM hydrochloric 
acid. Into a second set of 100-ml standard flasks pipette 
corresponding volumes of the same standard solution and 
dilute to volume with O.lM sodium hydroxide. Measure 
each solution at 283 nm against the appropriate blank, and 
plot the absorbance difference (AA) for each pair against 
concentration. 

Spectrofluorimetric method. Pipette 1, 2, 3, 4 and 5 ml of 
the 5-pg/ml standard solution into 50-ml standard flasks, 
and add 4, 3,2, 1 and 0 ml of O.lM sodium hydroxide, as 
appropriate, to make a total volume of 5 ml of O.lM alkali 
in each flask. Complete to volume with spectroscopic grade 
methanol. Read the fluorescence at 340 nm, using 292 nm 
as the excitation wavelength. Plot fluorescence intensity 
against concentration. 

Charge-transfer method. Pipette 1,2, 3,4 and 5 ml of the 
50+g/ml standard in dry chloroform into 50-ml standard 
flasks. Add 5.0 ml of IO-mg/ml iodine solution to each. 
Dilute to volume with dry chloroform, mix and allow to 
stand for 15 min at room temperature. iAeasure the absorb- 
ance at 293 or 366 nm against a reagent blank. Plot 
absorbance against concentration. 

Procedures for capsules 

Weigh the contents of 20 capsules of nomifensine maleate 
(e.g., Merital capsules, 20 and 50 mg) and find the average 
weight per capsule. For the AA method weigh accurately an 
amount of the capsule contents equivalent to about 50 mg 
of nomifensine maleate and transfer it to a 100~ml standard 
flask. Add 80 ml of O.lM hydrochloric acid, shake the flask 
for 15 min, dilute to volume with O.lM hydrochloric acid, 
mix and filter through a dry paper. Reject the first portion 
of filtrate. Into each two lOO-ml standard flasks, pipette 10 
ml of the filtrate. Dilute to volume in one flask with O.lM 
hydrochloric acid, and in the other with O.lM sodium 
hydroxide, and measure the absorbance at 283 nm against 
the appropriate blank. Use the calibration graph to find the 
concentration corresponding to AA. 

Spectrofluorimetric method. Weigh accurately an amount 
of the capsule contents equivalent to about 10 mg of 
nomifensine maleate. Transfer to a lOO-ml standard flask, 
add 80 ml of O.lM hydrochloric acid, shake the flask for 15 
min, complete to volume with O.lM hydrochloric acid, mix, 
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Xhm) 

Fig. 1. Absorption spectra of 65pg/ml nomifensine maleate 
in O.lM sodium hydroxide (-) and O.lM hydrochloric 

acid (---), and the AA curve (-.-). 

filter (dry paper), reject the first portion of filtrate, pipette 
5 ml of filtrate into a lOO-ml standard flask and dilute to 
volume with 0.M sodium hydroxide. Pipette 3 ml of this 
solution into a SO-ml standard flask, add 2 ml of O.lM 
sodium hydroxide and dilute to volume with spectroscopic 
grade methanol. Read the fluorescence intensity at 340 nm, 
with excitation at 292 nm. Read the concentration from the 
standard graph. 

Charge-transfer method. Weigh accurately a quantity of 
the capsule contents equivalent to about 10 mg of nomi- 
fensine base into a separating funnel containing 10 ml of 
water. Add 5.0 ml of 0.M sodium hydroxide and mix. 
Proceed as for the standard solution preparation, starting 
with the chloroform extraction. Transfer 6 ml of the final 
chloroform solution to a 5-ml standard flask and continue 
as for preparation of the calibration graph. Read the 
concentration from the standard graphs. 

RESULTS AND DISCUSSION 

Nomifensine maleate contains a primary aromatic 
amino-group and in O.lM sodium hydroxide exhibits 
an absorbance peak at 283 nm which is absent for the 
compound in 0.1 M hydrochloric acid, owing to pro- 
tonation of the aromatic amino-group (Fig. 1). The 
absorbance difference (AA) is maximal at 283 nm, 
and can be used6T7 to correct for the absorption of any 
interferents that have spectra which are not depend- 
ent on pH. The calibration graph is linear from 20 to 
100 pg/ml. The molar absorptivity calculated from 
AA at 283 nm is 1.12 x lo3 l.mole-‘.cm-‘. 

Nomifensine base in alkaline methanol is 
fluorescent, and has maximum emission at 340 nm 

Nomifensme 

70 - 

‘O- ,/ 
I 

/ 
, I I I I 

420 360 340 300 260 220 

Xlnm) 

Fig. 2. Relative fluorescence excitation (-) and emission 
(---) spectra of 0.02-pg/ml nomifensive maleate in 

methanol:O. 1M sodium hydroxide (90: 10) mixture. 

when excited at 292 nm (Fig. 2). The intensity of 
fluorescence is linearly related to concentration over 
the range 0.145 fig/ml. At the normal instrumental 
gain setting used, the method is about 200 times more 
sensitive than the AA method and can be recommen- 
ded for determination of nomifensine in biological 
fluids after a suitable separation; a higher instrumen- 
tal gain seting can be used if needed. The volume of 
0.1 M sodium hydroxide in the total 50 ml of final 
solution must be kept constant for the samples and 
standards, and spectroscopic grade methanol must be 
used or fluorescence quenching may occur. The 
fluorescence is very weak if purely aqueous 0.1 M 
sodium hydroxide is used, but greatly increases in the 
methanolic medium. 

The immediate change of the violet colour of 
iodine in chloroform to lemon yellow on reaction 
with nomifensine in dry chloroform suggests charge- 
transfer complex formation, and two new absorption 
maxima are found to occur at 293 and 366 nm 
(Fig. 3). For quantitative reaction the use of 5 ml of 

0.5 
r 

0.4 

E 0.3 
0 
z 
g: 0.2 

b 

““L 
270 290 310 330 350 370 390 

Xtnm) 

Fig. 3. Absorption spectrum of 3+g/ml nomifensine 
complex with iodine in dry chloroform. 
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Table 1. Spectrophotometric and fluorimetric determination of nomifensine maleate 

Found* 9 % f s d . . 

Sample 

Authentic 

AA method, 
283 nm 

99.7 f 0.84 

Iodine method 

293 nm 366 nm 

99.7 * 1.25 99.5 f 1.30 

Fluorimetric method 
I, = 292; 1, = 340 nm 

99.6 f 1.29 
(n) 

F-test (0.05) 
f-test (0.05) 

Capsules 
(25 mg each) 
(n) 
F-test (0.05) 
r-test (0.05) 

Capsules 
(50 mg each) 
(n) 
F-test (0.05) 
r-test (0.05) 

101.7 * 0.60 100.8 f 1.27 101.5 f 1.02 100.9 + 0.85 

Y 4.48 (5.05) ?I 

l.89(2.23)66 

99.4 f 0.96 99.5 f 0.75 99.1 f 0.72 98.9 + 0.57 
6t 6 6 

2.84 (5.05) 
t6 

1.56 (2.23) t 

*Relative to amount taken or nominal content. 
Figures in parentheses show significance levels. (n) = number of experiments. 

lo-mg/ml iodine solution is found to bc adequate. The results in Table 1 show that the three methods 
The absorbances at 293 and 366 nm should be have similar accuracy and precision. Themethods are 
measured 15 min after the addition of the reactants, reproducible, accurate, and easy to automate for 
for stable readings to be obtained. I&r’s law is routine analysis. 
obeyed over the concentration range l-5 pg/ml. The 
apparent molar absorptivities are 3.47 x lo4 at 
293 nm and 2.29 x 104 l.mole-‘.cm-’ at 366 nm. 

The iodine charge-transfer method is only about a 
tenth as sensitive as the fluorimetric method but I. 
about 20 times more sensitive than the AA method. 
It is non-specific, however, since many basic nitroge- 2. 
nous compounds form charge-transfer complexes 3 
with iodine under the same conditions. 4: 

The results obtained by using the three methods 
(Table 1) have been statistically analysed with regard 5. 
to accuracy and precision. The variance ratio (F) test 
was applied to the highest and lowest variance in each 

6 
7: 

row and the t-test to the highest and lowest means. 
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Summary-The construction and performance of a graphite-tube furnace for use in laser-excited atomic- 
fluorescence spectrometry are evaluated. The graphite-tube furnace gives better detection limits than a 
cup-furnace does for the non-volatile elements. 

In most research on atomic-fluorescence spec- 
trometry with atomization in a graphite furnace,‘-’ an 
open furnace, such as a graphite cup, has been used. 
A tube furnace has been utilized most often in 
atomic-absorption spectrometry. The semi-enclosed 
design of the tube provides better conditions for 
atomization than does the graphite cup. The difficulty 
in using a tube furnace for atomic-fluorescence is 
observation of the fluorescence. Dittrich and Stark8 
used passage of the laser beam through holes in the 
sides of a graphite tube and viewed the fluorescence 
through the end of the tube. However, they only 
reported improved sensitivities (slope of calibration 
curve) and did not discuss any other figures of merit. 

Because of the poorer atomization conditions in 
the graphite cup, many of the refractory elements 
have not been studied by atomic-fluorescence gener- 
ated in a graphite furnace. The refractory elements 
generally require very high temperatures for atom- 
ization, awing to the formation of involatile carbides 
with the graphite. In previous work from this labora- 
tory,’ atomic-fluorescence was excited by a laser 
beam in a graphite-cup furnace placed in an argon 
atmosphere. Poor results were obtained for alumi- 
nium, the least volatile of the elements studied. To 
improve on those results, better atomization con- 
ditions were needed. This communication describes a 
tube furnace to be used with laser-excited atomic- 
fluorescence spectrometry. 

EXPERIMENTAL 

The laser system, the argon furnace system, the detection 
electronics, and the experimental procedure, were as de- 
scribed earlier.’ Figure 1 shows the tube-furnace system. The 
laser beam passed through a $-in. hole in the tilted mirror 
and then excited the atoms in the channel through the 
graphite tube. The fluorescence radiation travelling in the 
opposite direction to the propagating laser beam was 

*This research was supported by AFOSR-86-0015. 
TAuthor to whom correspondence should be sent. 

reflected off the mirror and focused (without magnification) 
by a lens (diameter 2 in., focal length 3 in.) into the 
monochromator. The tube furnace was placed in an en- 
closed argon atmosphere; a glass dome covered the tube 
furnace, and both the laser beam and the fluorescence had 
to pass through a quartz window in it, placed between the 
tube furnace and the mirror. One change made from the 
previous design’ was that the glass arm holding the window 
was cut at an angle of 45” to the incident beam. Con- 
sequently, the small (N 5%) laser reflection from the win- 
dow was directed upwards rather than back towards the 
mirror, where it might have been directed into the mono- 
chromator, causing a large scatter signal. The graphite tube 
(Fig. 2) was held between two spring-loaded graphite elec- 
trodes. For practical reasons, the graphite tube was not 
pyrolytically coated. Two power supplies (TCR 34, Elec- 
tronics Measurements) were connected in parallel to provide 
rapid heating of the graphite tube. 

The mirror and the graphite tube system were aligned by 
placing the mirror so that the laser beam would pass axially 
through the hole in the mirror and the graphite tube. The 
monochromator was set in the visible wavelength region and 
the output from the photomultiplier tube was connected 
directly to a chart recorder. The graphite tube was then 
heated for a long period of time while the mirror and lens 
were aligned to give the largest signal from the graphite 
emission. This alignment ensured that the image of the 
centre of the graphite tube was focused onto the mono- 
chromator slit. 

RESULTS AND DISCUSSION 

In Table 1, the detection limits obtained for several 
elements by use of the tube furnace are given. 
Figure 3 shows the calibration curves. In comparison 
with the results obtained with the graphite cup 
previously described,’ the detection limit for Cu was 
poorer and that for Al was better. Also, it should be 
noted that MO and V were not even measurable with 
the previous graphite-cup system but were readily 
detectable with the tube furnace. 

The results for copper were poorer because the 
metal is relatively volatile and atomizes more easily 
in the graphite cup. When the graphite tube was used, 
the amount of fluorescence collected was significantly 
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Fig. 1. Optical arrangement of tube furnace system for laser-excited atomic-fluorescence. 

less than with the cup furnace. In the tube furnace, 
there were light losses due to fluorescence escaping 
through the hole in the mirror. Also, the graphite 
tube limited the solid angle of the light leaving it. For 
these reasons, the tube furnace did not work as well 
as the plain graphite cup for the more volatile 
elements. 

The improved results for Al, MO, and V showed 
that the graphite tube was more effective than the 
graphite cup for atomizing these elements. The semi- 
enclosed furnace was necessary for atomizing MO and 
V. However, the detection limits were still signifi- 
cantly worse than those obtained by electrothermal 
atomic-absorption, especially for V. The results from 
this work could have been improved by using a 
pyrolytic coating on the tube furnace, to minimize 
carbide formation. However, because of the bulkiness 
of the furnace, in situ coating of the graphite tube 

with pyrolysed methane was not possible. Also, the 
limiting noise of a blank run was due to scatter of 
laser radiation into the monochromator by particles 
within the furnace. A pyrolytic coating should mini- 
mize this scatter. Another problem was the laser 
scatter caused by the front of the quartz window. 
Even though most of the scatter was deflected up- 
ward, a small fraction would still be measured by the 
photomultiplier tube. In most cases, a neutral density 
filter cutting off at least 99% of the radiation had to 
be used in front of the monochromator so that 
the detection electronics would not be overloaded. 
Placing the front quartz window at the Brewster 
anglelo should minimize such scatter and probably 
improve the detection powers by l-2 orders of 
magnitude. 

The other major problem was the light loss 
through the hole in the mirror. A i-in. hole was 

Table 1. Limits of detection by laser atomic-fluorescence 
spectroscopy* 

Wavelength, nm Limits of detection, pg 

Element Exe Fl Tube7 Cup’ GFASSy 

Al 394.4 396.2 1 x 102 5 x lo24 1 
cu 324.8 327.4 8 2 2 
MO 313.3 317.0 1 x 102 W 1 x 102 
V 385.6 411.2 2 x lo5 W 2 x 10’ 

*Defined as 3a/m, where u = standard deviation of the 
blank and m = slope of calibration curve; 5-yl volumes 
were used. 

tThis work. 
Fig. 2. A graphite-tube furnace for laser-excited atomic- $Hydrogen-argon atmosphere. 

fluorescence. $No signal. 
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Fig. 3. Log intensity us. log mass for the graphite-tube 
furnace method. Slopes: Cu 0.90; MO 0.80; Al 0.55; V 0.95. 

originally used but alignment was much more 
difficult, and there was more scatter as the laser beam 
passed through the hole. Such scatter was worse 
when a frequency-doubled beam was used since it had 
a much larger diameter. Modifications of the tube 
furnace are currently being made to improve the 
detection powers. However, the tube furnace design 

described in this paper should be of interest to those 
workers requiring high detection powers and wide 
analytically useful ranges. 
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Summary-A selective spectrophotometric determination of copper is based on extraction of the copper- 
ferron complex with tribenzylamine in chloroform at low acidity, and measurement of the absorbance of 
the yellow extract at 410 nm. Beer’s law is found to hold up to 8 fig/ml copper concentration. Of 30 
elements tested, only molybdenum interferes. The ratio copper:ferron:tribenzylamine in the extracted 
species is 1:2:2. 

Over 1000 methods are available for the spectro- 
photometric determination of copper’ but only a few 
are sufficiently selective to be useful.2 Although ferron 
(7-iodo-8-hydroxyquinoline-5-sulphonic acid) is used 
for determination of several metals,2 and might there- 
fore be regarded as an unsuitable reagent for copper, 
its copper complex is extractable from slightly acidic 
solutions by tribenzylamine solution in chloroform. 
Most of the transition elements do not form extrac- 
table coloured complexes under the conditions used 
for the copper extraction, and those that do can be 
masked by suitable complexing agents. 

EXPERIMENTAL 

Reagents 

Stock solution of copper (5mglml). Prepared from the 
sulphate, standardized by the cuprous thiocyanate method,3 
and further diluted as required. 

Stock solutions of other elements (lOmg/ml). Prepared by 
dissolving suitable-salts in water or dilutehydrochloric acid. 

Tribenzylamine (TBA) solution in chloroform, IOmg/ml. 
Aqueous ferron solution, 1 mg/ml. 

Decomposition of samples 

Steels. Dissolve a 0.1-g sample in N 15 ml of 2M sul- 
phuric acid with gentle heating. Add 0.5 ml of concentrated 
nitric acid and evaporate nearly to dryness. Cool, take up 
the residue in N 5 ml of water, add dilute ammonia solution 
until the appearance of a slight precipitate, then just clear 
the solution by addition of dilute sulphuric acid. Dilute the 
solution to volume in a 254 standard flask. Determine the 
copper content in -a suitable aliquot. 

White metals. Place a 0.15-g sample in a loo-ml beaker 
covered with a watch-glass and dissolve it in the minimum 
amount of concentrated nitric acid. Add 2-3 ml of concen- 
trated sulphuric acid, evaporate nearly to dryness, cool, 
dilute to 10 ml with water, evaporate to fumes of sulphur 
trioxide. cool and dilute to -30 ml with water. Filter 

*Present address-Department of Chemistry, Kurukshetra 
University, Kurukshetra-132119, Haryana, India. 

(Whatman No. 41 paper) and wash the residue twice with 
hot water. Add dilute ammonia solution to the combined 
filtrate and washings until a slight precipitate appears, clear 
the solution with dilute sulphuric acid, cool, dilute to 
volume in a 50-ml standard flask, and analyse a suitable 
aliquot for copper. 

Procedures 

To a nearly neutral solution containing less than 200 pg 
of copper, in a 100~ml separatory funnel, add 12 ml of ferron 
solution, 1 ml of 1M sulphuric acid and enough distilled 
water to make up to N 20 ml. Extract the copper(IIkferron 
complex with two lO-ml portions of TBA solution in 
chloroform, shaking each time for 1 min. Combine the 
extracts in a 25-ml standard flask, make up to the mark with 
chloroform, and measure the absorbance at 410 nm in 
I-cm glass cells against a similarly prepared reagent blank. 
Prepare a calibration curve in the same way with known 
quantities of copper. 

Samples containing iron. After the reagents, add 100 mg of 
hydrazine sulphate and heat until the green colour of the 
iron(W) complex is completely discharged. Cool, transfer to 
the separatory funnel and pass carbon dioxide through the 
solution for at least 1 min before performing the extraction. 
Use a third extraction with 5 ml of TBA solution. 

Samples containing titanium, zirconium and/or tin. Before 
adding the ferron, mask these elements with up to 100 mg 
of sodium fluoride. 

Samples with vanadium and/or chromium. Add up to 
500mg of ascorbic acid to the solution before the ferron. 

Samples containing antimony and/or tungsten. Add up to 
100 mg of tartaric acid before the ferron. 

RESULTS AND DISCUSSION 

When ferron is added to an acidic solution of 
copper(I1) a yellow complex is formed which is 
extractable into isopentyl alcohol or butan-l-01 but 
not into benzene, chloroform, carbon tetrachloride, 
carbon disulphide, isopentyl acetate, ethyl acetate or 
methyl isobutyl ketone. Tertiary amine solutions in 
chloroform also extract the complex readily to give 
maximum absorbance at 410415nm (Fig. 1). Of 
those tested, tribenzylamine gives the highest absorb- 
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Fig. 1. Absorption spectra of copper(IIEferron complex in 
amine-chloroform solution (1%): A-tribenzylamine; B- 
tributylamine; C-tri-n-hexylamine; D-tri-n.octylamine; 

E-reagent blank measured against chloroform. 
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Fig. 2. Influence of acidicity (sulphuric acid concentration) 
on the absorbance of the complex: I-O.OlM and 
0.05M H,SO,; 11~.0025M H,SO,; III-O.2M H,SO,; 

IVa.4M H,SO,. 

ante, and is preferred. The reagent blank absorbs 
strongly at 340 nm but very little at 41M15 nm. 

Composition of the complex 

Copper(I1) is reported4.5 to form a 1:2 complex 

Table 2. Effect of anions and other complex- 
ing agents on the absorbance of Cu(II)-ferron 

complex 

Concentration, 
Ion* mg/20ml Absorbance? 

None - 1.260 
Cl- 200 1.234 
so:- 200 1.260 
NO; 100 1.256 
CH,COO- 100 1.172 
H,FQ, 100 1.258 
Br- 200 1.234 
I- 100 1.057 
F- 50 1.257 
Tartrate 100 1.265 
Citrate 100 1.177 
c,oj- 100 0.807 
EDTA 100 0.000 

100 1.262 
500 1.260 

*All anions and complexing agents were 
added before the ferron. 

tAfter a single extraction with 10 ml of TBA- 
CHCI, solution. 

with ferron in aqueous solution. Job’s method6 
showed that the copper(II):ferron:tribenzylamine 
ratio in the extracted complex is 1:2:2. 

Optimization of conditions 

Figure 2 shows the absorption spectra of the 
complex at different acidities. There is no shift in 
wavelength of maximum absorption over the range 
0.0025-0.4M sulphuric acid, but the absorbance is 
maximal and constant over the range 0.02-O.M 
sulphuric acid. The effect of other conditions is 
shown in Table 1. The optimum conditions for 
maximum extraction are 12-16 ml of I-mg/ml ferron 
solution, l&20 mg/ml TBA solution in chloroform, 
and shaking for at least 1 min for extraction. 

Beer’s law and molar absorptivity 

The complex is quite stable and the absorbance 
remains unchanged for at least 24 hr. The calibration 
graph is linear and passes through the origin and 
Beer’s law is obeyed for copper concentrations up to 
8 pg/ml in the extract. The molar absorptivity is 
9.1 x 1031.mole-‘.cm-‘. 

Interferences 

The effect of various anions and complexing agents 
on the absorbance of the complex was studied, as 
shown in Table 2. High concentrations of even 

Table 1. Influence of different parameters on the absorbance of the 
Cu(IIjferron-TBA complex (4 fig/ml Cu in the organic phase) 

Ferron (1 mg/ml), ml 0.5 2 4 8 12-16 
Absorbance 0.130 0.707 1.099 1.260 1.296 
[TBA] in CHCI,, mg/ml 2 5 l&20 40 
Absorbance 1.129 1.254 1.296 1.280 
Shaking time, min 0.5 I-5 
Absorbance 1.290 1.296 
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Table 3. Tolerance limits for various ions in the deter- 
mination of copper by the proposed method 

Concentration, 
Ion mg]20ml Masking agent 

Mg(II) 50 - 

Ca(II) 10 - 

Sr(II) 20 - 

Ba(II) 10 - 

Zn(I1) 20 - 

Cd(I1) 10 - 

Hg(II) 10 - 

Co(I1) 30 - 

Ni(I1) 20 - 

Mn(I1) 20 - 
Al(II1) 30 - 

n(I) 20 - 

As(V) 10 - 

Ag(I) 20 - 

U(vI) 5 - 

Ce(Iv) 1 - 

Bi(II1) 2 - 
Be(I1) 20 - 

Si(IV) 20 - 

Th”(IV) 5 - 

Pb(I1) 10 - 
Fe(III) 20 Reduced with 

hydrasine sulphate 
Cr(vI) 10 Ascorbic acid (0.2 g) 
V(V) 0.1 Ascorbic acid (0.1 g) 
W(vI) 

: 
Tartaric acid (0.1 g) 

Zr(IV) NaF (50mg) 
Ti(IV) 2 NaF (50mg) 
Sn(I1) 1 NaF (50 mg) 
Sb(II1) 2 Tartaric acid (50 mg) 

Table 4. Determination of copper in various samples 

Foreign ions 
Cu taken, added, Cu found, 

I@ mg &r 

100 Zn(I1) 
(XII) 
Hg(II) 

50 AI(II1) 
Ag(I) 
Mg(II) 

150 Co(I1) 
Ni(I1) 
Mn(Il) 

70 Cr(VI) 
V(V) 

80 Ti(IV) 
Zr(IV) 

175 Fe(II1) 
Ni(I1) 
CeOV) 

NBS Steel 0.072%* 
BS 8d white metal 3%* 

15 
10 
5 

20 

:: 
25 
10 
20 

8 
0.1 
2 

1: 
10 

1 

100.100 

50.0, 50.2 

149.2, 149.8 

69.5, 70.0 

80.1, 80.3 

174.0, 174.4 

0.069%, 0.070% 
2.96% 

*Reported value. 

common anions decrease the absorbance but mod- 
erate amounts of these ions can be tolerated. The 
tolerances for complexing ions are lower, only 50 mg 

each of acetate, citrate and fluoride or 10 mg of 
oxalate being tolerated, but ascorbic acid (0.5 g), 
sulphosalicylic acid (0.1 g) and tartaric acid (0.1 g) 
have no effect on the extraction of the complex. 
EDTA and thiourea inhibit the qopper extraction 
completely. 

The tolerance limits for various cations in the 
determination of 125 pg of copper are given in 
Table 3. Lead, calcium, strontium and barium give 
the insoluble sulphates, which need not be filtered off. 
Iron(III), which forms an extractable green complex 
with ferron, is reduced to iron(H) with hydrazine 
sulphate, and is not reoxidized during the extraction 
if air is purged from the separatory funnel and 
solution by passage of carbon dioxide. When iron 
is present, three extractions with 10, 10 and 5 ml of 
TBA-chloroform solution are needed for complete 
recovery of copper. Chro~um(V1) and vanadium~) 
are masked by reduction with ascorbic acid. 
Tungsten(V1) forms a cream emulsion on shaking 
with TBA-chloroform solution, but this is prevented 
by adding tartaric acid. Interference by titanium, 
zirconium and tin is avoided by addition of fluoride. 
Of the 30 metals studied, only molybdenum is found 
to intefere. 

Applications 

The recommended procedure is highly selective for 
determination of copper and is sufficiently sensitive 
for analysis of some natural samples as well as a 
variety of copper~ontaining alloys. The method is 
simple and rapid, and requires no prior separation of 
the elements generally associated with copper. Its 
utility is shown by the satisfactory analysis of various 
synthetic samples and of a steel and a white metal 
(Table 4). 
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Summary-A micro method has been developed for the determination of oxprenolol hydrochloride and 
metoprolol tartrate in pure form and in pharmaceutical preparations, with vanadium(V) in acidic medium. 

Oxprenolol and metoprolol are beta-blocker agents 
widely used for the treatment of hypertension, car- 
diac arhythmia and angina pectoris. Oxprenolol 
has been determined by gas chromatography’ and 
high-pressure liquid chromatography (HPLC).Zs3 The 
British Pha~~o~eia method4 for the assay of 
oxprenolol hydr~hlo~de tablets involves a double 
extraction followed by evaporation of the organic 
solvent, dissolution of the residue in dilute hydro- 
chloric acid and then spectrophotometric deter- 
mination. Metoprolol has been determined by 
HPLC’ and gas chromato~aphy~6 but no method 
for its dete~nation is given in the most recent 
edition of the British Pharmacopoeia. Here, we 
describe a convenient method for determination of 
both drugs in pure form and in pharmaceutical 
preparations. 

Reagenis 

Analytical reagent grade chemicals were used whenever 
possible, unless otherwise stated. 

Ammonium metaoanadate solution, 0.30M. Prepared by 
dissolving 3.50 g in 20 ml of 10% v/v sulphuric acid and 
making up to 100 ml with distilled water. 

Ferrous ~rnon~~ sulp~te so~utiou, 0.0.25M. Prepared 
by dissolving 2.45 g of the analytical grade salt in about 100 
ml of 10% v/v sulphuric acid and diluting to volume in a 
250-ml standard flask with distilled water, and standardized 
by titration with 0.02M standard potassium dichromate 
solution (accurately prepared from primary-standard 
material), with diphenylaminesulphonic acid as indicator. 

indicator solution. N-Phenyl~thranilic acid (0.2 g) was 
dissolved in 30 ml of 5% sodium carbonate solution and 
diluted to 150 ml with distilled water. 

Sample solutions 

Pure drugs. Accurately weighed 50-mg amounts of ox- 
prenolol and metoprolol were dissolved in the minimum 
amount of concentrated sulphuric acid and diluted to 
volume with distilled water in a SO-ml standard flask. 

Tablets. Ten tablets were ground and a known weight of 
the powder, equivalent to about 50 mg of the pure drug, was 
dissolved and accurately diluted to 50 ml in the same way 
as for the pure drugs. 

Injections (umpoules). The contents of the ampoule were 
dissolved in the minimum of concentrated suphuric acid and 

diluted to known volume with distilled water to give a 
solution with a drug concentration of about 1 mg/ml. 

Procedure 

Aliquots of sample solution containing 1-5 mg of the 
drug were taken in 100.ml conical flasks, and 5 ml of 4M 
sulphuric acid and I ml of 0.3M vanadate reagent (accu- 
rately measured) were added to each. The reaction mixtures 
were shaken and kept for 15 mitt at room temperature (27”), 
then the unconsumed vanadate was back-titrated with 
0.025M ferrous ammonium sulphate, with 2 drops of 
N-phenylanthranilic acid as indicator. A blank was run in 
the same way. The drug content was calculated from 

*g ofdrug=(B-S) &WV 
n 

where R = volume of Fe(H) solution consumed in the blank 
titration, S = volume of Fe(H) solution consumed in the 
test-sample titration, W = molecular weight of the drug, 
M = molarity of the Fe(I1) solution, n = number of moles 
of vanadate consumed per mole of drug. 

Determ~utio~ of reacting ratio and minims reaction time 

Aliquots containing l-5 mg of the drug were allowed to 
react with a known and excessive volume of ammonium 
metavanadate reagent for various lengths of time, and the 
unconsumed reagent was back-titrated. The reacting ratio 
(moles of vanadate per mole of drug) was calculated for 
each test and plotted against reaction time. It was found that 
both drugs require 15 min reaction time and the reacting 
ratios are 20 and 10 for oxprenolol hydrochloride and 
metoprolol tartrate respectively. 

The reaction products were determined as follows. Car- 
bon dioxide was determined by passage of the gases from 
the reaction vessel over soda-lime. Care was taken to 
eliminate the presence of atmospheric carbon dioxide from 
the reaction vessel. This determination showed the presence 
of 3.5-3.9 moles of carbon dioxide liberated ner mole of 
oxprenolol and 1 S-l 8 moles of carbon dioxide-per mole of 
metoprolol. Acetone was determined by distilling the reac- 
tion mixture at 56”. collecting the distillate, adding a known 
amount of hydroxylamine hydrochloride (neut;alized to 
Methyl Red), letting stand for l&l5 min, then titrating the 
unconsumed hydroxylamine hydrochloride with alkali. The 
amount of acetone found corresponded to about 0.8 mole 
of acetone per mole of oxprenolol or metoprolol. The 
ammonium ion was determined as described earlier,’ about 
1 mole being produced per mole of drug. 

The other product in each case was extracted with diethyl 
ether and analysed for methoxy group content, about 2 
groups per molecule being found. 
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Table 1. Results obtained by the standard-addition method (means of 5 deter- 
minations) 

Recovery, % 

Preparation 
Present B.P. 

Added, mg Found, mg method method 

Oxprenolol hydrochloride 

Tablets* (40 mg) 

Injection* (2-mg dry ampoule) 

Metroprolol tartrate 

Tablets? (100 mg) 

Injectiont (1 mg/ml) 

*Cibaeigy. 
tAstra-IDL. 
( -) No B.P. methods available. 

15.0 14.9 99.3 98.5 
30.0 39.8 99.3 98.0 
45.0 44.9 99.8 98.5 

15.0 15.1 100.6 
30.0 29.9 99.6 ;I; 

45.0 44.3 99.5 (-) 

15.0 14.9 99.3 
30.0 30.1 100.3 ;I; 

45.0 44.9 99.1 (-) 

15.0 14.9 99.3 
30.0 29.9 99.6 ;I; 

45.0 44.8 99.5 (-) 

Tartaric acid and hydrochloric acid do not react under the 
reaction conditions used. 

RESULTS AND DISCUSSlON 

Assay of pure samples of oxprenolol hydrochloride 
and metoprolol tartrate, and their pharmaceutical 

preparations, viz tablets and injections, was achieved 
by the recommended procedure with an error not 
exceeding f 1% (Tables 1 and 2). It was observed 

that the reaction was best done with the recommen- 
ded concentration of vanadate at room temperature. 
Lower temperature gives low results and slow reac- 
tion, and higher temperature gives no improvement 
in the precision. Since the reaction is not instanta- 
neous, direct titration cannot be used. An acidic 
medium is essential for quantitative results to be 
obtained. 

Possible reaction schemes are proposed below on 
the basis of the reacting ratios and determination of 
the reaction products. 

Table 2. Microdetennination of oxprenolol hydrochloride and metoprolol tartrate in 
pure form and in their pharmaceutical preparation (10 replicates) 

Amount Amount Standard Relative 
taken, found, deviation, std. devn., 

Sample mg mg pg % 

- 1. Oxprenolol 1.00 0.99 4 0.4 
(pure sample) 3.00 2.99 5 0.2 

5.00 4.99 6 0.1 

(a) Oxprenolol tablet 1.00 0.99 4 0.4 
(CibaGeigy) 3.00 2.99 6 0.2 
(40 mg) 5.00 5.00 3 0.1 

(b) Oxprenolol injection 1.00 1.00 4 0.4 
(CibaGeigy) 3.00 3.00 10 0.3 
(2-mg dry ampoule) 5.00 4.99 21 0.4 

2. Metroprolol 1.00 0.99 3 0.3 
(pure sample) 3.00 3.00 11 0.4 

5.00 4.99 21 0.4 

(a) Metoprolol tablet 1.00 0.99 6 0.6 
(Astra-IDL) 3.00 2.99 16 0.5 
(100 mg) 5.00 5.02 0.8 0.02 

(b) Metoprolol 1.00 0.99 5 0.5 
(Astra-IDL) 3.00 3.02 2 0.1 
(1 mg/mU 5.00 5.01 24 0.5 
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Common excipients in pharmaceutical prep- 2. S. E. Tsuei, J. Thomas and R. G. Moore, J. Chromatog., 
arations, e.g., starch, calcium carbonate, sodium 1980, 181, 135. 

citrate, magnesium trisilicate, tricalcium phosphate, 3. M. Ervik, Acta Pharmacol. Toxicol., Suppl., 1915, 36 

gum acacia, if present, do not interfere in the (v), 136. 
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Software package TAL-001-86 
DATABANK 

Contributors: L. VINCZE and S. PAPP, Department of General and Inorganic 
Chemistry, VestprCm University of Chemical Engineering, H-8200 Veszpr&, 
Sch8nherr 2. u. IO, HUNGARY. 

Brief description: Often, literature values for the stability constants 
that describe complex equilibrium systems have been measured at different 
ionic strengths, temperatures, etc., and consequently shou much scatter. 
DATABANK was written to altou an optimum value to be selected. Literature 
data are fitted to the Davies equation: the function minimized is 

"(loQ&,b) = s (tog @md - log pcalcj2 

The program contains data (from the well-known compilations) for the 
iron(I1) and iron(III) complexes of formate, oxalate, acetate, sulphate and 
hydroxide. For a chosen complex, the log beta values can be plotted on the 
screen as a function of ionic strength, and the Literature references 
printed. Optimal Log beta and b values can be found, and the theoretical 
dependence plotted. Experimental values that differ from the general trend 
can be eliminated. A flashing point can be moved around the screen; its 
log beta and ionic strength co-ordinates are printed on the screen 
continually. It uould be easy to update the data if new measurements became 
available, and it would also be easy to amend the program for use uith other 
equilibrium systems. 

Potential users: workers in the stability constant field. 

This application program for stability constant work has been developed to 
run on a Sinclair 2X Spectrum 48K computer, and is written in Spectrum 
BASIC. It is available on audio cassette tape. 

Distributed by the contributors. 

The program is self-documenting, but partly in Hungarian. The source code 
is available. 

The package is fully operational. The contributors are available for user 
enquiries. 

Software package TAL-002-86 
LABMASTER 

Contributor: Dr. A.G. Rowley, 
1581,Trondheim, Norway. 

Geolab Nor AIS, Hornebergveien 5, P.O. Box 

Brief description: Turns a BBC micro into a laboratory data Logger for 
use with chromatographs and autoanalysers. The collected data can be 
displayed as a displacement - time plot, and interrogated for retention 
time, peak height, etc. Chromatographic peaks can be integrated. All data 
can be archived to disc. 

Potential users: Analytical chemists, chromatographers. 

Fields of interest: Analytical and environmental chemistry. -- 

This application program in the area of laboratory data capture has been 
developed for an Acorn BBC Model B or B+ with OS 1.2 or later, and fitted 
with a twin disc drive. It is written in BASIC/machine code. It is 
available on 40- or 80-track 5.25-inch floppy discs. 

Distributed by UnivEd Technologies Ltd., 16 Buccleuch Place, Edinburgh EH8 
9LN, Scotland. 

The memory required is 32K. There is extensive external documentation. The 
source code is not available. 

The package has been fully operational for 2 years, and is in use at 20 
sites. The contributor is willing td deal with enquiries. 
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Software package TAL-003-86 
LABROM 

Contributor: Dr. A.G. Rowley, Geolab Nor A/S, Hornebergveien 5, P.O. Box 
1581, 7001 Trondheim, Norway. 

Brief Description: A self-contained 
uithno disc drives, stand alone 

ROM which lets a BBC B nicrocosputer, 
and collect data from autoanalysers or 

chromatographs. The data can be redisplayed and retention times and peak 
heights measured. Plots can be dumped to a dot-matrix printer. 

Potential users: Teaching laboratories. 

Fields of interest: -- Chromatography, Autoanalysers. 

This application program in the area of laboratory data logging has been 
developed for the Acorn BBC B, B+, or Master 128 (OS 1.2 or later), in 
machine code and BASIC. It is available on ROM. 

Distributed by UnivEd Technologies Ltd., 16 Buccleuch Place, Edinburgh EH8 
PLN, Scotland. 

The minimum hardware required is a standard BBC-B with 32K of memory. The 
program is easy to use in conjunction with the external documentation 
provided. The source code is not available. 

The package has been fully operational for 1 year, and is in use at 2 sites. 
The contributor is available for enquiries. 

Software package TAL-004-86 
NUMBERMASTER 

Contributor: Dr. A.G. Rowley, Geolab Nor A/S, Hornebergveien 5, P.O. Box 
1581, 7001 Trondheim, NORWAY. 

Brief description: This is a general purpose simple statistics package. 
It calculates means, standard deviations and confidence limits. A second 
module carries out least squares on data sets and determines all parameters. 
A screen plot of the best straight line is available, and can be dumped to a 
printer. Facilities are also provided for the direct reading of data from 
the BBC's analogue-to-digital port. 

Potential users: Any science. 

Fields of interest: Wet chemical analysis, solution chemistry. -- 

This utility program in the field of calibration and statistics has been 
developed in BASIC for the Acorn BBC-B microcomputer, to run under OS 1.2 or 
later. It is available on single-sided 5.25-in disc. The memory required 
is 32K. 

Distributed by UnivEd Technologies Ltd., f6 euccleuch Place, Edinburgh EH8 

9LN, Scotland. 

The minimum hardware configuration is a BBC-B with 1 disc drive. There is 

extensive external documentation. The source code is not available. 

The package has been futl.y operational for two years, and is in use at 

twenty sites. The contributor is available for user enquiries. 

Software package TAL-005-86 
SIGNWRITER 

Contributor: Dr. Anthony Durham, Wight Scientific, 44 Roan Street, London 
SE10 PJT, England. (Tel. 01-858-2699). 

Brief Description: SIGNWRITER gives instant display lettering by 

computer. It prints Letters, numbers, punctuation, symbols, pictures, etc., 
any size, anywhere on paper, horizontally or vertically. Scientists use it 
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for poster displays at conferences, laboratory notices, and for printing and 
publishing uith unusual technical symbols. SIGNWRITER treats character 
outlines as a series of straight lines and circle arcs, and hence prints 
each character accurately to the nearest printer dot position. The 
sign-inputting program is a specialized typographical uord processor that 
takes care of layout (centring, justification, etc.). In contrast with 
other "presentation graphics" packages, the quality of SIGNWRITER's output 
improves with increasing size, and can rival typesetting or dry-transfer 
lettering after photoreduction. A ready-to-use font of over 120 characters 
is provided and other fonts are becoming available. Users can alter 
characters and create their own new ones using the on-screen design program, 
which is a powerful CAD tool in its own right. 

Potential users: All scientists and administrators. 

Fields of interest -_ All branches of science, scholarship, and business. 

This utility program has been developed for IBM PC, Apricot, BBC and 
Amstrad, in compiled BASIC and Assembler, to run under PCDOS, MSDOS, BBC 
DFS, CP/M3, and is available on floppy disc as appropriate for the computer. 
The memory required is 128K (for the IBM PC). 

Distributed by Wight Scientific (and local distributors). Price: f80 + 
VAT or 9120 (IBM PC and Apricot), f49.95 including VAT (Amstrad), f29.95 
including VAT (BBC). 

The IBM PC requires a graphics card. 

The package has been fully operational for 9 months, and is in use at over 
100 sites. There is extensive external documentation. The contributor is 
available for user enquiries. 

Software package TAL-006-86 
PAPERBASE De Luxe 

Contributor: Dr. Anthony Durham, Wight Scientific, 44 Roan Street, 
London SE10 9JT, England. (Tel. 01-858-2699). 

Brief description: PAPERBASE De Luxe enables a scholar or small research 
group to manage (store, edit, interrogate, sort, format) a database of 
several thousand references on a personal computer. It can also help 
construct reference lists for manuscripts by producing a list of all the 
probable citations in a text, looking them up in the database, and laying 
them out in any target journal's preferred format. It scores over other 
bibliographic database programs in these ways: 
No practical limit to amount of information per reference (abstracts too); 
Compact, flexible storage of information as ASCII files for data portability 
and compatibility with other programs; 
Truly international - accepts non-English language, sold world-wide; 
Versions for most makes of computer; 
No instruction manual - menu-driven, on-screen help, just one disc; 
Fast and helpful on entry; 
Continual upgrades and prompt support by letter or phone; 
Most sales now generated by word-of-mouth recommendation by users; 
Exceptional value for money. 

Potential users: Researchers, students, teachers, librarians. 

Fields of interest: -_ All branches of science and scholarship. 

This utility program is available in compiled BASIC for most MSDOS and CPIM 
computers. It is available on floppy disc as appropriate for the computer. 
The memory required is 64K. 

Distributed by Wight Scientific. Price f90 or $175. 

The minimum hardware configuration is any typical personal computer. The 
program is self-documenting. The source code is not available (parts by 
special arrangement). 

The package has been fully operational for ca. 2 years, and is in use at 
over 200 sites. The contributor is available for user enquiries. 
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STUDY ON THE SYNERGISTIC EXTRACTION OF 
COBALT(I1) WITH LOWER FATTY ACIDS IN THE 

PRESENCE OF HETEROCYCLIC AMINES AND 
SOME METAL ION SEPARATIONS 

S. K. GOGIA, D. SINGH, 0. V. SINGH and S. N. TANDON* 
Department of Chemistry, University of Roorkee, Roorkee 247 667, India 

(Received 29 March 1984. Revised 28 August 1986. Accepted 6 November 1986) 

!Summuy-The synergistic extraction of cobalt(B) with a chloroform solution of propionic, butyric or 
valeric acid in the presence of /&pi&me, pyridine or quinoline has been investigated. The effect of different 
variables, such as pH of the aqueous phase, and concentration of metal ion, acid and amine, is reported. 
Gn the basis of slope analysis the species extracted were generally found to be CoAz.2HA.2B where HA 
is the acid and B the base, but CoA,.HA.2B.H,0 for the butyric acid-quinoline system. The extraction 
constants were used to assess the relative effectiveness of the amines as synergists. From the extraction 
data, methods for separation of Co(I1) from Mn(II), Cr(III), Fe(III), Zn(II), Cd(B) and Hg(II), with fairly 
high separation factors, have been worked out. 

Synergism in the extraction of metal ion8 has been 
observed in a wide variety of systems. Nitrogenous 
organic bases can act as synergists in the extraction 
of metal carboxylates; they not only extend the pH 
range of effective extraction but also reduce the 
tendency to emulsification, thereby increasing the 
utility of carboxylic acids as extractants. Most such 
studies have been made on caproic, enanthic and 
capric acids and their derivatives. Comparatively 
little work with the lower aliphatic monocarboxylic 
acids (CC,) in the presence of amines has been 
reported.*-’ Here we present a study on the extraction 
of Co(I1) with propionic, butyric and valeric acids in 
the presence of some aliphatic and heterocyclic ami- 
nes. The heterocyclic amines significantly enhanced 
the extraction but the aliphatic amines did not. The 
extraction of Mn(II), Cr(III), Fe(III), Zn(II), Cd(II) 
and Hg(I1) was also studied and conditions for their 
separation from Co(I1) are proposed. 

EXPERIMENTAL 

Materials 

Stock solutions of metal ions were prepared by dissolving 
the sulphates or nitrates (of analytical purity) in distilled 
water and adding a few drops of the appropriate mineral 
acid to prevent hydrolysis. The solutions were standardized 
by EDTA titration. The distribution studies were done with 
radiaoctive isotopes; the 58Co, 55Mn, 51Cr, 55+59Fe, 65Zn, 
“5”Cd and m3Hg used were procured from Bhabha Atomic 
Research Centre, Bombay. The acids used were standard- 
ized by acid-base titration and the amines by non-aqueous 
titrimetry. All chemicals used were of analytical purity. The 
pH of aqueous phases was adjusted with perchloric acid and 
sodium hydroxide. 

*To whom correspondence should be addressed. 

The activities of all the radioisotopes except “smcd were 
measured with a well-type NaI(T1) scintillation counter; for 
‘ia”Cd a GM counter was used. 

Procedure 

Equal volumes (10 ml) of radiolabelled aqueous metal-ion 
solution and the organic phase containing the organic acid 
and amine were shaken at room temperature (25 & 2”) for 
about 5 min. After separation of the phases, equal volumes 
of each were removed and their activities counted. Bach 
experiment was run in duplicate, and the precision was 
about f 1% (for 60% extraction) for the gamma-counting 
and +2% for the beta-counting. 

The partition coefficients of the acids and amines were 
determined at room temperature for the solvent system 
used. That for the acids (Pm) was determined by acid-base 
titration to the phenolphthalein end-point, and that of the 
base (P,) in the presence of acid was determined by titrating 
the equilibrated organic phase with perchloric acid in glacial 
acetic acid, with Methyl Violet in chlorobenzene as indi- 
cat0r.s The average P,, values found were 0.26, 1.41 and 
16.5 for propionic, butyric and vale& acid, respectively. 
The partition coefficient for quinoline was so high 
(Pe > 100) that it was assumed that all the amine added was 
present in the organic phase. 

The nmr spectra of valeric acid in deuterochloroform in 
the presence and absence of heterocyclic amines were 
recorded with TMS (r = 10 ppm) as internal standard. 

RESULTS AND DISCUSSION 

The distribution ratios of propionic, butyric and 
valeric acids between chloroform and water gradually 
increase with increase in initial acid concentration. 
This may be ascribed to polymerization of the acids 
in the chloroform phase. The distribution (between 
organic and aqueous phase) of a monocarboxylic 
acid that dimerizes in the organic but not the aqueous 
phase can be described by 

[HAI, + [&%lo = [HAI~J’HA + %d’~,[HAlf 
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where PHA is the partition coefficient of the mono- 
meric acid and K, is the dimerization constant 
(KD = [H,A,],/[HA]~). If the first term on the right- 
hand side is negligible compared to the second, this 
relation can be approximated to 

log([HA], + [H2A2]J = log 2Kn& + 2 log [HA], 

or 

log C, = log 2KnPiA + 2 log C, 

Plots of log C, us. log C, gave straight lines of slopes 
approximating to 2, suggesting that the dimerization 
of propionic, butyric and valeric acids in chloroform 
is more or less complete. Moreover, the values of the 
arbitrary distribution ratio [H,A,],/[HA]i remained 
constant over a wide range of acid concentration, 
confirming the dimerization in chloroform. 

A chloroform solution of the amine is able to 
extract Co(I1) only to the extent of about 10%. 
Chloroform solutions of propionic, butyric and va- 
leric acids are also poor extractants for cobalt in the 
pH range 2-8. Pietsch and Sinic’ reported a similar 
observation. 

Addition of the amine to the chloroform solution 
of the acid generally enhanced the extraction of these 
metal ions. This may be ascribed to the formation of 
a less hydrophilic species by the amine removing 
water molecules from the co-ordination sphere of the 
metal ion. 

It can be assumed that the amine forms a salt with 
the organic acid in chloroform medium. Although the 
acid would be practically completely undissociated in 
chloroform solution because of the low dielectric 
constant and polarity of the solvent, the same solvent 
properties would favour formation of ion-pairs of the 
protonated amine and the acid anion if the amine 
were sufficiently basic. The possibility of the absence 
of any reaction between the acid proton and the 
amine in chloroform solution was ruled out by con- 
sideration of the nuclear magnetic resonance (nmr) 
spectra of deuterochloroform solutions of valeric acid 
in the absence and presence of amines. The presence 
of an equimolar amount of amine shifted the signal 
for the carboxyl group proton to an extent dependent 
on the basicity of the amine, indicating salt- 
formation. Similar evidence (for amines and enanthic 
acid in chloroform) has been given by Pyatnitskii et 
al.‘O 

Equilibrium treatment 

It can be assumed that in the organic phase the 
excess of the acid (HA) mostly exists as the dimer 
H,Ar and the amine (B) as its salt BHA. The 
equilibrium between an aqueous metal ion solution 
(M”+) and a chloroform solution of the carboxylic 
acid and amine, can be represented in general, as: 

CM”+), +p(BHA)o + n -;+X(H,AA 
+MB,A,.xHA),+n(H+), (1) 

the equilibrium constant for which is 

[MB,A,. xHA],[H+]: 

Kx = [M”+],[BHA]P,[H,A,]b”-P+““2 (2) 

and hence 

log D = log KX + npH 

+ log[H,A,], + p log[BHAl, (3) 

where the distribution coefficient, D, is given by 

D = [MB,A,. xHA],/[M”+], (4) 

assuming that the metal ion does not form any other 
complex with the excess of acid. 

Differentiation of equation (3) with respect to pH 
at constant acid and amine concentration gives 

(5) 

and the slope of a plot of log D vs. pH at constant 
acid and amine concentration in the organic phase 
will give the value of n. Similarly, a plot of log D us. 
the logarithm of the total amine concentration, at 
constant free acid concentration in the organic phase, 
will give p. A plot of log D vs. the logarithm of the 
dimeric acid concentration at constant pH and amine 
concentration will have a slope of (n -p +x)/2, 
from which x can be calculated. 

Edct of pH of the aqueous phase 

The degree of extraction of Co(I1) increases with 
increase in pH and reaches a maximum near the pH 
at which the metal ion starts to hydrolyse. The 
extraction starts from pH N 5 and becomes more or 
less constant in the pH range 6.5-8.0. Therefore, 
subsequent studies on Co(I1) were all done at pH 6.8. 
The plots of log D vs. pH at constant metal ion, acid 
and amine concentrations gave straight lines with 
slopes close to 2, indicating release of two protons 
per metal ion to give an uncharged extracted metal 
species. 

E#ect of metal ion concentration 

Varying the cobalt concentration in the range 
10-6-10-3M changed the distribution coefficient by 
not more than f3%, ruling out the possibility of 
extraction of polymeric species in this concentration 
range. A cobalt concentration of 1.0 x 10m4M was 
used for further investigations. 

Choice of solvent 

Solvents with varied dielectric constants, e.g., n- 
heptane, benzene, l,Zdichloroethane, n-butanol and 
nitrobenzene, were tested, but no correlation was 
found between the degree of extraction and the 
dielectric constant of the solvent. Of the solvents 
tested, chloroform gave the highest extraction and 
was used for all further work. 
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Table 1. Number of heterocyclic amine molecules (p) co-ordinated with Co(I1) in the extracted 
species and number of acid molecules (x) required for solvation of the species 

Propionic acid Butyric acid Valerie acid 

Slope Slope Slope 
Slope n-p+x Slope n-p+x Slope n-p+x 

Amine P 2 X P 2 X P 2 x 

ji-Picoline 1.7 1.1 1.9 1.8 1.0 1.8 1.8 1.2 2.2 
Pyridine 1.9 1.0 1.9 2.3 1.0 2.3 1.8 1.2 2.2 
Quinoline - - - 2.0 0.60 1.2 2.3 1.0 2.3 

Effect of amine concentration 

Plots of log D vs. log [amine], for constant pH, 
[Co(II)] and large and effectively constant excess of 
acid, gave straight lines with slopes near to 2, indi- 
cating that two molecules of amine were present for 
each molecule of extracted species (i.e., p = 2). 

Effect of acid concentration 

It was found that at constant pH and amine 
concentration the degree of extraction increased with 
acid concentration. The extraction efficiency in- 
creased with the number of carbon atoms in the acid. 

Plots of log D vs. [H,A,], at constant pH, [Co(H)] 
and large and effectively constant excess of amine, 
gave straight lines with slopes corresponding to 
(n -p + x)/2. From the values of n and p already 
found, the numbers of acid molecules (x) solvating 
the extracted species were calculated, and are given in 
Table 1. It is clear that the value of x is two except 
for the butyric acid-quinoline system where it is one. 

On the basis of these results the composition of the 
extracted species can be represented as CoAz.2HA.2B 
except in the butyric acid-quinoline system, for which 
it is considered to be CoA,.HA.2B.H,0, on the 
assumption that a water molecule would be needed to 
satisfy the co-ordination number requirement. 

Pyatnitskii et al.‘O reported the incorporation of 
two molecules of quinoline in the Co(I1) species 
extracted in the quinoline-enanthic acid system. 
Also, in a study on the extraction study of Cu(I1) with 
butyric and a-bromobutyric acids in presence of 
pyridine or quinoline, the extracted species was found 
to contain two molecules of the amine per copper 
atome 

Calculation of extraction constants 

Equation (3) was used to calculate the extraction 
constants from results obtained at constant acid and 
varied amine concentration and the results are given 
in Table 2. The relative effectiveness of the amines as 
synergists follows the order fi-picoline 2 pyridine > 
quinoline. 

Pyatnitskii et al.’ have reported that pyridine is a 
better synergist than quinoline for the extraction of 
Cu(I1) with butyric and a-bromobutyric acids, and a 
similar order of effectiveness was observed by earlier 
workers’1-‘3 for some other acid systems. 

Separations 

The extraction behaviour of Mn(II), Cr(III), 
Fe(III), Zn(II), Cd(I1) and Hg(I1) was studied under 
similar experimental conditions and the variables 
such as nature and concentration of amine and acid 
and pH of the aqueous phase were explored to 
achieve optimum conditions for separations. The 
extraction of Mn(I1) and Cr(II1) was found negligible 
(< 2%) with l.OM propionic, butyric and valeric 
acids in the presence of different aliphatic and hetero- 
cyclic amines in the pH range 2-S. The extraction of 
Co(H) was almost quantitative in the pH range 
6.540 with valeric and butyric acids in combination 
with /I-picoline or pyridine. Thus Co(I1) can be 
separated from Mn(I1) and Cr(II1) under these 
experimental conditions with fairly high separation 
factors. Cobalt(I1) can also be separated from 
Fe(III), Zn(I1) and Cd(I1) when valeric acid and 
n-butylamine or dibutylamine are used as extractants, 
the Co(I1) showing negligible extraction whereas the 
others are almost quantitatively extracted. 

Table 2. Extraction constants for cobalt with various amines and carboxylic 
acids 

Acid 

/l -Picoline Pyridine Quinoline 

log KX Mean log rz, Mean log K, Mean 

Propionic - 12.92 - 13.99 
- 12.76 - 12.79 - 13.97 - 13.97 
- 12.68 - 13.95 

Butyric - 12.28 - 12.82 -14.17 
- 12.30 - 12.31 - 12.80 - 12.76 - 14.05 - 14.07 
- 12.35 - 12.67 - 14.00 

Valeric -11.36 -11.44 - 13.56 
-11.56 -11.49 -11.44 -11.43 -13.53 -13.56 
-11.56 -11.42 - 13.62 
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Table 3. Some metal ion separations from Co(H) in carboxylic acid-amine extraction systems 

Metal ion(s) Aqueous Separation 
No. separated Acid Amine &ase pH factor 

1 Mn(II) and Cr(II1) Butyric (1.W) or 
valeric (1 .OM) 
Butyric (2.W) 

2 Zn(I1) and Cd(I1) Valerie (1 .OM) 

3 H&II) Valerie (1 .OM) 

Propionic (1 .OM) 
Valeric (1 .OM) 

4 Fe(II1) Valeric (1 .OM) 

Butyric (l.OM) or 

r!I-Picoline (1 SM) or 
pyridine (1.5M) 
B-Picoline (1 SM) or 
pyridine (1.5M) 
Dibutylamine (1 .OM) or 
tributylamine (1.5M) 
Dibutylamine (1 .OM) or 
tributylamine (1.5M) 
Quinoline (1.5M) 
/?-Picoline (1 .OM) or 
pyridine (1 .OM) 
Dibutylamine (1 .OM) or 
tributylamine (1.5M) 
j-Picoline (1 .OM) or 

6.5-8.0 

6.5-8.0 

6.0-8.0 

5.5-7.5 

3.c5.5 
355.0 

3.c7.0 

3.0-5.0 
val&ic (1 .OM) pyridine (1 .OM) 

In general the extraction of the metal ion increases 
with acid concentration. The extraction of Co(I1) in 
the butyric acid and /I-picoline or pyridine system 
increases from 90% to almost 99% when the acid 
concentration is increased from 1.0 to 2.5M, but 
Mn(I1) and Cr(II1) still show negligible extraction 
even at the higher acid concentration. 

The degree of extraction also increases with con- 
centration of the synergist. Mercury(I1) is almost 
quantitatively extracted with 1.5&f quinoline at 1 .OM 
propionic acid concentration and pH 3.0-5.5. Under 
these conditions the extraction of Co(I1) is very poor. 
This offers an effective separation of Co(H) from 
Hg(I1). Hg(I1) can also be effectively separated from 
Co(I1) in the valeric acid and B-picoline or pyridine 
system at pH 3.5-5.0. Co(I1) can be conveniently 
separated from Fe(II1) by use of butyric or valeric 
acid (l.OM) and /_I-picoline or pyridine (l.OM). The 
extraction of Fe(II1) starts at around pH 2 and is 
almost quantitative at pH N 3, but the extraction of 
Co(I1) starts only at pH N 5. 

The metal ions can be stripped from the organic 
phase with nitric acid. The optimum conditions for 
separations are given in Table 3. Since no strong 
complexing agent is involved in the carboxylic 
acid-amine system, there is the additional advantage 
over many other systems that the subsequent deter- 
mination of metal ion is easier. 
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Summary-The process of standardization of the use of electron paramagnetic resonance (EPR) 
spectrometry in the determination of Mn(I1) species in aqueous solution by comparison with atomic 
absorption spectrometry (AAS) is discussed. It is shown that EPR signals obtained from standard&d 
aqueous solutions of manganese(I1) perchlorate and nitrate in the concentration range of 0.05-2 mg/l. do 
not vary significantly over the pH range 2.1-7.0. Study of the effect (on the manganese EPR signals) of 
the addition of inorganic ions commonly found in significant concentrations in natural waters, viz. 
chloride, sulphate and bicarbonate, has shown that such ions, at the levels reported to occur in surface 
fresh waters, will not complex manganese(H); however, evidence is obtained that humic acid/manganese 
complexes could be present in such waters. The EPR signals are not affected by ionic strengths of the 
levels found in fresh waters. 

Much of the work on the speciation of metal ions in 
natural waters has been done by electrochemical 
methods.’ Although results from such work have 
been valuable in the study of manganese species? it 
is of importance to develop alternative methods of 
determining the speciation and to compare the results 
obtained by different techniques. ’ 

Electrochemical methods invariably require the 
addition of various electrolyte/buffer solutions, and 
these may disturb the natural equilibrium of the 
species in the solution under study. We have therefore 
applied the non-intrusive analytical technique of EPR 
spectrometry, which has been used by Carpenter3 and 
in this laboratory4 for study of the speciation of 
manganese in sea-water, and assessment of the man- 
ganese species present in storage-dam waters.’ We are 
currently assessing the results obtained by EPR stud- 
ies with those from anodic-stripping voltammetry, 
and this paper deals with the methods of establishing 
EPR spectrometry standards for work to be reported 
at a later date. 

Dilute aqueous solutions of simple manganese(I1) 
salts give a sharp six-peak first-derivative EPR spec- 
trum; the fourth of these peaks from the low-field side 
of the spectrum is typically used for quantitative 
work. Three different changes in the parameters of 
this peak have been used4 to assess manganese(I1) 
concentration and speciation in solution: (i) change 
in peak height; (ii) change in peak width; (iii) change 
in peak area. 

Earlier workers who have used EPR spectro- 
metry to determine manganese(I1) in aqueous solu- 
tion do not appear to have studied the possibility 
of a variation of EPR signal with change of PH. 
As the signal is sensitive to changes in the ligand 
field about the manganese(I1) ion, we thought 

that a change from pH < 3 to pH 7 in solutions 
of a simple Mn(I1) salt might lead to EPR changes, 
as the species [Mn(H20)J2+, which is stable in 
solutions of pH < 3.5, is hydrolysed to species 
such as [Mn(H,O),OH]+ and the dihydroxy-bridged 
[(H20)4 Mn(OH)2Mn(H20)4]2+ as the pH increases to 
that found in dam waters. 

The need to clarify this situation is obvious since 
a particular EPR peak parameter is correlated with 
manganese concentration by use of solutions which 
have been standardized by atomic-absorption spec- 
trometry. Such solutions, particularly if prepared by 
the recommended method of dissolving pure man- 
ganese metal in acid, have a very low pH value. 

Analysis of EPR work on manganese in sea-water 
has been claimed3 to indicate that the common 
inorganic anions, chloride, sulphate and bicarbonate, 
can complex Mn(I1) to a combined extent of -2O%, 
though there is some debate about the extent of 
complexation of the metal by these anions in fresh- 
waters, in which both the manganese and anion 
concentrations are much lower. Work by Turekian’ 
and Callender and Bowsers indicates that there is 
some possibility of such complexation, but there is 
little conclusive evidence. 

This same situation arises in natural organic acid 
(humic and fulvic) complexation of manganese in 
fresh waters, although Gamble et aL9 claim from 
proton nuclear magnetic resonance work that such 
complexation is outer-sphere in character, even at its 
strongest. 

EXPERIMENTAL 

Reagents 

Manganese atomic-absorption standard solution (1 g/l.) 
in 2% v/v nitric acid was obtained from Aldrich Chemical 

307 



308 BARRY CHISWELL and MAZLIN BIN MOKHTAR 

Table 1. Normalized fourth EPR peak heights (mm) and absorption signal of the perchlorate stock solution at both 
AAS signals (arbitrary units) for aqueous manganese solu- pH values was the same (within experimental error, see 

tions at pH 2, 5 and 7 Table 1). 

pH 2.1 50.1 pH 5.OiO.l pH 7.OkO.l 

Manganese, AAS EPR AAS EPR AAS EPR 
mall. signal peak signal neak signal neak 

0.050 0.010 6.3 0.010 6.2 0.010 6.3 
0.100 0.028 12.7 0.025 12.7 0.023 12.7 
0.150 0.040 20.8 0.038 20.8 0.033 20.8 
0.200 0.054 25.5 0.048 25.8 0.044 25.0 
0.400 0.108 51.0 0.103 51.0 0.097 51.0 
0.600 0.156 73.6 0.150 73.6 0.143 73.6 
0.800 0.213 104.0 0.201 105.0 0.213 104.0 
1.400 0.366 184.1 0.360 185.7 0.353 177.8 
2.000 0.482 252.5 0.478 257.5 0.479 260.0 

Co. Manganese(E) perchlorate @mum p.a.) was from 
Fluka, Switzerland, as was the humic acid, No. 53680, 
molecular weight 600-1000. BDH AnalaR perchloric acid 
was used. 

Instrumental 
EPR work was undertaken on a Bruker ER2OOD spectro- 

meter with a microwave frequency of 9.26 + 0.02 GHz. The 
spectrometer and cell were tuned by adjusting the micro- 
wave frequency and iris screw until the dip on the oscillo- 
scope was flat at its minimum and centred on the cross-hair 
of the oscilloscope screen. After tuning, the microwave 
power was raised to 100 mW, the detector current brought 
to 200 PA by turning the iris screw, and the frequency error 
adjusted to zero. The absence of power-saturation phenom- 
ena at 100 mW power was determined. Centre field was then 
set at 3310 G with a scan range of 375 G each side of centre. 
The modulation frequency was 100 kHz, and the modu- 
lation amplitude was 8 G. 

The first-derivative scans were made for each sample. The 
first scan, which covered all six peaks, used a time constant 
of 200 msec and a sweep time of 200 set, and the second 
scan, which covered only the fourth peak from the low-field 
side, had a time constant of 1000 msec and a sweep time of 
1000 sec. These latter scans were used for quantitative 
calculations. 

The three peak parameters measured were: 
(i) height of fourth peak; to allow direct comparison of 

peaks recorded with different gain, the peak-height was 
normalized by measuring the height in mm, multiplying by 
lo6 and dividing by the gain. 

(ii) width of fourth peak; this was obtained as the 
difference between the maximum and the minimum of the 
peak scan, which were read from the nmr gaussmeter probe. 

(iii) area of fourth peak, this was calculated from the 
Lorentxian equation: area = (peak width)2 x height. 

All EPR spectra were run at a controlled room tem- 
perature of 20 f 2”. The samples were placed in fused-silica 
tubes (Wilmad Glass Co., U.S.A.). 

Atomic-absorption measurements for manganese were 
made with a Varian AA 875 spectrometer, a lamp wave- 
length of 279.5 nm, and an air/acetylene flame. 

The pH-measurements were made with a Metrohm 632 
pH-meter and a Metrohm 9100 combined glass electrode. 

Procedures 
Variation of EPR and AAS signals with PH. A man- 

ganese(H) perchlorate stock solution of manganese concen- 
tration N 100 mg/l. was prepared by dissolving 0.0740 g of 
Mn(ClO,), .6H,O in 100 ml of distilled water and filtering 
through a 0.45~pm membrane filter. The concentration of 
this stock solution was determined at pH 7 and pH 2 (after 
acidification with perchloric acid) by atomic-absorption 
with calibration by means of standards prepared from the 
Aldrich l-g/l. stock standard manganese solution. The 

Suitable dilution of the stock solution yielded 250-m] 
portions of Mn(ClO,), solutions containing 0.050, 0.100, 
0.150, 0.200, 0.400, 0.600, 0.800, 1.400 and 2.000 mg/l. 
manganese at pH 7.0 f 0.1. These solutions were adjusted 
to pH 5.0 f 0.1 and 2.1 f 0.1 with perchloric acid. 

Atomic-absorption measurements and EPR spectra of all 
solutions were obtained on the day of their preparation, so 
that the instrumental conditions were not altered during the 
measurements. 

EPR signal and ionic strength. A manganese(I1) nitrate 
solution of manganese concentration 0.200 mg/l. at pH 
3.0 + 0.1 was prepared from the Aldrich atomic-absorption 
standard solution, and a manganese(I1) perchlorate solution 
of the same concentration was obtained by dilution of the 
stock perchlorate solution and adjusted to the same pH with 
perchloric acid. 

The sodium perchlorate and nitrate solutions used for 
ionic strength adjustment were obtained by dilution of 
100 g/l. stock solutions of the analytical grade salts in 
distilled water. 

EPR signal and anionic complexing agents. The man- 
ganese(I1) perchlorate stock solution was diluted and mixed 
with solutions of analytical grade sodium chloride, sulphate, 
or bicarbonate or of humic acid, to yield the required 
manganese concentrations and ionic strengths for the solu- 
tions studied by EPR. 

RESULTS AND DISCUSSION 

Variation of AAS and EPR signals with change in pH 

The change of atomic-absorption signal with 
manganese concentration at pH 2.1 is linear up to 
about 1.4 mg/l., and then shows slight convexity up to 
2.0 mg/l.; the perchlorate and nitrate solutions yield 
identical signals for the same concentration of man- 
ganese. The variation of the height of the fourth EPR 
peak with manganese concentration at pH 2.1 is 
linear over the range 0.05-10.0 mg/l. at pH 2.1; again 
there is no significant difference between the signals 
from the perchlorate and the nitrate for the same 
concentrations of manganese. 

Plots of the peak area and peak width of the fourth 
EPR signal against manganese concentration over 
the range 0.05-10.0 mg/l. for solutions of man- 
ganese(I1) nitrate at pH 2.1 show that the peak width 
is constant and that the peak area is a linear function 
of manganese concentration over the range tested. 

Carpenter’ has already indicated that for the con- 
centrations of manganese of interest in our work on 
fresh waters (normally <2 mg/l.), there is no associ- 
ation of pet-chlorate and metal ion; the EPR spectrum 
at low pH values is attributable to the [Mn(H,0),12+ 
ion alone, with the perchlorate anion having no effect 
on the spectrum. This claim is substantiated by our 
observation (reported above), that the EPR peak 
heights of manganese(I1) nitrate solutions at pH 2.1 
are the same as those for the same concentrations of 
manganese(I1) pet-chlorate. 

The AAS signals and EPR peak heights for various 
concentrations of manganese at three different pH 
values are summarized in Table 1. Each value is the 
mean of three readings. The EPR peak height varies 
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Table 2. Normalized fourth EPR peak heights (mm) for solutions 
containing 0.208 mg/l. manganese and varying amounts of nitrate and 

perchlorate ions (PH 3.0 f O.l)* 

Nitrate Perchlorate 
Added anion 
concn., g/l. It, M Peak height 0, M Peak height 

0 1.09 x lo-’ 27.6 1.09 x 10-S 30.1 
12.5 0.176 21.6 0.126 30.1 
25.0 0.352 27.3 0.251 30.1 
50.0 0.704 24.5 0.503 30.7 
75.0 1.056 22.6 0.754 31.0 

100.0 1.408 19.8 1.006 31.0 

*Note that the EPR peak height for a given concentration of manganese 
must be obtained by standardization each time the spectrometer is 
turned on. The nitrate and perchlorate values were obtained on 
different days. 

TIonic strength. 

Table 3. Normalized fourth EPR peak 
heights (mm) for various concen- 
trations of manganese(B) perchlorate* 
at pH 6.9 + 0.2 with addition of vari- 

ous amounts of sodium chloride 

Peak height 
[Cl- I, 
mg/l. A B C 

0 9.9 108.0 6.04 x 10’ 
50 9.9 108.0 - 

500 9.9 108.0 5.96 x lo3 
2000 8.7 105.2 5.88 x lo3 
4000 - 103.4 5.68 x lo3 
6000 7.7 103.4 5.48 x 10’ 

*[Mc”‘;‘s, 6rq/l.-A, 0.083; B, 0.880; 
3 . 

by no more than 3% with change in pH from 7.0 to 
2.1. On the other hand, the AAS signals vary 
significantly with pH for manganese concentrations 
below 1.4 mg/l., the greatest decrease in signal in- 
tensity being obtained for the less concentrated solu- 
tions at the highest pH. 

We can find no reference in the literature to such 
a decrease in AAS signal for manganese with increase 
in solution pH. However, SinghI has reported that in 
the concentration range 2-6 mg/l., cadmium in soil 

Table 4. Normalized fourth EPR Peak 
heights (mm) for various concen- 
trations of manganese(R) perchlorate* 
at pH 6.9 + 0.2 with addition of vari- 

ous amounts of sodium sulphate 

Peak height 

[Z? A B C 

0 8.8 122.2 6.35 x 10’ 
50 8.7 120.7 6.26 x lo3 

500 7.9 113.7 6.10 x 10’ 
2000 6.4 96.2 4.86 x 10’ 
4000 5.5 76.2 3.90 x 10) 
6000 - 62.7 3.42 x 10’ 

*[M$+], mg/l.-A, 0.075; B, 0.992; 
c, 51.15. 

Table 5. Normalized fourth EPR peak 
heights (mm) for various concen- 
trations of manganese(B) perchlorate* 
at pH 7.0 f 0.2 with addition of vari- 
ous amounts of sodium bicarbonate 

Peak height 

‘“GZ]~ A B C 

0 8.9 109.9 6.55 x lo3 
50 8.9 106.8 6.50 x lo3 

500 7.2 101.2 5.22 x IO3 
1000 6.2 84.9 4.85 x 10’ 
1900 3.6 76.4 3.35 x lo3 

*w;*;l; 7;g/l;-A, 0.076; B, 0.895; 
, . . 

samples produces a lower atomic-absorption signal in 
non-acidified solution than it does in acid solution, 
the reduction in signal varying from 18.2% at the 
lower concentration to 3.6% at the higher. He sug- 
gests that, at higher pH, hydrous cadmium oxides 
adhere to the atomizer surface, thus yielding low 
analytical results. Cresser and Ha&t” have reported 
a similar effect for chromium(II1) solutions, which at 

Table 6. Normalized fourth EPR peak heights 
(mm) for various concentrations of man- 
ganese(I1) perchlorate’ at neutral pH with 
addition of various amounts of humic acid 

Peak height 
[Humic acid], 

mgll. A B C 

0 5.9 106.8 6.68 x lo3 
1 4.2 - - 
5 l.O- - 

10 0.0 67.8 - 
20 - 47.4 - 
50 - 16.6 6.15 x 10’ 

100 - 5.7 5.84 x lo3 
200 -- 5.55 x 10’ 
500 -- 3.52 x lo3 

*mn2+], mg/l.-A, 0.051 (pH 7.5 kO.3); 
B, 0.853 @H 6.8 fO.l); C, 53.79 @H 
6.9 f 0.1). 
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,K 6000 

k 

Ethanol (Xv/v) 
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Acetone (%v/v) 

I 
120 

Fig. 1. Normalized fourth EPR peak height vs. percentage Fig. 2. Normalized fourth EPR peak height vs. percentage 
volume of ethanol for manganese concentration of 50 mg/l. volume of acetone for manganese concentration of 50 mg/l. 

pH >6 give low absorbance readings if allowed to 
stand. They attribute this to deposition of the hy- 
drous metal oxide. 

Other workers’2~13 have connected reduction in 
absorbance-signal for zinc, as the pH is increased, 
with adsorption of hydrous zinc oxides on the con- 
tainer walls, but some of these results have been 
disputed. I4 Lowering of the absorbance signal with 
increase in pH has also been noted by Danielson et 
~1.‘~ in their work on calcium and magnesium in 
serum. 

If it is accepted that the lowering of the absorbance 
signal with increase in pH, in our work, is due to the 
production of hydrous metal oxide adsorbed on the 
vessel walls, it is of interest that the EPR signal does 
not change with increase in pH. This suggests that no 
oxidation occurs, as this would lower the EPR signal, 
which derives from the Mn(I1) species. 

Variation of EPR signal with change in ionic strength 

Previous workers3 studying speciation of man- 
ganese in sea-water by use of EPR spectrometry have 
found it necessary to adjust the ionic strength of the 
test solutions. However, Miller0 and Schreiber’6 have 
estimated that river water has an ionic strength of 
2.09 x 10m3m whereas that of sea-water’ is 
7.23 x lo-‘m, and we have found that for solutions 
of manganese(I1) nitrate and perchlorate containing 
0.200 mg/l. manganese at pH 3.0 + 0.1, the addition 
of up to 25 g/l. nitrate (as sodium nitrate) or 
perchlorate (as sodium perchlorate) produces no 
change in the EPR signal (Table 2). Although higher 
concentrations of either salt do lead to a change in 
the EPR peak signal, such concentrations are vastly 
in excess of those in freshwaters, and we conclude 
that ionic strength adjustments are not required for 
use of the EPR spectrum of [Mn(H,0)6]2+ as a 
manganese concentration probe for fresh waters. 

Variation of EPR signal with addition of possible 
complexing anions 

Tables 3-5 indicate that the presence of inorganic 
anions capable of forming complexes with manganese 
has no appreciable effect on the EPR peak height 
(or width) at neutral pH, and at the levels at which 

such anions are found in fresh waters, such as those 
in the water storage dams which we are studying 
in the vicinity of Brisbane, which have chloride 
and sulphate concentrations of -30 and 5 mg/l., 
respectively. 

The results also indicate that the presence of large 
amounts of chloride, sulphate and bicarbonate are 
required at neutral pH to change the EPR spectrum 
of manganese. As might be expected from the work 
of Callender and Bowser,* sulphate is the anion most 
likely to form complexes (Table 4). 

By comparison, the addition of humic acid to 
aqueous manganese perchlorate solutions produces a 
major change in EPR peak height (Table 6). Al- 
though our studies on dam storage waters to date 
support the contention of Gamble9 that humic acid 
complexation of manganese in fresh waters does not 
appear to be strong, its possibility is clearly demon- 
strated by these results. The disappearance of all six 
EPR peaks of manganese solutions on addition of 
sufficient humic acid is similar to the results obtained 
when aqueous solutions of manganese perchlorate 
are made up with progressively increasing amounts of 
ethanol or acetone. Figures 1 and 2 demonstrate the 
decrease in signal as the water molecules around the 
manganese(I1) ion are replaced by organic solvent 
molecules. 
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UNTERSUCHUNGEN ZUR ANWENDUNG TERNXRER 
KOMPLEXE IN DER PHOTOMETRIE-IV 

DAS CHELAT FeY- (H,Y = EDTE) ALS REAGENS FfiR PHENOLE 

S. KOCH tmd G. ACEERMANN 
Bergakademie Freiberg, Se.ktion Chemie, Lehrstuhl fur Analytische Chemie, 9200 Freiberg, DDR 

(Eingegangen om 6. Mai 1986. Revidiert am 5. August 1986. Angenommen am 29. Oktober 1986) 

ZltWllWd amung-Auf Grund theoretischer Uberlegungen zur Komplexbildung phenol&her OH- 
Gruppen mit Metallionen und der experimentellen Untersuchung zahlreicher Reaktionsvarianten wird das 
Reagens Fey- (H,,Y = EDTE) fur Phenole empfohlen. Das Chelat FeY- bildet mit Phenolen je nach 
deren Struktur farbige tern& aber such bin&e Komplexe, welche die Ausarbeitung spektralphotome- 
trischer Verfahren gestatten. Wie Untersuchungen xur Empfindlichkeit, Selektivitiit sowie Genauigkeit 
zeigen, handelt es sich dabei um aualytisch wertvolle Reaktionen. 

!&munaq-Both theoretical considerations and experimental investigations have shown the iron(IIIk 
EDTA complex to be a useful reagent for phenols, many of which form strongly-coloured ternary 
complexes with the proposed reagent, as well as weaker binary complexes with iron(II1) alone. The 
sensitivity, selectivity (towards phenols as a group) and reproducibility of the proposed method are such 
that it can be firmly recommended. 

Auch in der organischen Analyst hahen chemische 
Methoden nehen der instrumentellen Analytik nach 
wie vor ihre Bcdeutung, wohci sich wegen der 
aul3erordentlichen Vielzahl organischer Verbin- 
dnngen heide Miighchkeiten in vielen Flllen nahezu 
ideal erggnzen. Die Spektralphotometrie ninunt in 
der organischen Analyse bei chemischen, klinischen 
bzw. biologischen Untersuchungen einen festen Platz 
ein, und naturgemaD finden dab4 organ&he sowie 
anorganische Reagenzien-such in Kombination- 
Verwendung. 

Sehr hlufig findet man mit anorganischen Re- 
agenzien Oxydations- bzw. Komplexbildungsreak- 
tionen, wobei bei letzteren von Vorteil ist, daD unter 
optimalen Bedingungen ein einheitliches Reaktions- 
produkt auftritt. Die Anwendung von Komplex- 
bildungsreaktionen in der organ&hen Analyse ist 
jedoch begrenzt, weil ein GroDteil organischer Ver- 
bindungen keine zur Komplexbildung geeigneten 
Ligatoratome aufweist. Folgende funktionelle Grup- 
pen sind z.B. zur Bildung von Koordinations- ver- 
bindungen geeignet: 4H, -COOH, -NH,, 
-SO,H, --SH. Von den angegebenen Funktionen 
tritt die OH-Gruppe am hiiufigsten auf; sie kann 
bekanntlich aliphatischer, heterocyclischer oder aro- 
mat&her Natur sein. 

In der vorliegenden Arbeit sol1 iiber Farb- 
reaktionen der aromatischen Hydroxyl-Gruppe mit 
Eisen(II1) in Gegenwart eines geeigneten Zweitligan- 
den unter Bildung ternlrer Komplexe berichtet 
werden. Wie die Untersuchungen zeigen, ist diese 
Variante vom analytischen Standpunkt aus den 
bisherigen Reaktionen mit einfachen biniiren Kom- 

plexen iiberlegen. In diesem Zusammenhang ist inter- 
essant, dab im Gegensatz zur anorganischen 
Analy& in der organ&he Analyse,%’ tern&. 
Komplexe bisher kaum Anwendung gefunden haben. 

EXPERIMENTELLER TEIL 

Die spektralphotometrischen Messungen erfolgten mit 
einem Beckman Spektralphotometer DU bzw. Zeiss Spe- 
cord M40 gegen LGsungsmittel. Zur Einstellung der pH- 
Werte (MV 87, VEB Priicitronic Dresden) dienten Per- 
chlorsiiure sowie Ammoniak geeigneter Konxentrationen. 

Alle Messungen erfolgten in Wasser hei Zinuner- 
temperatur und Z = 0,l (Natriumperchlorat). Die Proben 
wurden in der Reihenfolge Na,H,Y, NaClO,, pH it! 10, 
Fe(III), Phenol hergestellt und sofort gemessen. 

Chemikalien 
Fur die Metalle standen gravimetrisch kontrollierte 

Stammliisungen (1M) zur Verfiigung. Alle verwendeten 
Chemikalien waren handelsiibliche Produkte. Die Reinheit 
der unkristallisierten Phenole wurde durch Schmelzpunkt 
bzw. Elementaranalyse iiberprtift. 

Farbreaktionen der aromatischen OH-Gruppe 

Phenole bilden mit sehr vielen Reagenzien farbige 
Reaktionsprodukte, welche zwar empfindliche, aber 
wenig selektive Reaktionen gestatten.* Bei der photo- 
metrischen Bestimmung mit Hilfe organischer 
Reagenzien9 treten die Phenole hauptsachlich als 
Kupplungskomponente bei Diazotierungsreaktionen 
auf, wobei eine groBe Zahl an Diazoniumsalzen 
vorgeschlagen wird. Umfangreiche systematische 
UntersuchungerQ” mit vier zumeist benutzten orga- 
nischen Reagenzien machen jedoch deutlich, daI3 es 
bis jetzt kein universelles Reagens fur die funktionelle 
OH-Gruppenanalyse gibt. 
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Bei den anorganischen Phenol-Reagenzien” 
dominieren neben einigen weniger bedeutsamen 
Reaktionstypen wie Oxydation, Nitrosierung, 
Nitrierung und Alkalisierung eindeutig Komplex- 
bildungsreaktionen. Zur analytischen Charakter- 
isienmg von Phenolen haben praktisch nur 
Koordinationsverbindungen mit Fe(III), Ti(IV) und 
U(V1) aus verschiedenen Griinden Bedeutung 
erlangt. Dabei beruhen die bekanntgewordenen Re- 
aktionen meistens auf Komplex-bzw. Chelatbildung 
mit Eisen(III)-Salzen. Die Farbreaktion von Eisen- 
(III) mit phenol&hen Verbindungen wurde von 
Runge’**” schon im Jahre 1834 beschrieben und wird 
seitdem sehr h&tfig zum Nachweis sowie zur photo- 
metrischen Bestimmung verschiedener Phenol- 
verbindungen angewandt.“*‘4*‘s 

Bei der sogennanten Eisenchloridreaktion handelt 
es sich urn eine wenig selektive Farbreaktion mit den 
meisten ein- und mehrwertigen Phenolen bzw. Naph- 
tholen. Ebenfalls reagieren unter anderem Enole, 
Hydroxamtiuren, Oxime, Hydroxyderivate von 
5,dgliedrigen N-Heterocyclen, aliphatische OH- 
Gruppen, Carbon&tren sowie Aminosluren. St& 
rungen treten weiterhin durch Anwesenheit von 
Reduktionsmitteln bzw. Komplexbildnem auf, tmd 
such das Medium kann einen deutlichen EinfluD auf 
die Farbreaktionen ausiiben. 

Aufgrund eingehender Untersuchungeni6*” liegen 
in Systemen Eisen(III)/Phenol komplizierte Mech- 
anismen vor. Bei der isolierten OH-Gruppe laufen 
nach der schnellen Komplexbildung langsame 
Hydrolyse- und Polykondensationsvorglnge ab, 
welche zu unenviinschten polymeren Eisen(III)- 
Species fiihren. Hinzu kommt noch, da8 
Polyphenoleinsbesondere mit oPosition-durch 
Eisen(II1) leicht zu unbekannten Oxydations- 
prod&en magieren. Nachgewiesen ist in diesem 
Zusammenhang’* der oxydative Zerfall von 1: l- 
Chelaten einiger o-Diphenole unter Bildung von 
Eisen(I1). 

Genannte Stiirungen mtissen zwangsllufig dazu 
ftihren, da13 die klassische Eisenchlorid-Reaktion 
keine streng reproduzierbaren Ergebnisse liefert. Wie 
man der Literatur entnehmen kann, hat es in der 
Vergangenheit nicht an Versuchen gefehlt, die 
oben gezeigten Schwierigkeiten durch systematische 
Untersuchungen, I9 oder neue Reaktionsvarianten zu 
umgehen. Die Bemiihungen ftihrten zwar zur Ver- 
besserung einiger Verfahren prinzipiell konnten aber 
die Probleme so nicht gel&t werden. 

UNTRRSUCHUNGSERGEBNISSE 

Phenole, besonders mit der o-Dihydroxy- 
Gruppierung, reagieren mit einer grol3en Zahl von 
Metallkationen,20 wobei polare M-O-Bindungen 
bevorzugt werden. Farbige Komplexe entstehen 
dabei nur dann, wenn es sich urn Metalle mehrerer 
Valenzmiiglichkeiten mit nicht vollstindig besetzten 
d-Orbitalen handelt.*’ 

Man flndet nur fiir Fe(III), U(VI) sowie Ru(II1) 
universelle Komplexbildung, d.h., nur diese drei 
Ionen reagieren mit ein- und mehrwertigen Phenolen. 
Da bei Ru(II1) aber wenig intensive Farbreaktionen 
auftreten, kommen zur Anwendung praktisch nur die 
Kationen Fe3+ und UO:+ in Frage. 

Zur Ausschaltung der bereits diskutierten Stiir- 
ungen (Hydrolyse und Oxydation) sind temlre Kom- 
plexbildungsreaktionen gee&net. Aus komplex- 
chemischen Gesichtspunkten bieten sich dafiir von 
vielziihnigen Chelatbildnem besonders a-Amino- 
polycarbonsluren (APC) an, weil sie wegen der 
Ligatoratome 0 und N universelle Chelatbildner 
darstellen und die entsprechenden Chelate “freie” 
Koordinationstellen aufweisen k&men. Als niichstes 
sollen deshalb Ergebnisse zur Komplexbildung von 
Fe3+ und UO:+ mit Phenol (isolierte OH-Gruppe) 
sowie Tiron (o-OH-Gruppe) in Gegenwart der 
Aminopolycarbons%uren NTE (H,X, viertihnig 
z = 4) bzw. EDTE (H,Y, sechszlhnig, z = 6) be- 
schrieben werden. 

Das Eisen(III)-Ion reagiert in Liisung mit den 
Anionen der NTE oder EDTE zu &rBerst stabilen 
Chelaten FeX bzw. FeY-.“*23 Die pH-Kurven 
E =f(pH) der Systeme Fe(III)/NTE (EDTE)/Phenol 
(rote Liisungen, C,, = 10m3A4, p = C,,/C,, = 80, 
s = C&C,, = 1, I = 490 nm) weisen bei pH = 55 
NE) und pH = 8,6 (EDTE) Maxima auf, wo opti- 
male Komplexbildung vorliegt.24 Aus den pH- 
KurvenZSJ6 der Systeme Fe(III)/NTE (EDTE)/Tiron 
[blaue (violette) Liisungen, C,, = 2 x 10-4M 
(5 x 10-4M), p = 50 (40), s = 1, 1 = 570 (555) nm] 
tindet man bei pH = 4,l (NTE) bzw. pH = 4,3 
(EDTE) optimale Komplexbildung. Weiterhin liegt 
in beiden Systemen bei pH > 7 ein einheitliches rotes 
Chelat (n,,,, = 480 nm) vor. 

Zur Charakterisierung der einzelnen Species dienen 
Absorptionspektren der Systeme im sichtbaren Be- 
reich. Folgende Beziehungen gelten dabei: 

& (Fe/AEEhenol) < I,,, (Fe/‘hznol) 

tern&r Komplex 

&,, (Fe/APC/Tiron) > 1, (FeEion) 

570 (5s5) Om (<) tern&r Komplex 

&,= (Fe/AzIC&Tiron) = 1, (Fy’ion) 

bin&r Komplex 
(pH = 8,0) 

Auf Grund der angegebenen Kriterien4 existieren 
in der Liisung mit beiden Phenolen tern& APC- 
Komplexe. Mit dem zweizlhnigen Ligand Tiron 
kommt es im alkalischen Milieu such in Gegenwart 
einer APC noch zur Bildung bin&r Systeme. 

Uranylionen bilden in waDriger Liisung mit 
Aminopolycarbonsiiuren wenig stabile Chelate?’ 
wobei fiir hohe Ligandeniiberschiisse verschiedene 
Species nachgewiesen werden konnten.% Nach den 
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Untersuchungen der entsprechenden Systeme liegen 
trotx der hohen Koordinationsxahl fiir UO:+ von 
K, E 6 nur bin&e Uraniumkomplexe mit Phenol 
(Tiron) vor. 

Die experimentellen Ergebnisse xur Komplex- 
bildung von Fe3 + und UO:+ mit Phenolen in Gegen- 
wart von APC machen deutlich, dag Eisen(II1) als 
analytisches Reagens besonders geeignet ist. Mit dem 
Eisen(III)-Ion (hohe Ladungsdichte, unvollstiindig 
gefiillte d-Orbitale, K, = 6) existieren temlre Teil- 
then, welche analytisch wertvolle Reaktionen ver- 
sprechen. Bei dem Chelat FeX ist wegen der zwei 
“f&en” Koordinationsstellen von Nachteil, da8 
schon in schwach saurer Liisung Stufenkomplex- 
bildung (FeX,) sowie starke Komplexhydrolyse 
[FeX(OH),] auftritt (n = 1, 2).” AuBerdem sind hier 
such-wie orientierende Versuche zeigen-wenig 
selektive Reaktionen xu erwarten. 

Andere hochxiihnige Zweitliganden wie 1,2-Di- 
aminocyclohexantetraessigsiiure (z = 6) und Diethyl- 
entriaminpentaessigsiiure (z = 8) bilden zwar such 
tern&e Species.29 Unter optimalen Bildungsbeding- 
ungen (pH, x 10) kommt es jedoch mit vielen 
Phenolen zur Oxydation durch Luftsauerstoff. 

Nach den hier vorliegenden Ergebnissen mu8 man 
somit das Eisen(III)-Chelat FeY(H,O), das eine freie 
Carboxylatgruppe hat (EDTE = H,Y), als ana- 
lytisches Reagens fur ein- und mehrwertige Phenole 
ansehen. Das Teilchen stellt dabei eine offene Chelat- 
struktur mit fiinftihnig wirksamen Liganden dar, wo 
eine durch Wasser besetxte Koordinationsliicke auf- 
tritt.“,3’ Auf Grund der groBen Stabilitfit des 
Chelates treten Zersetzungsreaktionen erst bei 
pH > 10 und Protolyse vorwiegend nach 

[FeY(H,O)]-+FeY(OH)]‘- + H+ 

erst im alkalischen Milieu auf.23 Eine eventuelle 
Blockierung der Koordinationsliicke durch Carbo- 
xylatgruppen tiberschilssiger EDTE-Liganden kann 
ausgeschlossen werden, da die Bildung von Fey:- 
zwar miiglich ist, das Gleichgewicht 

Fey- + Y*-*FeYi- 

mit K, = 11,6 aber praktisch vollstiindig auf der Seite 
von FeY -liegt.32 Bei dem Teilchen Fey- handelt es 
sich nach Pearson urn eine bevorxugt harte Siiure,” 
was die Reaktionen mit phenolischen Liganden als 
harte Basen begtinstigt. Von Vorteil ist weiterhin, da13 
FeY- (Fey*-*Fey- + e, E” = 0,117 V23) gegen- 
iiber Fe’+ = 0,77 V) aufgrund der Abschirmung 
durch Y’- nur ein Iul3erst schwaches Oxydations- 
mittel darstellt. Diese Tatsache macht es mbglich, in 
der praktischen Analyse Reduktionsmittel zur Ver- 
hinderung einer Oxydation der Phenole durch 
Luftsauerstoff einxusetzen. Als besonders geeignet 
dafiir erweist sich Natriumsulfit,Y welches FeY- 
nicht reduxiert, sondem einen Verschieden-Ligand- 
Komplex nach 

Fey- + HS0,=[FeY(S03)J3- + H+ 

bildet. 

Wie aus den Eigenschaften dieses Teilchens ab- 
xuleiten ist, wird die Komplexbildung mit Phenolen 
durch kleine Uberschiisse an Natriumsulfit nicht 
gestort. Schlieglich lll3t sich nachweisen, dal3 
L6sungsmitteleinfltisse durch Methanol bis SO Vol. % 
auf die tern&e Komplexbildung unbedeutend sind. 
Neben einer geringen bathochromen Verschiebung 
von J._ findet man eine leichte Erhiihung fur pH, . 

Reaktionsgleichgewichte 

Im folgenden sol1 die Komplexbildung von Fey- 
mit einigen typischen Phenolen (R) nHher beschrie- 
ben werden. Die Charakterisierung der Systeme 
Fe(III)/EDTE/R erfolgt mit Hilfe spektralphoto- 
metrischer und elektrophoretischer Methoden, 
wobei experimentell ermittelte Kurven E =f@H) 
sowie E =f(C,) nach speziellen Programmen 
LITRAFAL3’ analysiert werden. Zur Ermittlung der 
Komplexladungen dient hierbei die Papierelek- 
trophorese.36 Die nachstehenden Gleichgewichte 
gelten fur Systeme mit LigandeniiberschuB 
(C,, = lo-3M, C&r, = loo, c,/c,, = 5). 

Einwertige Phenole 

Phenol (HR)37 

[FeY(OH + HRe[Fe(OH)R13- 

+ H+ (pH, = 8,7) 

Zweiwertige Phenole 

Hydrochinon (H2 R)3* 

[FeY(OH + H,R+[FeY(OH)HR]‘- 

+ H+ (pH, = 8,7) 

Resorcinol (H2 R)‘* 

[FeY(OH + H2Rz$[FeY(OH)HR13- 

+ H+ @H, = 8,4) 

Brenxcatechin (H, R)39 

FeY- + H2Rz$[FeY(H,R)]*- + H+ (pH, x 7) 

[FeY(HR + 2H,R + 40H-eFeR:- 

+ HY3- + 4H,O @H = 8,5 - 10,O) 

Dreiwertige Phenole 

Phloroglucinol (H, R)a 

[FeY(OH + H, R+FeY(OH)H, RI’- 

+H+ (pH,=8,1) 

Bei der Bildung der tern&-en Komplexe mit isolierter 
OH-Gruppe (Phenol, Hydrochinon, Resorcinol 
sowie Phloroglucinol) und der Hydrolyseform 
[FeY(OH)]*- handelt es sich urn eine innerkomplexe 
Verdriingungsreaktion, dabei wird eine Car- 
boxylatgruppe des Y’- durch den Ligand R-O- 
aus der Koordinationssphiite verdriingt. Wie die 
Untersuchungen zeigen, bilden sich die Species 
[FeY(OH)H,R]‘- (n = 0, 1, 2) such in lquimolaren 
Losungen sowie in Systemen mit FeY-Uberschug. 



316 S. KOCH und G. ACKERMANN 

Die Bildung des tern&en Komplexes mit der o- 
OH-Gruppierung (Brenzcatechin) stellt eine Anla- 
gerungsreaktion unter Verdrlngung von Wasser dar. 
Genanntes Teilchen existiert aber nur in einem sehr 
engen pH-Bereich, und schon in schwach alkalischer 
Liisung kommt es zur Abspaltung von Y4-. Da der 
tern& Komplex aul3erdem zeitlich wenig stabil 
ist, kommen hier zur analytischen Nutzung nur die 
entsprechenden bit&en Chelate in Frage. Wie die 
Untersuchungen zeigen, liegen dann in Losungen mit 
FeY-Uberschug folgende Reaktionen vor: 

[FeY(OH + 2H,R + 20H- 

*FeR, + HY’- + 3H,O 

[FeY(OH + H,R 

eFeR+ + HY3- + H,O (pH = 9,0) 

Empjindlichkeit 

Die Absorptionsbanden der tern&en Eisen(III)- 
Komplexe im sichtbaren Spektralbereich stellen 
Charge-Transfer-Banden dar, weil die Spektren 
durch Liganden- bzw. Zentralion-UbergSinge nicht 
erklgrbar sind und die Extinktionskoeffizienten in der 
dafiir typischen GriiBmordnung liegen. Durch die 
Abschirmung des Kationenfeldes vom Zweitliganden 
kommt es zur hypsochromen Verschiebung von J,_ 
gegeniiber den entsprechenden bin&en Species FeR. 
Das bedeutet aber, durch die tern&e Komplex- 
bildung tritt keine Emiedrigung des Extinktions- 
koeffizienten und damit der Empfindlichkeit auf. In 
Tabelle 1 sind dazu die opt&hen Eigenschaften 
zusammengestellt. Wie die Werte der molaren 
Extinktionskoelhzienten (e_ x 2 x 10’ l.mole.-’ 
cm-‘) deutlich machen, sind somit empfindliche ana- 
lytische Reaktionen zur Bestimmung von Phenolen 
miiglich. 

Selektivitiit 

Bei den hier beschriebenen Reaktionen mit dem 
Reagens [FeY(H,O)]- tmter Bildung temiirer 
Komplexe findet man gegeniiber der klassischen 
Eisenchloridreaktion eine hohere Selektivitiit, weil die 
Anlagerung des mehrzahnigen Zweitliganden eine 
deutliche Anderung der Koordinationsverhaltnisse 
(Neutralisation von Ladungen, weniger “freie” Ko- 
ordinationsstellen) mit sich bringt. Im weiteren sol1 
nun iiber die Ergebnisse zur SelektivitZit der FeY- 
Gruppe ausftihrlicher berichtet werden. Die Cha- 
rakterisierung der Farbreaktionen erfolgt hierbei vi- 

Tabelle 1 . Opt&he Eigenschaften von tern&n Komplexen 
mit EDTE als Zweitligand 

Erstligand 

Phenol 
Hydrochinon 
Resorcinol 
Brenzcatechin 
Phloroglucinol 

I -, nm 

495 (rot) 
545 @la) 
500 (rot) 
540 (Ma) 
505 (rot) 

6 msx, 
I.mole-‘.cm-’ 

2.0 x 103 
1.8 x 10” 
2.0 x 10’ 
2.0 x 103 
1.7 x 103 

sue11 fur Systeme (C,, = 10-3M, p = 100, s = 5) mit 
LigandeniiberschuB im pH-Bereich 2 bis 10, und zum 
spektralphotometrischen Nachweis temarer Kom- 
plexbildung dienen die entsprechenden Kriterien. 

Phenole. Die Komplexbildung ist hierbei an nega- 
tive Liganden R-G gebunden. Bei veresterten Ver- 
bindungen (Anisol, Brenzcatechindiethylester) treten 
deshalb keine Farbreaktionen auf. 

Fur die isolierte OH-Gruppe findet man bei vielen 
Verbindungstypen (Kresole, Xylenole, halogensub- 
stituierte Produkte u.a.) tern&e Komplexbildung, 
wobei das Absorptionsmaximum je nach der Art und 
Zahl der Substituenten verschoben ist. Untersu- 
chungen an Nitroverbindungen (o -Nitrophenol, 
2,4-Dinitrophenol, Pikrinsaure) zeigen dagegen, dag 
mit diesen Liganden keine Farbreaktionen auftreten. 
Offensichtlich bewirken hier durch die Nitrogruppen 
hervorgerufene Induktionseffekte eine deutliche 
Schwiichung der FeO-Bindung. Bei p-Nitrophenol 
tritt aufgrund der Struktur eine abgeschwachte Posi- 
tivierung des Ligatoratoms auf, weshalb diese Ver- 
bindung tern&e Komplexbildung zeigt. Interessant 
sind in diesem Zusammenhang einige Liganden, 
welche in o-Position zur OH-Gruppe einen Substitu- 
enten aufweisen. Wahrend m-Aminophenol sowie 
p-Aminophenol ternare Komplex bilden, beobachtet 
man mit o-Aminophenol (zweiziihnig mit “freiem” 
N-Ligatoratom) eine Verdrlngung von Y4- unter 
Bildung farbiger binlrer Chelate. Phenole mit 
der Carboxylgruppe in o -Stellung (Salicylsaure, 
3,5DinitrosalicylsPure, 5Sulfosalicylsiiure) zeigen 
dagegen keine Farbreaktionen. Die Ursache dafiir 
dtirfte in der Blockierung der komplexbildenden 
Ra- Gruppe durch ein Wasserstoffion liegen, 
welches wegen einer Wasserstollbrtickenbindung zur 
Carboxylatgruppe sehr fest gebunden ist. 

Auch andere phenolische Verbindungen mit 
der o-OH-Gruppierung (Pyrogallol, Gallussiiure, 
Pyrogallolcarbonsaure) reagieren nach dem fur 
Brenzcatechin angegebenen Mechanismus unter 
Bildung ternarer und binlrer Species. 1st aber eine 
der R-C--Gruppen durch Veresterung blockier% 
(Guajacol), so ist die Verdrlngung des Zweitliganden 
nicht mehr miiglich und man findet nur noch ternlre 
Komplexbildung. Bei Verbindungen mit stark 
elektrophilen Substituenten (Brenzcatechin-3,5-di- 
sulfonsaure, 4-Nitrobrenzcatechin) treten dagegen 
praktisch nur die entsprechenden binaren Komplexe 
FeR, auf. Wegen der Natur dieser Substituenten 
kommt es zur leichten Abspaltung der Protonen des 
o-Diphenols, woraus eine friihzeitige Abspaltung des 
Y4- und Anlagerung des Erstliganden resultiert. 

Naphthole. Naphthole als TrHger aromatischer 
Hydroxylgruppen geben unter geeigneten Bedin- 
gungen Farbreaktionen, wobei die bereits beschrie- 
benen Prinzipien Gtiltigkeit haben. Die isolierte 
OH-Gruppe zeigt in schwach alkalischer Losung die 
Bildung ternlrer Komplexe. Auch hier tiben die in 
Nachbarstellung befindlichen “freien” Ligatoratome 
einen EinfluD auf den Mechanismus aus. Mit dem 
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zweitihnigen Ligand &Hydroxychinolin beispiels- 
weise kommt es schon in schwach saurer Liisung zur 
Abspaltung des Y4-, und die Bildung eines tern&en 
Komplexes ist so ausgeschlossen. Bei der o-OH- 
Gruppierung liegt in neutraler Lasung zuniichst 
tern&e Komplexbildung vor, im alkalischen Milieu 
kommt es wie bei o-Diphenolen zur Zersetzung des 
Komplexes unter Bildung eines binlren Chelates 
FeR, . 

Enole. Ascorbinsiiure aus der Gruppe der Endiole 
zeigt im Neutralen eine schwache blaugriine FPr- 
bung, welche innerhalb weniger Minuten verblal3t. 
Im Falle von aliphatischen Enolen (Acetessigester, 
Acetylaceton) kann wegen der Keto-Enol- 
Tautomerie die saure Enolgruppe nach Abspaltung 
eines Protons koordinativ wirksam werden. Acetes- 
sigester gibt keine Farbreaktion, obwohl Eisen(II1) 
im Saure.n rote Komplexe bildet. Offensichtlich ist 
hier die wirksame Konzentration der Enolform zu 
gering, urn mit FeY- zu reagieren. Mit Acetylaceton 
6ndet man dagegen wegen der leichteren Enolisierung 
in alkalischer Liisung orangefarbene Species 
(,l,_ = 445 nm). Wie die Untersuchungen zeigen, 
handelt es sich hierbei um einen komplizierten 
Reaktionsmechanismus unter gleichzeitiger Bildung 
verschiedener Komplexe. Auch bei heterocyclischen 
Verbindungen mit Keto-Enol-Tautomerie (Barbitur- 
sliure, Antipyrin) zeigt sich ein Selektivititszu- 
wachs. Wlhrend mit Eisen(II1) Farbreaktionen 
auftreten, kiinnen sie mit Fey- nicht beobachtet 
werden. 

Hydroxamriiuren. Hydroxamsiiuren (Acetyl-, 
Capronylhydroxams%ure) reagieren mit Fey- gegen- 
tiber F$+ erst in alkalischer LGsung mit VerzSgerung 
unter Bildung orangefarbener Liisungen. Wie zu er- 
warten, kommt es aufgrund der Ligandenstruktur 
mit einem zusgtzlichen “freien” Ligatoratom unter 
Verdriingung des Y4- zur Bildung von stabilen 
5-gliedrigen Chelaten. 

Uxime. Bei der Reaktion von Eisen(II1) mit Oxi- 
men (Diacetyldioxim, Benzoinoxim, Cylcohexanon- 
oxim) treten farbige Reaktionsprodukte auf. I%e 
analytische Gruppe FeY- reagiert dagegen nicht mit 
Oximen, so daD hier keine Stiirung vorliegt. 

Heterocyclen. Mit Heterocyclen, welche ungela- 
dene Heteroatome als Donator aufweisen (Pyridin, 
Furan, Thiophen), beobachtet man keine Reak- 
tionen. Erst wenn eine Verbindung mit quasiaromati- 
scher OH-Gruppe vorliegt, treten Farbreaktionen 
auf. Am Beispiel der Kojisiiure [5-Hydroxy-Z 
(hydroxymethyl)-4-pyron] lPI3t sich zeigen, da13 in 
schwach alkalischer Liisung eine unvollstiindige Ver- 
drgngungsreaktion abliiuft, wobei sich das binlre 
Chelat FeR, (&,,, = 460 run, gelb-orange) bildet. Die 
Ursache liegt such hier wieder in einem “freien” 
Ligatoratom, welches sich am y -Pyron in o-Stellung 
zur Hydroyxlgruppe befindet. 

Afiphatische OH-Gruppen. Es ist seit langem be- 
kannt, daB aliphatische Hydroxylverbindungen mit 
Eisen(III)-chlorid eine gelbe Farbreaktion zeigen. 

Zum Mechanismus dieser Reaktion findet man 
jedoch in der Literatur keine Angaben. Da bei 
den experimentellen Bedingungen Oxydations- und 
Komplexbildungsreaktionen mit der OH-Gruppe 
ausgeschlossen werden k&men, bilden sich hierbei 
unter dem EinfluS der organischen Verbindungen 
durch Abnahme der Dielektrizitatskonstante wahr- 
scheinlich verstirkt Komplexe der Art FeClp . Dafir 
spricht die Beobachtung, daO mit Eisen(III)-sulfat die 
besprochene Farbreaktion nicht auftritt und andere 
organ&he Verbindungen (Essigsiiureethylester, Ace- 
ton u.a.) iihnlich wirken. Wie die Untersuchungen 
weiterhin ziegen, gibt FeY- mit der aliphatischen 
OH-Gruppe (Methanol, Butanol, Benzylalkohol, 
Glycerin u.a.) keine Farbreaktionen. 

Carbonsiiuren und Aminosiiuren. Zu einer hltigen 
Stbrung der Eisenchlorid-Reaktion kommt es in 
Anwesenheit von Carbonsiiuren bzw. Aminoduren. 
In Gegenwart genannter Verbindungen laufen 
Komplexbildungsreaktionen mit farbigen Species ab. 
Auch in diesem Fall bleiben die entsprechenden 
Reaktionen (Essigslure, Benzoesiiure, Glykokoll 
u.a.) mit FeY- wegen der schon beschriebenen 
Griinde aus. 

Weitere Verbindungen. Neben den besprochenen 
Verbindungen gibt es noch einige, welche die 
Eisenchlorid-Reaktion aufgrund einer Redox- 
Reaktion stiiren. So werden z.B viele aroma&he 
Amine von Eisen(II1) zu dunklen Produkten oxy- 
diert. All diese Stdrungen sind mit FeY - aufgehoben, 
weil es sich hierbei nur um ein sehr schwaches 
Oxydationsmittel handelt. 

SchlieDlich sol1 noch etwas zur Reaktion or- 
ganischer Schwefelverbindungen gesagt werden, da 
such durch diese Substanzen erhebliche Stiirungen 
bei der klassischen FeCl,-Reaktion auf&ten k8nnen. 
Das Teilchen Fey- bildet mit Neutralliganden des 
Typs R-S-R’ keine farbigen Species. Bei Ver- 
bindungen R-SH treten dagegen Farbreaktionen 
auf.” 

Aul3er Thiophenol bilden die Thioliganden zeitlich 
wenig stabile Komplexe, welche sich nach einem 
Redoxmechanismus zu farblosen Reaktions- 
produkten zersetzen. 

Priizision 

Es wurde schon darauf hingewiesen, daD die 
klassische Eisenchlorid-Reaktion durch Kon- 
kurrenzreaktionen (Hydrolyse, Oxydation) gestiirt 
wird und somit wenig reproduzierbare Ergebnisse 
liefert. Durch tern& Komplexbildung lassen sich 
dagegen beide Stijrungen ausschalten. Die im wei- 
teren mitgeteilten experimentellen Ergebnisse sollen 
das veranschaulichen. 

System Eisen(III)/Phenol 

CFe = lo-SM, p = 100, 

pH = 2,30, A = 560 nm 
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Tabelle 2. Eichfunktionen (d = 1 cm) A = bc + a (c in mole/l.) zur Bestimmung 
von Phenolen 

Analyt PH,, k..., nm b a r 

Phenol 890 520 68,8 0,025 1,008 
Hydrochinon 890 560 175,8 -0,002 0,999 
Resorcinol 520 143,0 0,040 0,998 
Brenzcatechin 610 1275 0,014 0,996 
Phloroglucinol 515 192,4 0,002 0,999 

System Eisen(III)/EDTE/Phenol 

CFe = lo-)M, p = 100, 

s =5, pH=8,70, 1 =495 nm 

Wie Extinktions- sowie Potentialmessungen an 
den entsprechenden Lijsungen zeigen, ist das System 
Eisen(III)/Phenol gegenilber Eisen(III)/EDTE/ 
Phenol zeitlich sehr instabil. Aus Wiederholungs- 
messungen der Extinktion (f = 10 Freiheitsgrade) 
ergeben sich dazu folgende Variationskoelhzienten: 
V(Fe/Phenol) = 12,6%; V(Fe/EDTE/Phenol) = 0,2%. 
Der sehr gute Wert von 0,2% macht deutlich, dal3 mit 
dem Reagens FeY- Bestimmungen mit hoher Prl- 
zision miiglich sind. Nach den vorliegenden Unter- 
suchungen trifft das such auf zwei- und dreiwertige 
Phenole zu. 

Zur praktischen Anwendung 

Bei der analytischen Anwendung von Fey- sind 
noch einige praktische Hinweise von Bedeutung, 
welche an dieser Stelle kurz behandelt werden sollen. 

Als Eisen(III)-Reagens ist eine 1M Stammlijsung 
[Fe(NO,),, O,lM an HClO,] geeignet. Nach UV- 
spektroskopischen Untersuchungen an Modell- 
liisungen (C, = 8 x 10w4M, CNaNOl = 4 x lo-‘h4 
kijnnen dabei eventuelle Nitrierungsreaktionen mit 
Phenolen (isolierte OH-Gruppen sowie o-OH- 
Gruppierung) ausgeschlossen werden. 

Fur das Reagens FeY- ist von Bedeutung, da8 
Systeme mit EDTE-Uberschug s = 5 gegentiber ver- 
dtinnter Natronlauge (pH-Einstellung) noch stabil 
sind. Die einzelnen Proben werden deshalb am besten 
in der Reihenfolge Na,H,Y (pH = lo), Eisen(III), 
Analyt hergestellt, wobei s = 5 einzuhalten ist. 
Wiihrend nun fur die qualitative Analyse besonders 
Systeme mit Phenol-Uberschug (p > 1) geeignet sind, 
kommen fur die photometrische Bestimmung 
Systeme mit Fey- (p < 1) und such Analyt- 
UberschuD in Frage. Die erste Variante ergibt eine 
lineare Abhlngigkeit A = bc + a der Extinktion A 
von der Konzentration c und ist fur kleine Gehalte 
geeignet. Fiir einige typische Phenole sind die durch 
Regression erhaltenen Eichfunktionen in Tabelle 2 
enthalten. Man sieht an den linearen Korrelations- 
koefhzienten r sofort, da13 bei allen Verbindungen 
eine strenge lineare Verbundenheit vorliegt. 

Bei der zweiten Variante, welche zur Bestimmung 
hoher Gehalte geeignet ist, liegt wegen des Uber- 
schusses an Analyt kein linearer Zusammenhang vor. 

Die Eichfunktionen E =f(c) stellen gekrtimmte Kur- 
ven dar und lassen sich am besten durch ein Polynom 
zweiten Grades, P = a, + a,c + a2c2, beschreiben. 
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Summar-A kinetic method is described for determining trace amounts of manganese(H), based on its 
catalytic effect on the oxidation of salicylaldehyde guanylhydrazone by hydrogen peroxide. The reaction 
is followed spectrophotometrically by measuring the rate of change of absorbance at MS nm. The 
calibration graph is linear in the range 8-80 pgfl. with a relative error of f 1%. The method has been 
applied to the determination of manganese in various samples. 

In recent years, many kinetic methods have been 
described for the determination of manganese(II), 
based on its catalytic effect on the oxidation of 
organic compounds by hydrogen peroxide. Several 
Schi!T’s bases, including thiosemicarbazonesl-’ and 
pyridilhydrazones6 have been used for this purpose. 

Guanylhydrazones have not received extensive 
study as analytical reagents, but dimedone bisguanyl- 
hydrazone has been used for the kinetic spectro- 
photometric determination of copper.’ In the present 
work, salicylaldehyde guanylhydrazone (SAG) is 
employed for the first time in a kinetic system, based 
on its oxidation by hydrogen peroxide, catalysed 
by manganese(I1). The analytical properties of SAG 
and a spectrophotometric method for determining 
iron@) were described earlier.’ 

Manganese(I1) reacts with SAG in basic medium to 
give a yellow complex, which is probably an Mn(II1) 
complex because the colour is slow to appear and the 
reaction is not observed when SAG and Mn(I1) 
solutions are mixed under an atmosphere of nitrogen. 
The absorption spectrum of the yellow complex 
shows one absorption band between 380 and 440 nm, 
with 1, = 400 nm. 

The rate of complex formation is increased by the 
addition of hydrogen peroxide, but a new reaction is 
observed. SAG undergoes oxidation by hydrogen 
peroxide [catalysed by manganese(II)], producing a 
red colour. This reaction is suitable for a spec- 
trophotometric kinetic determination of trace 
amounts of manganese, in which the rate of change 
of absorbance at 505 mn is measured. This paper 
describes a new, sensitive and selective kinetic 
method for determining manganese at nanogram 
levels. The method has been applied to the deter- 
mination of manganese in natural water, Portland 
cement, basic slag, Lincoln&ire iron ore and lead 
concentrates. 

EXPERIMENTAL 

Apparatus 
A Beckman DU 50 spectrophotometer (equipped with a 

Soft-Pat Module for kinetic studies) and a Zeiss DMR 11 
spectrophotometer were used, both having constant- 
temperature cell-holders and l&cm glass or fused-silica 
cells. 

Solutions 
All solvents and reagents were of analytical-reagent 

grade. 
Salicylaldehyde guanylhydrazone was synthesized accord- 

ing to the procedure of Thiele and Bihan.9 A 0.1% solution 
was prepared by dissolving 1.0 g of SAG in 50 ml of 
dimethylformamide (DMF) and making up to 1 litre with 
demineralized water. 

Standard manganese(I1) solution was prepared from the 
nitrate (Merck) and standardized by titration with EDTA, 
it was diluted as required, just before use. 

Buffer solution, pH 9.5, was prepared by dissolving 80 g 
of ammonium nitrate and 127 ml of concentrated ammonia 
in water and diluting to 1 litre. 

Procedure 
To a solution containing up to 2 pg of Mn(II), in a 25-ml 

standard flask, add 5 ml of 0.1% SAG solution, 1.5 ml of 
DMF, 5 ml of pH-9.5 buffer and 1 ml of 0.3% v/v hydrogen 
peroxide solution, and start the stop-clock. Make up to the 
mark with water, mix well, then transfer a portion to a 
1 .O-cm cell at 25 jI 0.1” and follow the reaction by recording 
the absorbance (against water) at 505 mn as a function of 
time, beginning the measurements 45 set after addition of 
the last reagent. The reaction rate is calculated by the 
initial-rate method applied to the data obtained in the first 
60 set of reaction. 

Preparation of samples 
Portland cement. Take about 0.25 g of the sample and 

0.5 g of ammonium chloride and add 5 ml of concentrated 
hydrochloric acid. Heat on a steam-bath for 30 min. Add 
20 ml of hot water to the solution for complete dissolution 
of the soluble components of the cement sample. F&r, and 
wash the p&pita& with hot water. Cool the filtrate and 
dilute it to volume in a NO-ml standard flask. 

Basic slag. Take about 0.1 g of sample and dissolve it in 
a few ml of concentrated per&lo& acid. Heat on a steam- 
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Fig. 1. Absorption spectra of the oxidation product of SAG 
in the presence of (1) H,O, and 40 @ml Mn(II) and (2) 

1.5 x 10-‘&f IO,. 

bath to a white residue of silica. Add a few ml of water, 
filter, and wash the precipitate with hot water. Cool the 
filtrate and dilute it to volume in a 100~ml standard flask. 

Lincolnshire iron ore. Use the procedure for basic slag. 
Lead concentrates. Take about 0.25 g of the sample and 

dissolve it in a few ml of concentrated perchloric acid. 
Heat until dissolution is complete. If a white precipitate of 
lead sulphate is observed, filter it off and wash it with hot 
water. Cool the filtrate and dilute it to volume in a 100-ml 
standard flask. 

Natural waters. Take a sample (with or without prior 
dilution) such that the amount of manganese in it is within 
the determination range of the method. 

RESULTS 

Catalytic effect of manganese(IZ) 

The oxidation of SAG is instantaneous in the 
presence of periodate, giving a red precipitate soluble 
in DMF. In the presence of persulphate it is not as 
fast. When hydrogen peroxide is used as the oxidizing 
agent, a weak red colour is observed but only when 
z 33% v/v H,02 is used. The reaction speeds up 
considerably if small amounts of manganese(I1) are 
present, owing to its catalytic effect. Because the 
colour obtained (in DMF-water) is the same as that 
produced by the other oxidizing agents, it is con- 
cluded that oxidation of SAG takes place, and that 
the reaction is catalysed by manganese ions. The 
catalytic action of manganese(I1) is favoured in a 
buffered ammoniacal solution. The absorption spec- 
tra of the oxidation products of SAG with periodate 
and hydrogen peroxide-Mn(I1) are shown in Fig. 1. 
The absorption spectrum of the oxidation product 
and its variation with time are shown in Fig. 2. The 
reaction rate can be calculated by linear regression 
analysis of the initial straight portions of the kinetic 
curves (obtained by measuring the rate of change of 
absorbance at 505 mn). The uncatalysed reaction rate 
is negligible in all cases, under the conditions in which 
the curves were obtained. 

Effect of reaction variables 

The oxidation of SAG is influenced by the reagent, 
hydrogen peroxide and manganese(I1) concen- 
trations, pH, buffer composition and temperature. 
The effects of all these variables on both the cata- 
lysed and uncatalysed reactions, were investigated, 
by means of evaluating tan a = AA /At for the initial 
straight-line portions of the absorbance vs. time plots. 

In preliminary studies it was observed that the 
temperature has a slight effect on the reaction rate. 
We therefore first studied all the other variables, 
keeping the temperature at 25”, and once the opti- 
mum chemical conditions were identified we kept 
them constant and studied the effect of the tem- 
perature. 

The effect of pH and buffer composition was 
studied simultaneously, by use of mixtures of ammo- 
nia and ammonium nitrate. Ammonium chloride was 
also tried, but chloride decreases the reaction rate, 
whereas nitrate does not. Two solutions, one of 
ammonia and the other of ammonium nitrate were 
prepared, and with these, two series of samples were 
made: in one the concentration of ammonia was kept 
constant, and in the other the concentration of 
ammonium nitrate. Taking into account that the 
other reagent concentrations remain constant, the 
following relationships should be valid:’ 

log (tan a/[NH:]“) = K - xpH (1) 

log (tan a/[NH,J”) = K’ - xpH (2) 

The variation of the initial rate of reaction for 
[NH,] = constant and [NH: ] = constant is shown in 
Fig. 3. The partial reaction orders with respect to 
hydrogen and ammonium ions were calculated by 
plotting equations (1) and (2), for different m and n 
values and the pH interval P-10. The values x = - 1, 
m = - 1 and n = 1 were obtained. The uncatalysed 
reaction rate was negligible. 

I 25min 

A 0.5 ;J 

11 min 

0.4 
7mm 

II- 

p-“. 

450 500 550 

Xh-tm) 

Fig. 2. Variation of absorption spectrum of SAG in the 
presence of H,02 and 18 ng/ml Mn(I1). (a) Uncatalysed 

reaction after 10 min. 
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Fig. 3. Variation of reaction rate for [NH,+] = constant and 
[NH,] = constant. [(Mn(II)] = 200 ng/ml. Samples con- 

tained 5 ml of DMF. 

The effect of SAG concentration on the reaction 
rate was studied in the range O.lW.22 x 10-‘&f. A 
logarithmic plot showed that the reaction rate was 
independent of the SAG concentration in the range 
0.75-1.50 x 10e3M. A 0.83 x 10e3M SAG concen- 
tration was chosen for subsequent studies. 

The effect of hydrogen peroxide concentration was 
studied for solutions containing 60 ng/ml man- 
ganese(I1). A logarithmic plot showed that the reac- 
tion rate was independent of the hydrogen peroxide 
concentration in the range 3.2-5.0 x 10P3M. A 
3.9 x 10e3A4 peroxide concentration was chosen for 

I 33ng/ml 
X=505nm 

Fig. 4. Variation of the rate of the catalysed reaction with 
temperature. 

subsequent studies; this concentration was obtained 
by use of 1 ml of 0.3% hydrogen peroxide solution 
per 25 ml of final solution. 

The oxidation reaction rate decreased with in- 
creasing volume of DMF added to the sample; 
however, addition of DMF is necessary to keep the 
oxidation product in solution, and use of 1.5 ml is 
recommended. The order of addition of the reagents 
has no influence on the oxidation reaction rate. 

The effect of temperature on both the catalysed 
and uncatalysed reactions was studied in the range 
3-50”. The uncatalysed reaction rate was negligible in 
the temperature range examined. The catalysed reac- 
tion rate increased slowly with temperature (Fig. 4). 
A temperature of 25” was judged to be the optimum 
for the final procedure. The activation energy calcu- 
lated from the reaction rates by using the Arrhenius 
equation over the 10-40” range is 14.4 kJ/mole. 

Rate equation and calibration graphs 

The absorbance vs. time curves for solutions con- 
taining different amounts of Mn(I1) were recorded. 
On their basis, the following equation is suggested for 
the manganese(II)-catalysed oxidation of SAG at pH 
9.5 in the concentration range 0.75-1.50 x lo-‘M: 

which can be written as 

d[SAG],,/dt = kk’[Mn(II)] = K[Mn(II)] 

where k’ is the apparent equilibrium constant for 
H+ + NH,+NH$ . 

Table 1. Influence of foreign ions on the kinetic 
determination of Mn(I1) (40 ng/ml) 

Tolerated 
ratio to Mn, 

w/w Ions 

> 105 Nat, SO:-, NO; 
lo5 K+ 

7.5 x 10’ F- 
1.8 x lo4 C&- 
1.2 x lo4 PO:-, AsOr), tartrate 
8.5 x lo3 Cl- 

2x 10’ Mo(VI), Ag+, Ca*+ 
10’ Mg2+ 
500 In’+, As(III), Sb(III), BaZ+, Y3+ 
250 Pb2+, Bi(III), &+, W(VI), Pd(I1) 
125 Cd*+, Zn2+, Al’+, Co2+* 
15 V(v) 
50 Hg(II) 
40 
25 

F$I)t 

12.5 Cr3+ 
10 Ni2+ 
6 Ti’+, Sn(II), CN- 
0.25 EDTA 

*A constant error of + 7% is produced when the 
Co(I1) concentration range is 50-5000 ng/ml. 

77 ml of 0.1% SAG added. 
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Sample 

Table 2. Determination of Mn(I1) in diverse samples 

Certified % Mn certified, Mn* 
composition % found, % 

Portland cement 
BCS-372 

Basic slag 
BCS-381 

Lead concentrate 
BAS-426 

Lincolnshire 
iron ore 
BCS-301/l 

SiOr (21.3); TiO, (0.33) 
CaO (65.8); A&O, (5.35) 
MgO (1.30); Na,O (0.21) 
K,O (0.62); SO3 (2.35) 
P,Os (0.19) 
P,O, (15.7); SiO, (8.78) 
Fe0 (3.69); Fe total (13.3) 
Al,Or (0.67); V,O, (0.94) 
TiO, (0.35); C&O, (0.33) 
CaO (49.0); MgO (1.03) 
s (0.19) 
Zn (3.40); S (14.2) 
Fe (1.35); Pb (75.6) 
Cu (0.14); As (0.32) 
Sb (0.15); Bi (0.020) 
Ag (0.074); Au (0.016) 
Fe (23.8), SiO, (7.40) 
Al,Or (4.26); TIO, (0.16) 
CaO (22.6); MgG (1.73) 
Na,O (0.07); K,O (0.32) 
s (0.040); P (0.35) 

0.046 0.045 

2.45 2.39 

0.210 0.203 

0.970 1.01 

*Mean of 3 separate determinations. 

Table 3. Determination of Mn(I1) in water samples by the 
standard-additions orocedure 

Sample 
Added, Found,* Recovery, 
aglml nglml % 

Running water A 

Running water B 

Running water C 

Guadiana river 

6.6 
8.2 14.0 

24.6 31.7 
41.0 47.3 
- 3.5 
8.2 12.4 

24.6 29.5 
41.0 47.4 
- 7.5 
8.2 16.2 

24.6 32.0 
41.0 47.0 
- 86 

134t 230 
402t 470 

- 
95 

102 
99 

- 
106 
105 
106 
- 
103 
100 
97 

104 
96 

*Mean of 3 separate determinations. 
tAdded prior to dilution of the sample. 

The value of tan a = AA/At for the initial straight- 
line portions was determined from the absorbance vs. 
time curves. The calibration graph of initial rate vs. 
Mn(I1) concentration is linear over the range 8-80 
ng/ml. The relative error (95% confidence level) is 
1% for 40 ng/ml. 

The fixed-time method was also used and the 
calibration graph was linear over the range 8-65 
ng/ml and 8-50 ng/ml when the tied time was 2 and 
4 min respectively. 

Interferences 

The induence of foreign ions was examined and 
the results are summarized in Table 1. The proposed 
kinetic method is reasonably selective. The most 
important interference is from EDTA which acts as 
an inhibitor since it forms a complex with man- 
ganese(I1) at the pH used. 

Applications 

The proposed method has been used to determine 
manganese in a variety of samples and the results are 
shown in Table 2. Results for the determination of 
manganese in natural water samples by the standard- 
additions method are given in Table 3. 
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Snmmuy--Simultaneous direct determination of histidine and histamine in mixtures is described. The 
method is based on the formation of fluorescent condensation products with o-phthaldialdehyde in a basic 
medium in the presence of 2-mercaptoethanol. Both the conventional and synchronous fluorescence 
spectra of these condensation products completely overlap, making determination by either of these 
techniques impossible. However, the determination can be performed by second-derivative synchronous 
fluorescence spectrometry. The method is simple, rapid and inexpensive and the measurements are 
performed in a single scan. Calibration graphs are linear in the range 0.140 rg/ml for histidine and 
0.06-5.0 ualml for histamine. Mixtures of histidine and histamine in ratios between 12: 1 and 1: 8 have . _. 
been satisfactorily resolved. 

The analysis of mixtures of compounds which have 
similar fluorescence characteristics is usually trouble- 
some owing to spectral overlap. Generally, these 
compounds are determined by using a prior sep- 
aration step, which is rather time-consuming for 
routine analysis and in some cases requires special 
and expensive instrumentation. For this reason, the 
development of techniques allowing the direct deter- 
mination of related compounds through careful selec- 
tion of the instrumental variables is of great interest. 
Derivative-synchronous fluorescence spectrometry is 
one such technique. It was introduced by John and 
Soutar’ and is a combination of synchronous2*3 and 
derivative fluorescence spectrometry.4 Its analytical 
applications have recently been reviewed.s This tech- 
nique has been used for direct analysis of several 
mixtures of related compounds, such as epinephrine 
and norepinephrine,6 and pyridoxal, pyridoxal-5- 
phosphate and pyridoxic acid.’ These mixtures are 
usually resolved by tedious chromatographic sep- 
arations unsuitable for routine analytical work. 

A similar problem is encountered in the deter- 
mination of histidine and histamine, which is usually 
done by electrophoresis8~g and paper1@‘2 or thin- 
layer1s’6 chromatography. Both compounds form 
fluorescent condensation products with o-phthaldi- 
aldehyde, and these have very similar characteristics. 
When only histamine is to be determined, the 
fluorimetric determination is done in an acid 
medium, where the fluorescence signal yielded by the 
histamine derivative is more intense” than that 
obtained in a basic medium, and that due to the 
fluorescent derivative of histidine is decreased. How- 
ever, when both compounds are determined together, 
the corresponding analytical signals must be roughly 
of the same magnitude if adequate results are to be 
obtained. Roth’* showed that the addition of 

2-mercaptoethanol in a basic medium improves the 
fluorescence intensity of both condensation products 
with o-phthaldialdehyde, owing to the formation of 
N-substituted 1-(2-hydroxyethyl)thioisoindoles, as 
proposed by Simons and Johnson.‘9g” 

In the method described here, histidine and hista- 
mine are determined directly and simultaneously by 
Roth’s reaction.‘* However, as the conventional and 
synchronous spectra of the fluorescent products of 
both analytes completely overlap, the determination 
is done by second-derivative synchronous fluor- 
escence spectroscopy, and provides a clear example of 
the high resolving power of this technique. The 
method is simple, rapid and inexpensive since no 
sophisticated detection equipment is necessary: in 
fact, any conventional modem spectrofluorimeter is 
suitable. 

EXPERIMENTAL 

Reagents 

Stock L-histidine and histamine solutions, 1 mgjml. 
Prepared from L-histidine and histamine dihydrochloride 
(Aldrich), respectively, in distilled water, and stored at W”. 
Lower concentrations of both histidine and histamine sol- 
utions were prepared daily by dilution with distilled water. 

o-Phthaldialdehyde (OPT) solution, I mglml. Prepared by 
dissolving 25 mg of reagent (Merck) in 5 ml of ethanol and 
diluting to 25 ml with distilled water. 

2-Mercaptoethanol solution, 0.1%. Prepared by dissolving 
0.1 ml of reagent (Merck) in 100 ml of distilled water. 

Borate buffer solution, approx. 0.05M. A O.OSM sodium 
tetraborate solution adjusted to pH 10.1 with concentrated 
sodium hydroxide. 

Reagent-grade chemicals and pure solvents were used. 

Apparatus 

A Perkin-Elmer fluorescence spectrophotometer, model 
MPF-43A, with l-cm fused-silica cells and a xenon source, 
was used. The cell compartment was kept at 25” by circu- 
lating water from a thermostat. A spectral band-pass of 
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5 nm was set for the excitation and emission mono- 
chromators. For synchronous fluorescence measurements, 
both monochromators were interlocked and scanned simul- 
taneously at 2 nm/sec. Derivative spectra were obtained by 
electronic differentiation of the signal from a Perkin-Elmer 
derivative accessory, model H 200-0507. Of the six 
differential time-constants available from the mode switch, 
position 6 was selected for all measurements. The 
spectrofluorimeter response (time-constant) was set to 1.5 
sec. A series of fluorescent polymer samples was used daily 
to adjust the spectrofluorimeter to compensate for changes 
in source intensity. 

Procedure 
To a sample solution containing 1.0-40.0 pg of histidine 

and 0.650 pg of histamine, in a lo-ml standard flask, were 
added 3 ml of 0.05M borate buffer @H lO.l), 0.25 ml of 
OPT solution and 0.25 ml of 2-mercaptoethanol solution. 
The mixture was made up to the mark with distilled water 
and allowed to stand for 5 min. The second-derivative 
synchronous fluorescence spectrum was recorded by scan- 
ning both monochromators together, while maintaining a 
120 nm constant difference between their wavelengths. The 
excitation monochromator was scanned from 280 to 400 nm 
and the emission monochromator from 400 to 520 nm. The 
instrumental parameters were as detailed above. Second- 
derivative measurements were made from peak to trough,2’ 
i.e. by measuring the difference between the derivative signal 
at two wavelengths, corresponding to an adjacent maximum 
and minimum, given as relative fluorescence intensity and 
expressed as AZ. The derivative signal obtained between the 
minimum at 464 nm and the maximum at 470 nm (AZ,) is 
directly related to the histidine concentration. The value 
measured between 476 and 490 nm (AZ, + ,) is contributed to 
by both histidine and histamine. A previous calibration (AZ, 
vs. histidine concentration) allowed the determination of the 
individual contribution of histidine to this derivative signal. 
The difference between the total AZ,,, and AZ,, attributed 
to the action of histidine, is thus directly related to the 
histamine concentration (AZ,). The net fluorescence for 
each peak was obtained by subtracting the corresponding 
signal for a blank solution. 

RESULTS AND DISCUSSION 

Fluorescence spectra 

Histidine and histamine react with OPT in a basic 
medium in the presence of a reductant such as 
2-mercaptoethanol,‘8 yielding strongly fluorescent 
compounds having very similar properties. The 
analysis of mixtures of histidine and histamine by 
conventional fluorimetry is not feasible because, as 
Fig. 1 shows, the emission spectra of both reaction 
products (1, = 345 nm) consist of broad spectral 
bands overlapping one another. The synchronous 
scanning approach produces spectra with a much 
smaller bandwidth, but does not permit a more 
precise determination for any value of A1 so far 
tested (Fig. 2). The determination is also impossible 
by the use of the second-derivative of the con- 
ventional emission spectra. Therefore, the possibility 
of direct analysis of this mixture by applying deriva- 
tive synchronous fluorescence spectrometry without 
resorting to separation steps, is of great interest. 

Figure 3 (A,B) shows the individual second- 
derivative synchronous fluorescence spectra 
(61 = 120 nm) of the condensation products of 

J 
400 480 560 

A hm) 

Fig. 1. Emission spectra (Am = 360 mn) of the condensation 
products of OPT with histidine (curve 1) and histamine 
(curve 2), and of their mixture (curve .3) in a basic medium. 

histidine and histamine with OPT. The derivative 
spectrum of the reaction product of histidine shows 
two AZ values (AZ4&c470 and AZ47UW) which can be 
related to the histidine concentration. The spectrum 
of histamine shows that the signal AZ,,,, also 
depends on the histamine concentration. The spec- 
trum of the mixture of both analytes (Fig. 3, C) shows 
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Fig. 2. Synchronous fluorescence spectra of the con- 
densation products of OPT with hi&dine (curve 1) and 
histamine (curve 2), and of their mixture (curve 3) at 
different AL values: (A) 80 nm; (B) 100 nm; (C) 120 nm; 

(D) 140 nm. 
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Fig. 3. Second-derivative synchronous fluorescence spectra 
of the condensation products of OPT with histidine (A) and 

histamine (B), and of their mixture (C); A1 = 120 nm. 

that the signal AZ-,,, is not affected by the presence 
of histamine and that the signal AZ4,UW is the sum of 
those due to both compounds. 

Owing to the fact that the reaction product of 
histamine gives a greater fluorescence intensity than 
that of the histidine product, the resolution of this 
mixture was studied with solutions containing 0.30 
pg/ml hi&dine and 0.15 pg/ml histamine. 

Optimization 

The system was optimized by changing one vari- 
able at a time while keeping all others constant. The 
instrumental variables, including wavelength 
difference between excitation and emission mono- 
chromators (AA), wavelength scanning speed, differ- 
entiation constant and spectrofluorimeter time- 
constant, affect the intensity, number and distri- 
bution of maxima and minima on the derivative 
synchronous fluorescence spectra and, therefore, 
have a critical effect on the sensitivity and selectivity 
of the method. The chemical variables only affect the 
intensity of the analytical signals and, therefore, 
influence the sensitivity of the method. The optimum 
value taken for each variable was that at which the 
following requirements were met: (1) the fluorescence 
signal AZ-,, should not depend on the histamine 
concentration; (2) the fluorescence signal AZ,,,, 
should be additive for the histidine and histamine 
concentrations; (3) both fluorescence signals should 
be as intense as possible. 

Second-derivative synchronous fluorescence spec- 
tra show red shifts as A1 increases. This variable also 
affects the shape of these spectra, so that only in the 
AIZ interval 110-140 nm does the histidine concen- 
tration correlate with the signal AZW,O, and do both 
histidine and histamine concentrations correlate with 
the signal AZd,,. The best intensity values are 
obtained for AI = 120 nm. 

The intensity of the bands and the spectral distri- 
bution are also strongly affected by the wavelength 
scanning rate (Fig. 4). An increase in this variable 
results in increased AZ, but also in decreased spectral 

resolution. At rates higher than 2 nm/sec the spectra 
overlap, while at lower rates they are very diffuse. 

The differentiation constant is another variable 
modifying the shape of the derivative spectra. The 
best results are obtained when the response speed is 
at a minimum, i.e., when the spectral resolution is 
adequate for the determination, and the analytical 
signals are at a maximum. 

The spectrofluorimeter time-constant (0.3, 1.5 and 
3.0 set) has a minor effect on the derivative spectra. 
However, the peak intensity decreases slightly as this 
variable increases and, for a value of 0.3 set, the 
signal corresponding to histidine is also dependent 
on the histamine concentration. For a value of 
1.5 set this signal is dependent only on the histidine 
concentration. 

The analytical signals corresponding to both ana- 
lytes are independent of pH over the range 9.2-10.5. 
Outside this range the fluorescence intensity de- 
creases. A borate buffer was used to adjust the pH of 
the samples to 10.1. The concentration of this buffer 
in the range lo-)-2.5 x lo-‘M does not affect the 
fluorescence intensity. The effect of temperature was 
studied over the range 10-W. The peak intensity 
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Fig. 4. Effect of the wavelength scanning speed on the 
second-derivative synchronous fluorescence spectra of the 
condensation products of OPT with histidine (A) and 
histamine (B), and of their mixture (C). (1) 1 nm/sec; (2) 

2 nm/sec; (3) 4 mn/sec. 
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Table 1. Effect of various species on the determination of 0.3 rg/rnl of 
histidine and histamine 

Tolerance ratio, 
species/analyte Species added 

100: 1 I-Methyl-4-imidazole acetic acid. Ca2+. 
5O:l 
25:l 
10: 1 
5:l 
2:l 
1:l 

Interfere at 
the same level 
as the analyte 

NAD - 
cu2+ 
Fe’+ 
Spennidine, cysteine, epinephrine 
Spetmine, putrescine 
Cadaverine 
I-Methylhistidine, 3-methylhistidine, 
I-methylhistamine, norepinephrine, 
glycine 

Table 2. Resolution of histidinehistamine mixtures 

Histidine/ 
histamine 

ratio 

Histidine, fig/ml Histamine, pgglml 

Taken Found* Taken Found* 

12:l 1.20 1.18 0.10 0.11 
9:l 0.90 0.93 0.10 0.12 
1:l 0.30 0.30 0.30 0.31 
3:4 0.30 0.29 0.40 0.42 
3:5 0.30 0.31 0.50 0.41 
1:2 0.30 0.28 0.60 0.58 
2:5 0.30 0.28 0.75 0.11 
I:3 0.30 0.30 0.90 0.88 
1:8 0.15 0.17 1.20 1.23 

*Average of three determinations. 

does not change with temperature up to 40”, but 
starts to decrease above this value. This behaviour 
parallels that of conventional emission spectra. A 
temperature of 25” was selected. 

The concentrations of OPT and 2-mercapto- 
ethanol in the ranges 1.5 x 10e4-7.4 x 10W4M and 
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3.6 x 10W4-2.0 x lo-‘M, respectively, do not a&t 
the AI values. Decreasing the dielectric constant 
of the solution by addition of ethanol exerts 
no influence on the signal A14,tiW, but when the 
enthanol content is higher than 8%, a loss of cor- 
relation between the signal AI-,, and the histidine 
concentration occurs. Variation of the ionic strength 
with potassium chloride (O-OSM), and the order of 
addition of the reagents, exert almost no influence 
on the fluorescence of these systems. 

Features of the proposed methodr 

The signals AZ-,, and AI,,,, vary linearly with 
histidine concentration in the range 0.1-4.0 pg/ml. 
Similarly, the calibration graph obtained by measur- 
ing the variation of the signal AI,,,, with the 
histamine concentration is linear in the range 
0.06-5.0 pg/ml. By using these calibration graphs, 
it is possible to analyse mixtures of histidine and 
histamine with a single scan. 

440 480 440 480 

Xfnm) 
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Fig. 5. Second-derivative synchronous fluorescence spectra of several mixtures of hi&dine and histamine. 
(A) histidine; (B) histamine; (C) mixture. Histidine concentration @g/ml): (1) 0.5; (2) 0.9; (3) 1.2. 

Histamine concentration @g/ml): (1) 1.2; (2) 0.1; (3) 0. I. 
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The relative standard deviations (r.s.d.) (P = 0.05, simple “outboard” circuit to an unmodified instru- 
n = 11) for 0.3 pg/ml histidine at AI-r0 and AZ4rUW ment, and the synchronous technique merely calls for 
were 8.3% and 3.9%, respectively, and for 0.2 pg/ml a simple switch for simultaneous scanning of both 
histamine at ALhlW the r.s.d. was 3.1%. monochromators. .._ .__ 

The effect of foreign species on the determination 
of 0.3 pi/ml of each analyte is summarized in 
Table 1. Methyl derivatives of histidine and hista- 
mine interfere at the same concentration level as the 
analytes because they form condensation products 
with OPT similar to those of histidine and histamine. 
However, many amines which also react with OPT 
are tolerated at the same concentration levels as the 
analytes. 

Simultaneous &termination of histidine and histamine 

The second-derivative synchronous fluorescence 
spectrometric technique has been applied to the ana- 
lysis of several synthetic mixtures of histidine and 
histamine. Table 2 summarizes the results obtained 
and Fig. 5 shows the spectra of some of these 
mixtures. 

In view of the results, it can be inferred that the 
combination of second-derivative spectrometry and 
synchronous fluorimetry has a great potential in 
developing an efficient, fast and straightforward 
method for the simultaneous analysis of mixtures. 
The equipment needed is inexpensive, as the deriva- 
tive technique requires only the incorporation of 9 
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Smnmary-Conditions for the extraction of zirconium and hafnium thiocyanate by polyether-type 
polyurethane foam were studied in detail. The composition of the extractable species was found to be 
dependent on both the tbiocyanate and metal-ion concentrations. The extraction efficiency for zirconium 
and hafnium depended on the size of the counter-cation as well as on the type of anion. 

The separation of zirconium and hafnium is one of 
the more difficult to achieve, but the usefulness of 
zirconium in metallurgy and in the nuclear industry 
makes this separation of practical importance. Meth- 
ods for preconcentration and separation of zirconium 
and hafnium by solvent extraction1-4 with benzene, 
chloroform or cyclohexanone in the presence of 
thiocyanate ions are widely known, but the use of 
polyurethane foam as a solid extractant for these has 

not heen reported. 
Compared with liquid-liquid extraction, solid- 

liquid extraction with polyurethane foam offers the 
following features: low solubility of the extractant, 
which does not interfere with the determination; easy 
separation of the phases; easy use of larger phase 
ratios; possible synergistic extraction effect due to 
polyfunctional groups on the foam. 

The purpose of the present work was to study the 
optimum conditions for the preeoneentration and 
separation of zirconium and hafnium, and to in- 
vestigate the mechanism of extraction of their thio- 
cyanates by polyether-type polyurethane foam. 

EXPERIMENTAL 

Apparatus 
A Varian 6348 spectrophotometer and a Coleman 

38A pH-meter were used. A thermostatically-controlled 
multiple automatic squeezer was used as previously de- 
scribed.‘.” 

Reagents 
All chemicals were of reagent grade and reverse-osmosis 

water was purified with a Bamsted Nanopure IITM system 
before use. 

A standard solution of 1.1 x 10m3M (100 ppm) zirconium 
was prepared’ by fusing 0.1351 g of zirconium dioxide in a 
porcclam crucible with 4 g of -potassium pyrosulphate at 
750” for lo-15min. After coolina, the solidified melt was 
heated with 100 ml of 2M hydr&hloric acid until it was 
completely dissolved. The solution was then diluted to 1 litre 
with 2M hydrochloric acid. A standard solution of 
5.6 x 10e4M hafnium was prepared by dissolving 0.1000 g 

*Permanent address: Department of Chemistry, Wuhan 
University, Wuhan, China. 

of the metal in a platinum crucible with about 1 ml of 
concentrated hydrofluoric acid and cautious addition of 
concentrated nitric acid, drop by drop, until dissolution was 
complete. Two ml of concentrated sulphuric acid were 
added to the solution, which was then heated until white 
fumes appeared, and then for 5 min more. After cooling, the 
solution was diluted to 1 litre with 2M hydrochloric acid. 

Polyether-type polyurethane foam ( # 1338 from G. N. 
Jackson Ltd., Winnipeg, Canada) was cut into pieces 2.0 cm 
in diameter and 4.6cm long, which were then washed as 
described previously.5 

Procedure 
An aliquot of zirconium or hafnium solution was placed 

in a IOO-ml standard flask along with the appropriate 
amount of tbiocyanate and water; the pH was adjusted with 
concentrated hydrochloric acid or sodium hydroxide solu- 
tion as required, and the solution made up to volume. The 
extraction was done by placing 95 ml of the sample in a 
250-ml glass cell containing the desired amount of foam. 
The foam was squeezed by means of a glass plunger in order 
to bring fresh solution into contact with it. The plunger was 
operated by an automatic squeezers*6 consisting of an eccen- 
tric cam turned by a heavy-duty motor giving a 5-cm stroke 
at a rate of 24 strokes/mm. 

Zirconium and hafnium were determined by spec- 
trophotometry with Arsenazo III.8,9 The sensitivity was 
found to be improved by 25% by the presence of 6% v/v 
n-butanol. The degree of extraction of the metals (E) was 
calculated by measuring the concentration before and after 
the extraction, 

E = b4initid - bWhd x looo/ 
betallhitid 

0 

The distribution ratio (0) for the extraction process was 
calculated from the ratio of the concentration of the metal 
in the foam to that left in solution at equilibrium. 

% metal in foam 
D= 

volume of solution (ml) 

weight of foam (g) ’ % metal left in solution 

RESULTS AND DISCUSSION 

Eflect of pH 

The pH of 1.1 x 10w5M zirconium or 
1.12 x 10-SM hafnium solution containing 2.OM am- 
monium thiocyanate was adjusted with hydrochloric 
acid or sodium hydroxide as required. After the 
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20 

t 

Fig. 1. Effect of pH on extraction of zirconium and hafnium. 
Conditions: 0.250 g of foam; 100 ml of solution in 2.OM 

NH,SCN; A-l.1 x lo-‘M Zr; O-1.12 x 10-5M Hf. 

initial pH measurement the solutions were equili- 
brated with 0.250 g of foam for up to 24 hr, and the 
pH was redetermined. The results given in Fig. 1. 
show that the sorption of zirconium and hafnium was 
quite sensitive to the pH of the aqueous phase at 
pH < 1 or > 6, hafnium being much more extractable 
than zirconium at the higher and lower acidities. The 
extraction was relatively insensitive to pH in the 
range 2-6, but there was a gradual decrease in 
extraction of both metals with increasing pH. At an 
acidity greater than 1M hydrochloric acid, a yellow 
solution or precipitate was formed as indicated pre- 
viousl~.~ Therefore, the optimum pH range should be 
1.5-2.0 for zirconium and 1.2-2.2 for hafnium and 
pH 1.8 was used for further studies. 

Effect of thiocyanate 

The effect of thiocyanate on the extraction is 
shown in Fig. 2. The extraction of zirconium in- 
creased from 13% at 0.25M thiocyanate concen- 
tration to 99.8% at 3.OM and then remained con- 
stant. 

Zirconium and hafnium ions react with thio- 
cyanate to form multi-ligand complexes, the com- 
position of which depends on the thiocyanate concen- 

6t- 

I 1 I I I 

- 0.6 -0.4 0.0 0.4 0.8 

Log CSCN-I 
Fig. 2. Effect of thiocyanate concentration on sorption of 
zirconium and hafnium. Conditions: 0.250 g of foam; 100 ml 
of solutions at pH 1.8; time for extraction 24 hr; 

A-l.1 x 10e5M Zr; n-l.12 x IOe5M Hf. 

tration and the acidity of the solutions. Figure 2 
shows that the number of thiocyanate ions in the 
extractable species increased with increasing thio- 
cyanate concentration. If a mononuclear complex is 
assumed, the slope of about 2 for the range 
0.25-l .OM thiocyanate suggests that two thiocyanate 
ligands are involved in the extractable species, and 
the slope of about 4 over the range 1.5-2.5M thio- 
cyanate indicates that four thiocyanate ligands may 
be involved. 

The extractable forms of zirconium or hafnium 
thiocyanate have been described as [Zr(SCN),] . S, 
[Zr(SCN)i-] . S,” [Zr(OH),(SCN),] . S4 
[M(OH),(SCN),] .2(HSCN + S)” where M = Zr or ii 
and S = solvent. Therefore it is reasonable to suggest 
from the results above, and those described later in 
this paper, that the zirconium and hafnium thio- 
cyanates are extracted by the foam in the form of 
an ion-association complex with the general formula 
M:[M(OH),(SCN),]*xSCN where M’ = H+, NH: 
or an alkali metal ion; M = Zr or Hfi y = 0 or 2; 
2 = 2 or 4. 

Time dependence 

The rate of extraction of the zirconium and 
hafnium thiocyanates was studied by varying the time 
of contact from 5 min to 24 hr, for 1 .l x lo-‘M 
zirconium or 1.12 x 10e5M hafnium with various 
ammonium thiocyanate concentrations at pH 1.8. 
The results shown in Fig. 3 indicate that the time 
needed to reach equilibrium for maximum extraction 
depended strongly on the thiocyanate concentration, 
with longer times required for lower concentrations. 
The extraction equilibrium was established after 
30 min with 3.5~ ammonium thiocyanate and after 
1 hr with 2.OM ammonium thiocyanate for both 
zirconium and hafnium thiocyanates. The degree of 
extraction of both species increased gradually with 
longer contact time in 0.2M thiocyanate. In the 
presence of potassium chloride the degree of extrac- 
tion of both zirconium and hafnium increased some- 
what, but the time needed to reach equilibrium was 
even longer. 

Effect of zirconium concentration 

The effect of metal-ion concentration on the 
sorption behaviour of the metal-SCN- complexes 
is shown in Figs. 4 and 5. In order to study the 
extraction mechanism, solutions containing initial 
zirconium concentrations from 5.5 x low6 to 
1.1 x 10e4M with 3.5M ammonium thiocyanate at 
pH 1.8 were equilibrated with 0.1000 g of foam for 
1 hr. 

Figure 4 shows that the initial zirconium concen- 
tration affected the distribution ratio only slightly 
from log[Zr] = -5.3 to log[Zr] = -4.5 and then 
caused a more marked decrease. In Fig. 5 the data 
used for Fig. 4 are restructured to show the relation- 
ship between the concentration of zirconium on the 
foam to that of the zirconium left in solution at 
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Fig. 3. Time dependence of (a) sorption of zirconium, (b) 
sorption of hafhium. Conditions: 0.250 g of foam; 100 ml 
ofsolution 1.1 x 10-5MinZror 1.12x 10-5MinHfatpH 
1.8; A-3.5M NHJCN; n -2.OM NH,SCN, .-0.2M 

NH,SCN; V--LOM NH,SCN + l.OM KCl. 

equilibrium. The slope of about 0.85 in section a in 
Fig. 5 suggests that the metal is extracted predomi- 
nantly in the form of a mononuclear complex. The 
slope of about 0.52 in section b indicates that some 
other phenomenon must occur at these zirconium 
concentrations. It is likely that some degree of poly- 
merization occurs and that Zr4+, ZrO’+ and various 
polymerized species are present together in the solu- 
tion. Whether different species are extracted or the 
solution chemistry is changed or a different extraction 
mechanism is involved was not determined. 

-.---. 
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Fig. 4. Effect of zirconium concentration on the distribution 
ratio. Conditions: 0.100 g of foam; 100 ml of solution at pH 

1.8; 5.5 x 10-6-1.1 x 10e4M Zr. 
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Fig. 5. Effect of zirconium concentration on extraction of 
Zr-SCN- complex. Conditions as for Fig. 4. [Zr],= 
equilibrium concentration on foam, mole/kg; [Zrg = 

equilibrium concentration in solution, M. 

1 I I I I 

fNH&‘NI 0.2 0.4 
1 

0.6 0.6 1 .o 
tKCL1 1.6 1.6 1.4 1.2 1 .o 

(MI 

Fig. 6. Effect of NH,SCN and KC1 concentration on the 
distribution ratio for Zr and HF thiocyanates. Conditions: 
0.250 g of foam; 100 ml of solution 1.1 x lo-‘M in Zr or 
1.12 x lo-‘M in Hf at pH 1.8; A-Hf in presence of KCI; 
A--Zr in presence of KCI; l -Hf in absence of KCI; 

O-Zr in absence of KCl. 

Effect of cations 

Solutions of 1.1 x 10m5A4 zirconium or 
1.12 x 10eSM hafnium at pH 1.8 and various ammo- 
nium thiocyanate and cation concentrations were 
used to study the effect of cations on the sorption of 

60 
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Fig. 7. Effect of cation size on extraction of Zr and Hf. 
Conditions: 0.250 g of foam; 100 ml of solution 1.1 x 10s5M 
in Zr or 1.12 x IO-‘M in Hf at pH 1.8; extraction time 
24 hr; -A- Zr with 0.2M NH,SCN + I.&M cation; 
s-C-* Hf with 0.2MNH,SCN + 1.8Mcstion; ---A--- 
Zr with 1.OM NH,SCN+ l.OM cation; -e- Hf with 

l.OM NH,SCN + LOM cation. 
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Table 1. The effect of anions on zirconium and hafnium sorption 

Concentration, 
Anion 

Dar, Qif 
source M 6%; 1. /kg 

e=- 
D, 

Cl- KC1 1.0 1.23 x 104 4.0 x 10’ 32.5 
Br- KBr 1.0 4.43 x 10’ 4.26 x 104 9.61 
I- KI 1.0 1.49 x 10’ 5.38 x 10’ 3.61 
NO; KNO, 1.0 4.25 x 10’ 4.84 x 10’ 1.14 
;$_COO- CH,COGK 0.5 1.0 52 6.1 59.5 31.5 1.14 

HP&- K,SQ K2 HPO, 0.5 0 0 5.16 - 

zirconium and hafnium thiocyanates. The results of 
one experiment in which the total concentration of 
ammonium thiocyanate and potassium chloride was 
kept constant at 2.OM are shown in Fig. 6. In the 
presence of potassium chloride, the distribution ratio 
of both zirconium and hafnium increased markedly. 
When the concentrations of ammonium thiocyanate 
and potassium chloride were equal, more than 97% 
of the zirconium or 99% of the hafnium was extrac- 
ted by the foam. The effect of various univalent 
cations on the extraction was studied and the results 
are given in Fig. 7. The degree of extraction for 
zirconium is generally lower, but the same pattern 
can be seen for both metals; the extraction changes 
with the size of the added cation, increasing with 
increasing size to potassium and then decreasing with 
further increases in cation radius. The order is 
K+ > Nat x NH: > Rb+ > Cs+ > Lit. 

Chow et al.‘* proposed a “cation chelation” mech- 
anism for the sorption of anionic metal complexes 
and used this to explain the extraction of palladium 
thiocyanate. I3 In this mechanism the sorption occurs 
in two steps. First, an ion-association complex of the 
anionic metal complex and the cation is formed, then 
the complex dissociates so that the cation occupies a 
cavity in the foam and the anionic complex acts as a 
counter-ion to balance the charge of the chelated 
cation. The size of the cation and of the cavity in the 
foam is important in determining the extent of extrac- 
tion of the cation; those cations with a larger or 
smaller radius will be less efficiently extracted. The 
order of extraction of zirconium and hafnium 
thiocyanates in the presence of the cations shown in 
Fig. 7 can be explained by the cation chelation 
mechanism, and the selectivity for K+ is consistent 
with previous studies.‘2.‘3 

Effect of anions 

To investigate the effects of other anions on the 
extraction of zirconium and hafnium thiocyanates, 
and to simplify the interpretation of the results, both 
the ammonium thiocyanate and potassium concen- 
trations were kept constant at 1 .OM and 1.1 x 10m5M 
zirconium or 1.12 x lo-*M hafnium solutions at 
pH 1.8 were extracted with 0.250 g of foam for 24 hr. 

Table 1 shows the effect of anions on the distribu- 
tion ratio of zirconium and hafnium. The anions 
affect the stability of the complexes and D decreases 
with anion in the order Cl- > Br- > NO; > 

I- >> acetate > SO:- >> HPOj- for zirconium and 
Cl- > Br- > I- > NO; >> acetate > SOi- >> HPOj- 
for hafnium. The highest distribution ratio and sepa- 
ration factor for zirconium and hafnium are obtained 
with solutions containing chloride. The lower values 
for the other anions may result from competitive 
reactions between the ligands and thiocyanate for the 
metal, to form unextractable complexes or precipi- 
tates, as in the case of HPO:- which decreases the 
distribution ratio to zero. 

CONCLUSION 

Polyether-type polyurethane foam is highly 
effective for the preconcentration of zirconium and 
hafnium from thiocyanate solutions containing only 
hydrochloric acid, and from those containing potas- 
sium chloride at pH 1.8. The composition of the 
extractable species depends on both the thiocyanate 
and metal-ion concentrations. The extraction process 
can be explained in terms of the cation chelation 
mechanism previously proposed. The separation of 
zirconium and hafnium under the conditions ex- 
amined still appears to be very difficult, but some 
success might be expected if the pH is kept at c 1 
or >6. 
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Summary-Several organic solvents, including benzene, xylene, toluene, nitrobenzene, chloroform, carbon 
tetrachloride, chlorobenxene and high molecular-weight pyridines such as 6(5-nonyl)pyridine, 2-hexyl- 
pyridine and benxylpyridine have been investigated as components of systems for the extraction and pre- 
concentration of selenium from nitric acid solutions containing iodide. The results are discussed in terms 
of choice of reagents and the acid and iodide concentrations, and of several other parameters affecting 
the extraction. The utility of the method for separation of selenium from aqueous solution has been 
evaluated. The method has been used for preconcentration of trace levels of selenium from water and hair 
samples for determination by atomic-absorption spectrophotometry. 

In our investigations on the use of high molecular- 
weight pyridines in extraction of selenium, we have 
found that when benzene is used as diluent it en- 
hances the extraction under certain experimental 
conditions. The present work was therefore devoted 
to study of the distribution of selenium between 
several common organic solvents (in addition to 
various new nitrogen-donor compounds) and nitric 
acid containing iodide. There seems to be no pub- 
lished information concerning solvent extraction of 
selenium(N) with the solvents and aqueous condi- 
tions reported here, although chloride complexes of 
selenium have been extracted’-’ with liquid-anion 
exchangers, solvating solvents, and chelating extrac- 
tants. The method is rapid and selective, and the 
reaction conditions have wide tolerance; it has 
been used for determination of the element in water 
and hair samples by atomic-absorption spectro- 
photometry (AAS). Selenium can be determined 
without preconcentration, by using hydride gener- 
ation and silica-tube AAS but this is prone to 
several interferences.~’ 

EXPERIMENTAL 

Reagents 

Standard WOO-pg/ml stock solution of selenium(IV) was 
prepared by dissolving 0.5 g of pure selenium pellets in a 
mixture of 2 ml of concentrated sulphuric acid and 3 ml of 
concentrated nitric acid and making up to volume in a 
500~ml standard flask with demineralized distilled water. All 

*Present address: Research Institute, University of Petro- 
leum and Minerals, Dhahran, Saudi Arabia. 

other reagents used were Merck analytical grade. 
4(5-NonyBpyridine (Npy), 2-hexylpyridine- (Hpy); and 
benzvlovridine (BDv) were obtained from K & K Laborato- 
ries Inc., Plain&~, N.Y. Their characteristics have been 
reported elsewhere.89 

A Zeiss F M D-3 atomic-absorption spectrophotometer 
equipped with a Perkin-Elmer graphite-furnace atomizer 
unit (HGA-74), a Servogor S RE/541 recorder and a 
deuterium lamp for background compensation, was used. 
The selenium hollow-cathode lamp was operated at 20 mA 
and the wavelength selector was set at 392.1 nm for mon- 
itoring the 196-nm line, in accordance with the instruction 
manual for the atomic-absorption spectrometer. Eppendorf 
pipettes were used for injecting the sample (10 ~1) into the 
graphite tube of the HGA unit. The heating programme was 
60 set drying at 150”, 60 set ashing at 600”, 5 set atomiz- 
ation at 2650”, 10 set cleaning at 2650”, in the gas-stop 
mode, with background correction. 

Tracers 

Selenium-75 (r,,2 = 120.4 days) tracer was obtained by 
neutron-activation of SeG, in the PARR-l research reactor 
of the Pakistan Institute of Nuclear Science and Tech- 
nology. The concentration of selenium in the original aque- 
ous solutions was <10-6M. All other tracers used were 
obtained by (n, y) reactions, or by separation of daughter 
nuclides from the parents without a carrier,iO or were 
obtained from the Radiochemical Centre, Amersham. The 
equipment used for the radioassay has been described in 
earlier papers.9,” 

Extraction procedure 

The distribution coefficients of selenium(IV) and the other 
elements were determined by procedures analogous to those 
used for zinci and copper. I3 One ml of 0.W benzene 
solution of ligand, or of the pure ligand, was shaken 
vigorously for 5 min with I ml of an aqueous solution of 
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nitric acid containing potassium iodide and the radioisotope 
of the test element (- 10’ counts/100 set/ml). The phases 
were then separated by centrifugation. Aliquots (500 ~1) 
were removed from each phase and the concentration of the 
test element determined radiometrically. 

Preparation of calibration graph 
Standard aqueous solutions of selenium in the range 

0.14.0 pg/ml were prepared by dilution of the stock 
solution and used for calibration by extraction of the 
selenium with toluene, and its determination by AAS. 

Analysis of hair samples 
A representative sample of hair was taken in an acid- 

washed polyethylene tube and washed with detergent, then 
rinsed three times with distilled, demineralized water, dried 
at _ 40” and cooled. Part of it was then immersed in 20 ml 
of I-pg/ml selenium standard solution for 90 hr. 

A 0.5-g portion of each hair sample (selenium-treated and 
untreated) was added to 4 ml of concentrated nitric acid and 
left to stand in it overnight to prevent foaming on sub- 
sequent heating. The samples were then heated at 60-70” 
until a clear solution was obtained. The reliability of the 
decomposition method was checked by adding radiotracer 
to samples and standards before the digestion. 

The clear solution was evaporated (at 60-70”) nearly to 
dryness, and the residue was taken up in 0.5M nitric acid, 
made 0.2-OSM in potassium iodide, and extracted. Stan- 
dard selenium solutions and a reagent blank were prepared 
and treated in the same way. The selenium in the extract was 
determined by AAS. 

About 0.5 g of the hair sample which had been dipped in 
selenium solution was weighed into a narrow quartz tube 
and irradiated for 30 hr in the PINSTECH reactor at a 
neutron flux of 2 x 10” n.cm-2.sec’, with a selenium 
standard taped alongside. The irradiated samples were 
allowed to decay for 4 weeks. The 265-keV peak was then 
used for measurement with a Ge(Li) detector coupled with 
a charge-sensitive preamplifier (Canberra Model 970D) and 
a spe&oscopic amplifier (O&c Model 451). The pulses 
from the amulifier were analvsed by a Nuclear Data NCD- 
4410 compuierized multichannel analyser. The resolution of 
the detector was 2.9 keV at the 1332 keV gamma-ray of 

Analysis of water samples 
Water samples were not given any prior treatment and the 

amount of selenium was determined by the standard- 
addition method. A lo-ml water sample, made 0.5M in 
potassium iodide and containing known added amounts of 
selenium, was equilibrated with 1 ml of toluene. The di- 
gestion procedure used for the hair samples had been found 
not to be necessary for water samples. 

RESULTS AND DISCUSSION 

In preliminary experiments, the partition behav- 
iour of selenium between nitric acid and O.lM 
4-(S-nonyl)pyridine (Npy) in benzene was in- 
vestigated but the distribution coefficients (D) were 
very low. In line with some of our previous 
investigations ‘Z-14 these experiments were repeated 
with 0.02M potassium iodide in the aqueous phase, 
and it was found that selenium(IV) could be quan- 
titatively extracted from 1M nitric acid/O.O2M potas- 
sium iodide by O.lM Npy in benzene. It was also 
found that even with only 10e4M Npy in benzene the 
value of D was 40, suggesting that benzene itself had 
some solvent action. This led to investigation of the 
extraction of selenium by benzene and several other 
common solvents, as shown in Fig. 1. Xylene and 
heptane were also investigated but gave relatively 
poor extraction. In general, with increasing acid 
concentration the D values passed through a maxi- 
mum at 0%1M nitric acid concentration. The de- 
crease at higher acidity is probably due to decrease in 
the iodide concentration by oxidation to molecular 
iodine, as shown by most of the organic phases 
becoming dark red at >4M nitric acid concentration. 
The efficiency of the extraction systems ranks in the 
order 0.1 M Npy/benzene > carbon tetrachloride > 
benzene 2 cyclohexane > chloroform 2 nitrobenzen 

‘r (cl 

log [acid], M 

Fig. 1. Dependence of the distribution coefficient of selenium on the concentration of nitric acid solutions 
which were 0.02M with respect to iodide, with various solvents. A: (1) toluene; (2) carbon tetrachloride; 
(3) cyclohexane; (4) benzene. B: (1) O.OM Npy/benzene; (2) Hpy; (3) Bpy. C: (1) nitrobenzene; (2) 

chlorobenzene; (3) chloroform. 
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> chlorobenzene > toluene > benzylpyridine > 2- 
hexylpyridine. 

The high efficiency of the Npy/benzene system may 
be due to synergism. Carbon tetrachloride gives high 
extraction efficiency over a wider acidity range than 
the other systems, and this may be associated with its 
low dielectric constant, presumably because extrac- 
tion of ion-association complexes is less favourable 
with solvents of relatively high dielectric constant. 

The effect of the iodide concentration on the 
benzene, O.lM Npy/benzene and toluene systems was 
investigated as a function of nitric acid concentration 
(Fig. 2). There is generally a linear increase in log D 
with increasing iodide concentration up to 0.2M, and 
then a levelling off. In general the efficiency is highest 
with an acid concentration of -0SM. 

The effect of chloride, oxalate, acetate, citrate and 
ascorbate on extraction of selenium(IV) at 0.5M 
nitric acid and 0.5M iodide concentrations was found 
to be generally insignificant up to concentrations of 
about 0. lM, but in some cases (depending on the 
combination of anion and solvent system) the degree 
of extraction was decreased at higher concentrations, 
offering convenient stripping systems. 

The mechanism of the extraction of selenium by 
the pure solvents is not known. The extraction of 
nitric acid with aromatic hydrocarbons (Ar) has been 
attributed to formation of a species such 
Ar.&O.HNO,. I5 It is possible that a species of the 
type H2SeI, could be formed and extracted in this 
way, but it seems more likely that a species such as 
SeI, is extracted. The similarity of the extraction 
curves certainly suggests a common mechanism for 
all the systems. The increased extraction with pure 

3- (Al 

i 

-1: 
-2 -1 0 

3 (Bl r 

Bpy or with benzene containing Npy could be due 
to the additional formation of an ion-association 
complex of the type SeI; . NpyH+. We have found 
that several solvents give quantitative extraction, 
including benzene, toluene, carbon tetrachloride, 
cyclohexane and Npy. Of these we examined Npy/ 
benzene and toluene more extensively, with O.OlM 
nitric acid-1M potassium iodide and OSM nitric 
acidaSM potassium iodide respectively. For the 
Npy/benzene system, the conditions chosen were 
those giving simultaneous extraction of selenium and 
common toxic metal ions.‘2,‘6 

Table 1 shows the distribution coefficients obtained 
for both systems. The toluene system is much the 
more selective, but still allows co-extraction of 
mercury, the halide complexes of which are soluble 
in a variety of inert solvents.“~i8 The methods can 
thus be used for the preconccntration of certain toxic 
elements in solutions. 

At this stage in the work our stock of Npy became 
exhausted and the suppliers had stopped making it, 
so for investigation of applications we had to use the 
toluene system. 

Atomic-absorption measurements 

Selenium was extracted into toluene from aqueous 
solutions and determined at 392 nm by AAS. Extrac- 
tion of selenium is highest in benzene, toluene, car- 
bon tetrachloride and cyclohexane, but toluene was 
preferred because of its higher boiling point. 

The calibration graph was very convex (Fig. 3). 
When water samples spiked with known amounts of 
selenium were extracted with toluene as described in 

3 

2 

1 

0 

-1 

(Cl 

3 . * 
.3 F * l 

4 

1 

I 1 
, -1 0 

Fig. 2. Dependence of the distribution coeflicient of selenium on aqueous iodide concentration for 
extraction by different solvents from nitric acid media. A, Benzene: (1) O.lM HNO,; (2) OSM HNO,; 
(3) 1M HNO,. B, O.lM Npy in benzene: (1) 0.05M HNO,; (2) O.lM HNQ; (3) OSM HNO,; (4) 

lMHN0,. C, Toluene: (1) 0.02M HNOl; (2) O.lM HNO,; (3) 0.5M HNO,; (4) 1M HNO,. 
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Table 1. Distribution coefhcients of various metal ions with 
respect to selenium 

Distribution coefficients* 
Concentration, 

Species M A B 

Z) 10-6 C.Ft 418 1.57 30 3.2 
Mo(VI) 10-5 1.26 0.21 
Cr(vI) CF 1.09 - 
MO(V) 10-S 1.21 - 
Hf(IV) 10-7 0.0 0.0 
ZrfIW lo-’ 0.0 0.0 
sn(Ivj 10-n 43 - 

IO-’ - 0.15 
cr’+ 
La’+ 
Nd’+ 
Ce’+ 
Fe’+ 

d’ 
In’+ 
Pm’+ 
sr2+ 

car+ 
Hg2+ 
Zn2+ 

I@+ 
cu2+ 

CS+ 

CF 
IO-’ 
lo-’ 
10-a 
1O-6 
lo- 
lo--* 
1O-8 
10-s 
10-s 
10-7 
lo-’ 
10-7 
10-6 
1o-5 
1O-8 
1o-6 
10-s 
lo-’ 
10-3 
1o-5 
10-6 
1O-8 

0.0 0.0 
- 0.05 
0.9 0.08 
0.0 0.0 
0.0 - 

0.0 
1.6 - 

32 0.1 
0.0 0.0 
0.0 - 

- 0.0 
0.2 0.0 

1400 907 
910 - 

- 0.02 
640 0.03 

33.2 1.0 
0.0 - 

0.0 
0.16 - 

91 
- 0.98 
0.0 0.0 

&+ 10-7 0.0 0.0 

*A: O.lM HNO,/lM KI (O.lM Npy/benzcne); B: 0.5M 
HNO,/O.SM ICI (toluene). 

tC.F = Carrier-free. 
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Fig. 3. Calibration curve. 

Table 2. AAS determination of selenium in 
water 

Se added to Se found in I-ml 
10 ml of HTO, fig toluene extract, pg 

0.10 0.09 f 0.00 
0.20 0.18 f 0.02 
0.30 0.30 f 0.02 

the procedure, the results shown in Table 2 were 
obtained. It was further found that the extraction 
is > 90% even with 100: 1 aqueous phase/toluene 
volume ratio. 

Triplicate AAS analysis of the hair sample gave 
selenium contents of 0.04, 0.03, OMpg/g. For the 
hair sample impregnated by immersion in l-fig/g 
selenium solution triplicate AAS analysis gave 0.22, 
0.19, 0.21 rg/g, and neutron-activation analysis give 
0.21-0.25 pg/ml, in good agreement with the AAS 
result. 
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Sunmary-The premature loss of germanium as volatile GeG results in low sensitivity and poor 
reproducibility in the determination of germanium by graphite-furnace atomic-absorption spectrometry. 
This interference can be eliminated by suppressing the premature reduction of GeG, to GeG during the 
ashing step, and dissociating the germanium oxides into the atoms simultaneously with their vaporization 
during the atomization step. The premature reduction of GeO1 to GeG has been successfully prevented 
by several approaches: (1) diminishing the reducing activity of the graphite furnace by (a) oxidizing the 
graphite surface and intercalating oxygen into the graphite lattice with oxidizing acids, such as nitric or 
perchloric, in the sample solution, or (b) using a tantalum-treated graphite furnace; (2) keeping the analyte 
as germanium (IV) by addition of sodium or potassium hydroxide to the sample solutions. 

The determination of germanium by graphite-furnace 
atomic-absorption spectrometry (GFAAS) can suffer 
from low sensitivity and poor reproducibility. This is 
often attributed to part of the analyte being lost as 
volatile GeG without undergoing atomization. A 
mechanism for this interference has been reported by 
Johnson et al.,’ who pointed out that (1) reduction 
of GeQ to GeO occurs on heating in the presence of 
carbon (graphite), and GeG begins to sublime at cu. 
1000”; (2) since germanium atoms are not produced 
below cu. 3000”, because of the large dissociation 
energy of the Ge-G bond, it is important that the 
time taken for the tube temperature to rise from 
1000” to 3ooo” is as short as possible to prevent loss 
of the analyte as GeO, (3) in order to prolong the 
residence time of GeO, a tube furnace rather than a 
filament furnace should be used. However, they did 
not attempt to suppress the formation of GeG by 
matrix modification or by surface treatment of the 
furnace. 

We have found that the nature of the sample 
matrix, the surface condition of the graphite and the 
atomization conditions all play a role in determining 
the magnitude of the error caused by the formation 
of GeO. In this paper, we show how the premature 
formation of GeG can be noticeably suppressed 
by modifying the sample matrix with an oxidizing 
acid or an alkali, and by tantalum-treatment of the 
furnace. 

EXPERIMENTAL 

Apparatus 

A Nippon Jarrel-Ash model AA-8200 atomic-absorption 
spectrometer and a model FLA-100 electrothermal atomizer 

were used. Argon was used as the purge gas, at 2.0 l./min 
flow-rate during all steps unless otherwise stated. Nippon 
Jarrel-Ash graphite tubes were used. Tantalum-treated 
graphite furnaces were made from new tubes by Zatka’s 
method.* A Hamamatsu Photonics germanium hollow- 
cathode lamp was used as the spectral source. The 
unresolved 256.118-265.158 nm resonance line-pair of 
germanium was employed for all analyses. Samples were 
injected with a 20-~1 Eppendorf micropipette. 

The heating power of the FLA-100 was supplied by a 
current-regulated sequential control system. The tem- 
peratures shown below (in parentheses after the currents) 
were taken from the current-temperature table in the user’s 
manual for the FLA-100. 

Reagents 

Demineralized distilled water (Millipore Milli-Q) and 
chemicals of reagent-grade quality or better were used. A 
lOOO~g/mJ germanium standard solution was made by 
dissolving 0.1439 g of pure germanium dioxide in 25 ml of 
1M sodium hydroxide and diluting to 1000 ml with demin- 
eralized distilled water. This solution, when further diluted 
with only demineralized distilled water, will be referred to 
as an aqueous solution of germanium. 

RESULTS AND DISCUSSION 

Heating conditions 

An atomization study showed that the maximum 
peak height for germanium was obtained with cur- 
rents greater than 280 A (2890”) in the “FLASH” 
mode with untreated furnaces. Under such optimum 
atomization conditions, the peak height is con- 
siderably affected by the ashing conditions, as shown 
in Fig. 1. The peak height increases with increase 
in ashing current, attaining a maximum value at cu. 
70 A (1050’) and decreasing abruptly above 75 A 
(1115’). Although, the higher the ashing temperature, 
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” 20 40 60 80 

Ashing current (LI) 

Fig. 1. Effect of ashing current on the relative peak height 
for 200 q/ml germanium with the untreated furnace. Dry 
22 A, 20 sec. Ash, 50 sec. Atomize, 300 A (“FLASH”), 
7.5 sec. Ar flow 2.0 I./min. 0, O.lM KOH; 0, 0. Ii14 HNO,. 

the shorter the time required to achieve atomization, 
producing increasing efficiency of atomization up to 
70 A (1050’) ashing current, loss of the analyte as 
GeO was significant above 75 A (1llY). Table 1 
shows the optimum heating conditions with un- 

treated furnaces. Subsequent studies were conducted 
under these conditions unless otherwise stated. 

However, when tantalum-treated furnaces are used 
these currents should be reduced by 15% to obtain 
maximum peak height for germanium, because the 
electrical resistance of the furnaces is altered by the 
tantalum treatment. 

Effects of coexisting materials 

Johnson et al.’ reported that other salts, such as 
sodium chloride or magnesium sulphate, present in 
the sample, interfere in the determination of germa- 
nium, by either molecular absorption or light scatter- 
ing and that addition of zinc nitrate improves the 
sensitivity of the determination. We have studied 
extensively the effect of other species in the sample 
solution and found that the atomization efficiency for 
germanium is affected much more than that for most 
of the other heavy metals. 

Acids. The effects of various acids on the germa- 
nium absorption peak are illustrated as a function of 

Table 1. Optimum heating programme 

Dry Ash Atomize 

Current, A 
(Temp., “C) 
Time, set 

&I &o, (:E;, 
50 7.5 

*“FLASH” mode. 
Sample volume, 20 ~1. 

Fig. 2. Relative peak height for 200 rig/d germanium in 
acidic solutions with the untreated furnace. C is the molarity 
of the acids. 0, HCIO,; A, HNO,; 0, CH,COOH; A, 

HCI; 0, H,SO,. 

their concentrations in Fig. 2. The results are shown 
as relative peak heights normalized with respect to 
the peak height obtained with the aqueous solution 
of germanium. The relative peak heights are unity 
for hydrochloric, sulphuric and acetic acid concen- 
trations less than IO-‘M, but interferences are ob- 
served for the first two acids at concentrations greater 
than lo-*M. However, for nitric and perchloric acid 
solutions, the peak heights increase significantly with 
acid concentration. When an aliquot of the aqueous 
germanium solution was fired in a furnace which 
had been previously heated with an aliquot of O.lM 
perchloric or nitric acid up to the ashing temperature, 
the peak height was greater than would otherwise 
have been expected. Since almost all of the perchloric 
and nitric acid in the graphite furnace should be lost 
on heating during the ashing step, it is considered that 
the increase in the peak height is attributed to a 
change in the condition of the graphite furnace. That 
is, oxidation of the graphite surface and intercalation 
of oxygen into the graphite lattice by these oxidizing 
acids3 counteracts the reducing activity of the graph- 
ite, suppressing the premature reduction of GeO, to 
GeO by the graphite. The effect of perchloric acid is 
more remarkable than that of nitric acid, showing 
that perchloric acid intercalates oxygen more 
effectively into the graphite lattice. 

Buses. The effects of several bases on the germa- 
nium absorption peak are illustrated as a function of 
their concentrations, in Fig. 3. The relative peak 
heights remain at unity for all ammoniacal solutions, 
whereas the peak heights for alkali-metal hydroxide 
solutions increase significantly with alkali concen- 
tration. This indicates that the molten alkali-metal 
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J 

Fig. 3. Relative peak height for 200 ng/ml germanium in 
basic solutions with the untreated furnace. C is the molarity 
of bases. 0, KOH; A, NaOH; 0, LiOH; 0, RbOH; A, 

CsOH; n , NH,. 

hydroxides keep Ge02 as germanium(W), suppress- 
ing its premature reduction by the graphite during the 
ashing step. However, ammonia is vaporized during 
the drying step, thus showing no effect. 

Salts. The effects of various salts on the germanium 
signal are tabulated in Table 2 along with those of 
acids and alkali-metal hydroxides. The relative peak 
heights are higher in the presence of alkali-metal or 
alkaline-earth metal nitrates, nitrites, carbonates or 
acetates, which change to the oxides on heating 
during the drying and ashing steps. Of these salts, the 
nitrates are the most effective. All of these salts are 
likely to show the same magnitude of effect as the 
alkali-metal hydroxides, especially the nitrates, which 
enhance the effect of oxidation of the graphite. 
However, the effects of magnesium nitrate and 
sodium perchlorate on the relative peak heights are 
about the same as those of nitric and perchloric acids 
respectively. This shows that these salts act only as 

Table 3. The relative peak heights for 200 ng/ml germanium 
with tantalum-treated furnaces, in the presence of various 

salts, acids and bases 

Cation, present at O.lM 

Anion 

OH- 
NO, 
CH,COO- 
ClO; 
Cl- 
so:- 

Na+ K+ NH,+ H+ 

16.4 17.5 14.5 14.0 
20.5 19.3 - 13.8 
18.1 - - - 
18.4 - - 18.9 
8.2 - 10.8 
0.2 - - 1.7 

oxidizing agents for graphite on heating, due to the 
formation of inert magnesium oxide from the nitrate 
and sodium chloride from the perchlorate. Halides, 
sulphate and phosphate decrease the peak height to 
the same extent as do their respective acids. Since 
these salts do not change to oxides on heating during 
the ashing step, they evaporate unchanged during the 
atomization step. This is consistent with the high 
background absorption observed during the atom- 
ization step when these salts are present. Although 
ammonium peroxydisulphate is an oxidizing agent, it 
does not increase the peak height, presumably be- 
cause of its facile thermal decomposition. 

Tantalum-treated furnaces 

The effects of acids, alkali-metal hydroxides and 
salts on the germanium atomic-absorption peak when 
tantalum-treated furnaces are used are given in 
Table 3. The peak height for the aqueous solution is 
14 times that observed with the untreated furnaces. 
This is probably due to the fact that the tantalum 
carbide layer on the graphite furance prevents the 
analyte from coming into contact with the graphite, 
suppressing the premature reduction of Ge02 to 
GeO. 

However, the effects of materials which increase 
the peak height (relative to that for aqueous solu- 
tion), such as nitric acid, perchloric acid and alkali- 
metal hydroxides, are almost the same as those 
observed with untreated furnaces. The interference of 
hydrochloric acid and sulphuric acid and their salts 

Table 2. The relative peak heights for 200 ng/ml germanium with the untreated 
furnace in the presence of various salts, acids and bases 

Cation, present at O.lM 

Anion Na+ K+ Ma2+ Ca*+ NHt H+ 

OH- 16.2 17.0 - - 1.1 (1) 
NO, 20.5 19.9 13.2 20.1 12.0 10.0 
NO, 18.3 - - - - - 
co:- - 18.0 - - 1.0 - 
CH,COO- 17.7 - - - - 1.1 
ClOi 18.5 - - - - 18.4 
Cl- 0.9 0.5 - - - 0.7 
Br- - 0.5 - - - - 
I- - 1.0 - - - - 
Hdyi - - 0.7 0.5 - - - - - - 

s,+ 

0.4 - 

- - - - 0.8 - 
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Pcrcentagc of Hz gas 

Fig. 4. Effect of hydrogen (added to the argon purge gas) 
on the relative peak height for 200 ng/ml germanium. Total 
flow-rate of the gas mixture was 2.0 l./min. 0, untreated 
furnace, O.lM. KOH; A, untreated furnace, O.lM HNO,; 
n , tantalum-treated furnace, aqueous germanium solution. 

is much more pronounced than for the untreated 
tubes, however. 

Eflects of gases in the furnace 

The effects of gases in the furnace were studied to 
examine the validity of the argument stated above. 

First, the effect of atmospheric oxygen was tested 
with a furnace that had been previously heated at 
ca. 70 A (1050’) without passage of argon purge gas. 
With this furnace, an increase of three times in the 
peak height was observed for the aqueous solution. 
This shows that the reducing activity of the graphite 
furnace is reduced by oxidation of its surface. The 
magnitude of the increase in the peak height was less 
than that observed for nitric and perchloric acid 
solutions because oxygen intercalation into the 
graphite lattice probably does not occur with atmos- 
pheric oxygen. 

Secondly, the effect of hydrogen (added to the 
purge gas) on the peak heights was tested with 
untreated and tantalum-treated furnaces. With both 
furnaces, the peak heights decreased with an increase 
in the amount of hydrogen in the purge gas, as shown 
in Fig. 4. The peak heights also decreased when 
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hydrogen was added only during the drying and 
ashing steps. Consequently, this decrease in the peak 
height is most likely caused by reduction of GeOr by 
the hydrogen during the ashing step. With untreated 
furnaces, the peak height decreased more abruptly 
than with tantalum-treated furnaces. This indicates 
that germanium dioxide is reduced not only by the 
hydrogen but also by the graphite, when other species 
added in the sample solution, such as nitric acid, are 
reduced by the hydrogen. 

Reproducibility and sensitivity 

The reproducibility of the measurements for ger- 
manium solutions in O.lM nitric acid and O.lM 
potassium hydroxide was tested with a new untreated 
furnace Figure 5 shows that the fluctuation of ab- 
sorbance was smaller when the potassium hydroxide 
solution was used. The relative standard deviations 
were 3.5% for the alkali system and 8.6% for the acid 
system. Moreover, though the absorbance peak in- 
creases with addition of nitric acid and decreases with 
addition of potassium hydroxide as the number of 
firings increases, the magnitude of the absorbance 
change for the acid is larger than that for the base. 
Consequently, it is apparent that the use of O.lM 
potassium hydroxide is preferable for the deter- 
mination of germanium by GFAAS. 

When germanium in 0.1 M potassium hydroxide 
was determined with an untreated furnace, the de- 
tection limit for S/N = 2 was 60 pg in 20 ~1 and the 
characteristic weight was 28 pg for 1% absorption. 
These values represent an improvement by a factor of 
five over the results reported by Johnson et al.’ 

CONCLUSION 

The interference caused by the formation of GeO 
can be eliminated by optimizing the heating pro- 
gramme, modifying the matrix in the sample solution 
and using the tantalum-treated furnace. To obtain 
high sensitivity and good reproducibility in results, it 
is recommended that samples be prepared in 0.1 M 
potassium hydroxide. However, other types of chem- 
ical interferences, caused by chloride or sulphate for 
example, are still serious (as shown in Tables 2 and 
3). These interferences can only be eliminated by a 
preliminary separation of the germanium from the 
sample matrix. A suitable procedure for this will be 
discussed in forthcoming reports. 
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Summary-A method for the fluorimetric determination of scandium with 1,2,7+rihydroxyanthraquinone 
in dimethylformamide medium is described. The calibration graphs obtained by the normal, synchronous, 
and synchronous 6rst and second derivative techniques are linear between 12 and 225 ng/ml, and the 
detection limit is 2 ng/rnI. The method is applied to the determination of Sc(II1) in two simulated and two 
naturally occurring rocks. 

As a general rule, inorganic spectrofluorimetry has 
been traditionally done in aqueous or ethanolic 
media, with no systematic search for the most suit- 
able solvent. However, many changes in the position, 
relative intensity, shapes and Stokes shifts of the 
fluorescence and absorption bands can be induced by 
solvents.’ Hence proper study of these effects on the 
characteristics of the reagent and complex could give 
data useful for designing a more sensitive and selec- 
tive spectroscopic determination.” 

The fluorescence usually arises solely from the 
organic ligand, and the cation in the complex only 
modifies the spectral characteristics. For that reason, 
knowledge of the ligand behaviour permits better 
design of the analytical procedure. 

Scandium has been determined by both fluorimetry 
and photometry,5-7 but the use of anthraquinone 
derivatives as ligands has been restricted to photo- 
metric methods. For example, Alizarin Red* and 
anthrapurine’ have been used in the determination of 
scandium at pg/ml levels, whereas until now no 
anthraquinone dye has been used as a lluorogenic 
ligand for scandium determination. 

Generally, the ligands used in the determination of 
scandium have a functional hydroxy group and the 
co-ordination takes place in alkaline media. This 
limits the use of hydroxyanthraquinones because of 
their instability in these media. 

In the present work, use of a non-aqueous 
medium (N,N-dimethylformamide, DMF) permits 
the determination of scandium with 1,2,7+ihydroxy- 
anthraquinone. The selectivity is poor, but this is 
always a problem with scandium and the lanthanides, 
because of the similar chemical and physical proper- 
ties of these elements, necessitating a separation 
procedure. Fractional crystallization, liquid-liquid 
extraction, ion-exchange and gas-liquid chromato- 

graphy have all been used with success but are 
time-consuming and complicated. Emission, absorp- 
tion and fluorescence measurements in the X-ray, 
ultraviolet and visible regions are all subject to 
spectral interference. A prior separation is also 
needed with the procedure described, to improve the 
selectivity. 

EXPERIMENTAL 

Apparatus 
Fluorescence measurements were made with a Perkin- 

Elmer MPF-43A spectrofluorimeter equipped with a 150-W 
Osram XBO lamp, excitation and emission mono- 
chromators, 1 x 1 cm fused-silica cells, an R-777 Ham- 
amatsu photomultiplier, and a Perkin-Elmer 023 recorder. 
Instrument sensitivity was adjusted daily, with a Rbodamine 
B bar as reference standard. The Perkin-Elmer model 
DCSU-2 unit, connected to the spectrofluorimeter, was used 
to obtain the derivative spectra. 

Reagents 
1,2,7-Trihydroxyanthraquinone (THAn) solution, 

1 x lo-‘M, in DMF, was prepared weekly. Diluted solu- 
tions were prepared from this stock solution daily, with 
DMF. 

A O.OlSM stock solution of scandium was prepared by 
dissolving the oxide in 7h4 nitric acid and standardized 
complexometrically. Solutions of 1 x IO-)M concentration 
were prepared by dilution with DMF. 

All solvents used were of analytical reagent grade. 

General procedures 
Place 0.5 ml of 1 x lo-‘M 1,2,7-THAn solution in DMF 

and an aliquot of the sample solution in DMF [containing 
0.34-2.55 pg of Sc(III)] in a lo-ml standard flask. Dilute to 
volume with DMF. Record the first and second derivative 
(AL = 10 nm) of the synchronous spectrum (DL = 30 nm), 
with a response-time of 0.3 set, and a scan-speed of 120 
nm/min. Measure the derivative values as the vertical dis- 
tance from the peak to the trough, and from the right-hand 
peak to the trough, for the first and second derivatives, 
respectively. 
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Sample preparation 
Vermiculite. Accurately weigh approximately 0.1 g of the 

finely powdered vermiculite into a graphite crucible and add 
0.6 g of anhydrous lithium metaborate. Insert (on a silica 
tray) into a muWe (looo”), then withdraw it after 15 min. 
Transfer the cooled fusion cake from the crucible to a 
1500-ml polythene beaker containing 950 ml of water and 
15 ml of concentrated hydrochloric acid and leave it for 2-3 
hr to dissolve. Transfer the solution to a I-litre standard 
flask and dilute to volume with water. Store the solution in 
a clean dry polythene bottle. 

MontmoriNonite. Accurately weigh approximately 0.1 g of 
the finely powdered rock. Add 10 ml of concentrated 
hydrofluoric acid and 2 ml of 9M sulphuric acid, and 
evaporate to dryness. Dissolve the final residue with 5 ml of 
6M hydrochloric acid. Transfer to a 50-ml standard flask 
and dilute to the mark with demineralized water. 

Simulated samples. Two samples were prepared, corre- 
sponding to a diatomite and steatite according to the 
compositions given by the British Ceramic Research Associ- 
ation.‘O 

RESULTS AND DISCUSSION 

Fluorescence spectra and effect of experimental vari- 
ables 

Figure 1 shows the fluorescence excitation and 
emission spectra of 1,2,7-THAn and its complex with 
scandium in DMF medium. A considerable increase 
in the fluorescence intensity at 565 nm (excitation at 
465 nm) is observed to be caused by the chelation. 

The fluorescence and absorption spectra of both 
reagent and complex in eight different solvents were 
studied to evaluate the solvent-solute interaction. 
The most relevant characteristics found are sum- 
marized in Table 1. An increase in the dielectric 
constant causes a decrease in the relative fluorescence 
intensity (RFI) in both reagent and complex, so 
acetone, acetonitrile and dioxan give the highest RF1 
and water the lowest. The fluorescence intensity of 
the complex was greater than that of the reagent only 
in acetonitrile and DMF, and the increase was larger 
for DMF as medium. 

The absorption maxima of the reagent and com- 
plex are generally shifted to longer wavelengths with 
increasing solvent polarity, but some solvents give 
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Fig. 1. Excitation (1,l’) and emission (2,2’) spectra of 
Sc(III)-1,2,7-THAn complex and the reagent at a concen- 
tration of 0.22 pg/ml: 1 exe = 465 nm, 1 = 565 nm. Sensi- 

tivity: coarse 0.3, flne 0, slit band-passes 10 nm. 

anomalous behaviour which cannot be explained in 
terms of polarity or dielectric constant, and other 
aspects have to be taken into account. 

The charge-transfer nature of the long-wavelength 
absorption band of hydroxyanthraquinones has been 
studied for various organic solvents with different 
donor numbers” and in general the 
solvent-anthraquinone interaction appears to be 
charge-transfer complexation with strong electron- 
pair donor solvents.“*” 

From the analytical point of view, there are three 
aspects of the results in Table 1 that need further 
explanation. First, the unusual blue-shift observed 
for the DMF solutions. Owing to the charge-transfer 
nature of the reaction, and the fact that DMF is a 
polar solvent with high dielectric constant and sol- 
vating ability, the reagent dissociates in the ground 
state to give an ionic species which cannot occur 
in other solvents. When scandium is present in the 

Table 1. Spectral characteristics of the reagent (R) and complex (C) in different solvents 

1 a, I II DI,’ 
nm nm nm RF1 l%d 

Solvent R C R C R C R C R C ARFII 

Ethanol 518 520 570 565 52 45 73 28 4.0 3.8 -45 
Methanol 515 516 570 560 55 44 56 42 4.1 3.8 -14 
Acetone 480 480 555 565 75 85 130 113 3.9 3.9 -17 
Acetronitrile 485 478 560 560 75 82 85 118 3.8 3.8 33 
Dioxan 478 480 565 565 87 85 100 80 3.8 3.9 -20 
DMF [ 525 485 587 565 62 80 6 62 4.0 3.9 56 1 
Water 480 518 565 565 85 47 5 4 3.8 3.8 -1 
Water : dioxan 504 482 565 570 61 88 63 62 3.9 3.8 -1 

(10:90) 

*Stokes shift, DL = Lr - 2.; 4 = wavelength of fluorescence maximum; I, = wavelength of maximum 
absorbance. 

tc expressed in 1. mole-‘. cm-‘. 
§ARFI = RFI, - RFI,. 
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solution, the charge on this anion is minimized by the 
reagent-cation interaction and the absorption maxi- 
mum is blue-shifted to a wavelength indicating acidic 
character (2 = 480 nm). 

Secondly, the large difference between the RF1 of 
the reagent and of the complex is due to the reagent 
anion in the excited state being less stabilized than the 
complex, and hence having more rapid deactivation. 
This causes the factor of 10 increase in RF1 which 
makes possible this fluorimetric determination of 
Sc(II1). 

Thirdly, the effect of water required examination. 
Even as little as 1% water greatly decreased the 
fluorescence of the complex, indicating that when 
water is present, a rapid deactivation of the excited 
state take place owing to the strong interaction of 
hydrogen bonds. Hence the method must be applied 
in anhydrous DMF medium. Use of this solvent 
increases the sensitivity, and the photodecomposition 
of the reagent which occurs in aqueous medium is 
avoided, allowing longer storage of standard solu- 
tions and giving a more reliable analytical method. 

The effect of reagent concentration was tested at 
constant Sc(II1) concentration of 2.5 x 10m6M and 
showed a linear increase in signal up to 5 x 10-5M 
reagent concentration, and further linear increase 
(but of lower slope) at higher concentrations. A 
5 x 10m5M reagent concentration was selected for 
use, but because at least 10: 1 reagent:metal concen- 
tration ratio is needed for the complex formation, this 
limits the Sc(II1) concentration to 5 x 10T6A4. The 
RF1 is a linear function of Sc(II1) concentration from 
6.2 x lo-‘M up to this limit. 

Under the selected experimental conditions, no 
changes in RF1 were observed when the order of 
reagent addition was changed or the temperature was 
varied from 10 to 70”. The stability of the complex 
was tested by exposing the solutions to daylight and 
the RF1 was found to remain stable for 2 hr, after 
which a decrease occurred. 

Selection of instrumental parameters 

The application of the derivative technique to the 
determination of metal ions by chelating agents has 
been recently developed.‘4*1s However, the 
fluorescence spectra of these metallic chelates are 
characteristically wide and poorly structured bands 
(see Fig. 1), leading to very weak derivative signals 
and poor detection limits. This is because the ampli- 
tude of the derivatives is inversely related to the 
band-width of the normal spectrum, so the band- 
narrowing effect of the synchronous scanning tech- 
nique is very valuable. 

When these two techniques are used, the instru- 
mental parameters such as the time-constant (t,), 
scan-speed of the monochromators (I’,,), differen- 
tial wavelength interval (AL), and the difference in 
wavelength between the two monochromators (DA) 
must be optimized. This last parameter, DA, can 

considerably modify the spectrum shape, as shown 
in Fig. 2. 

For selection of the appropriate D1 value, various 
synchronous spectra from D1= 30 nm to D1 = 
100 nm (Stokes shift) were recorded. A red shift and 
a decrease in the RF1 is observed (Fig. 2) for change 
from the highest to the smallest D1. Although a 
better signal-to-noise ratio (SNR) would be obtained 
by using DI = 100 nm, we have selected D1= 30 mn 
for the experimental work, because of the symmetry 
and the narrow peak half-width (38 nm) of the 
synchronous spectrum at D1= 30 nm compared to 
that of the normal spectrum (90 nm). 

Consequently, the application of the synchronous 
and synchronous derivative techniques, in this partic- 
ular case, gives a much more selective method, de- 
spite the sacrifice in sensitivity and detection limit. 

To register both the synchronous first and second 
derivatives, and to obtain a good SNR, a combina- 
tion of 120 nm/min scan-speed, 0.3 set time-constant 
and 10 nm A1 was found to be optimal. 

Calibration graphs, sensitivity and precision 

The calibration graphs prepared by plotting the 
normal, and synchronous first and second derivative 
values against scandium concentrations were linear 
over the range 34-225 ng/ml. The synchronous first 
and second derivative spectra used for this calibration 
graph are shown in Fig. 3; there is good correlation 
between signal and concentration. 
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Fig. 2. Synchronous spectra at different D1 of a 0.22 pglml 
solution of the complex in DMF. Conditions as for Fig. 1. 
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Fig. 3. Synchronous first (a) and second (b) derivative spectra used for the calibration graph: Sc (1) 50, 
(2) 75, (3) 112.5, (4) 170, (5) 225 rig/ml, (6) reagent blank. Sensitivity: coarse 3, fine 5. Scan-speed 120 

nm/min, time-constant 0.3 set, Al = 10 nm. 

The limits of detection, cL, and of quantification, 
co, (used as the lower point of the analytical graph), 
of all the methods were established according to the 
IUPAC definitions.‘6,‘7 The sensitivity, s,, was calcu- 
lated as previously defined.” 

For a series of ten measurements of 112.5 ng/ml 
Sc(III), the concentrations found and standard devi- 
ations, together with other details related to the 
analytical methods are shown in Table 2. Although 
the data for cr and co are very similar for the three 
techniques investigated, there is a considerable reduc- 
tion in So, cr and relative standard deviation by the 
synchronous method, making this, together with the 

synchronous first derivative method, the most appro- 
priate choice for the determination of scandium. 

Effect of diverse ions 

In the determination of 112.5 ng/ml Sc(II1) various 
ions were tested to check the selectivity of the meth- 
ods. Because of the water effect on the fluorescence 
signal, 1 x 10e3M solutions of each ion in DMF were 
prepared from concentrated aqueous solutions. The 
results are shown in Table 3. The tolerance criterion 
is based on the RSD of the methods, and taken as a 
deviation of the fluorescence intensity (or derivative 
values) of f f 2ts,, where 2 is the mean value for 

Table 2. Characteristics of the analytical methods 

Method 
Sensitivity, sA , 

nalml 
CL, 

nnlml 

Linear 
dynamic range, Concentration R.S.D., 

nnlml found, nnlml % 

Fluorimetric 9 4 12-225 135 7.0 
Synchronous 6 2 8-225 106 5.3 
Synchronous (first deriv.) 8 3 9-225 104 4.7 
Synchronous (second deriv.) 7 3 10-225 131 5.3 
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Fluorimetric 

Fe(III), Mg(I1) 

SC$- 
Al(II1) 
F- 
Cu(II), Gd(I1) 
Sm(III), Y(II1) 
Ga(II1) 
Pr(III), La(II1) 

Table 3. Interference study [Sc(III) = 112.5 ng/ml] 

Synchronous Synchronous 
Synchronous (first deriv.) (second deriv.) 

Al(III), Fe(III), Fe(III), Al(III), Fe(III), Al(III), 
Mg(II), &&(I’) Mg(II) 

4 Sq- 
so:- 

Gd(III), F- Gd(III), F- 

&II), Gd(I1) Cu(II), Sm(III), Sm(III), Y(II1) 
Sm(II1) Y(III), Ga(II1) 
Y(III), Ga(II1) 
Pr(III), La(II1) Pr(III), La(II1) Pr(II1) 

Tolerance ratio, 
[ion]: [Sc(III)] 

100 

50 
25 
10 
5 
2 

1 
0.5 

Table 4. Recoveries (%) of scandium in four silicate rocks 

Type of Synchronous Synchronous 
silicate rock Sc(II1) taken* Fluorimetric Synchronous (first deriv.) (second deriv.) 

1 101 97 106 101 
Vermiculite 2 104 103 101 100 

3 113 100 98 108 
1 105 94 102 98 

Montmorillonite 2 111 102 100 103 
3 117 95 106 103 
1 107 96 103 99 

Steatitet 2 116 98 106 107 
3 113 97 99 100 
1 109 97 105 101 

Diatomitet 2 120 101 111 111 
3 114 99 101 101 

*(l) 225, (2) 112.5, (3) 50ng/ml. 
tsimulated samples prepared according to Bennett and Reed.‘O 

scandium alone, ss the standard deviation of the 
analytical signals, and t is “Student’s” t for 10 
measurements. 

It can be deduced from Table 3 that the tolerance 
for serious interferences such as that of Al(II1) can 
be raised by a factor of 10 by employing the syn- 
chronous and synchronous derivative techniques, and 
by a factor of 2 for SO:-, F-, Gd(III), Sm(III), Y(II1) 
and Ga(II1) with the synchronous derivative ap- 
proach. This illustrates that with a little extra instru- 
mentation, real advantages in terms of selectivity are 
obtained with these techniques. 

Where high tolerance ratios appear to be obtained 
for some ions with the normal fluorescence method, 
this is due to the high imprecision (high ss) and lack 
of sensitivity of the analytical method. 

Stoichiometry 

The ratio of scandium to 1,2,7-THAn in the chelate 
was established by both the molar-ratio and 
continuous-variations methods. The results indicated 
a scandium to 1,2,7-THAn ratio of 1: 3. 

Analysis of silicate rocks 

To verify the utility of the methods they were 
applied to the determination of scandium in silicate 
rocks (two “real”, vermiculite and montmorillonite, 
and two simulated, steatite and diatomite). 

To 0.5 ml of the sample solution, 0.68, 0.34 and 

0.15 ml of the stock solution of Sc(II1) were added. 
The solutions were diluted with DMF to a final 
volume of 10 ml, to obtain spiked samples containing 
45, 22 and 9.85 pg/ml Sc(II1). These samples were 
used for analysis by the general procedure. The final 
scandium concentrations to be determined were 225, 
112.5 and 50 ng/ml, respectively, obtained by adding 
0.5 ml of 1 x 10s3M 1,2,7-THAn solution to 50 ml of 
sample and diluting to 10 ml with DMF. 

Recovery data for five replicates of each sample are 
indicated in Table 4. It can be seen that a positive 
error was obtained at the three scandium levels with 
the conventional fluorimetric method, whereas recov- 
eries near to 100% were obtained by application of 
the synchronous and synchronous derivative ap- 
proaches, confirming their advantages. 

Although sulphate interferes at SO:1 ratio to 
Sc(II1) and sulphuric acid was used in decomposition 
of the montmorillonite, the triple dilution step re- 
duced the sulphate concentration to below the toler- 
ance level. 
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Summary-A kinetic method based on the catalytic effect of iodide on the chlorpromazine-bromate 
reaction is described. The reaction was followed spectrophotometrically by measuring the increase in the 
absorbance at 525 nm. Under optimal experimental conditions (10-4M chlorpromazine hydrochloride, 
1SM phosphoric acid, 5 x 10m4M potassium bromate, 40”), iodide was determined between 5 and 
70 ng/ml by the tangent method. The influence of reaction variables, the precision and accuracy of the 
method and the effect of foreign ions were studied. The procedure was applied to the determination of 
iodide in iodinated salts and in rat thyroid. 

In recent years, there has been an increasing interest 
in determination of iodide in foods and animal tissues 
because of the advantages of including iodide in the 
human diet. The use of iodinated salt in the diet is the 
most frequent way to obtain an additional supply of 
iodide, which is metabolised in the thyroid for the 
synthesis of hormones. Absence of iodide in the diet 
produces several diseases with well-known clinical 
symptoms. 

Current techniques used for iodide determination 
include activation and catalytic methods. Most cata- 
lytic methods use the well-known Ce(IV)-As(II1) 
reaction.lJ Other reactions catalysed by iodide have 
also been described. 3-15 

The oxidation of chlorpromazine, a tranquillizing 
drug, currently employed in medicine, has been used 
in the present study. In a previous paper,16 we 
reported for the first time the use of this substance in 
catalytic analysis. The oxidation of chlorpromazine 
by bromate is a slow process which is catalysed by the 
iodide anion. This effect is described here, and a new 
method for the determination of iodide in the range 
5-70ng/ml is proposed. The procedure has been 
applied to the determination of iodide in iodinated 
salts and rat thyroid, with excellent results. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical grade and the 
solutions were prepared with doubly distilled water. 

Chlorpromazine hydrochloride solution, lO%L Prepared 
from the commercial product (Sigma) by dissolving 0.0888 g 
in 250ml of water. The solution is stable if kept in an 
amber-coloured bottle in the cold. 

Potassium iodide stock solution O.OIM. Prepared by dis- 

*To whom correspondence should be addressed. 

solving 0.415 g of potassium iodide in 250 ml of water. The 
solution was standardized by a recommended procedure.17 
Working solutions were prepared by dilution just before use. 

Potassium bromate solution, 5 x lo-%. 

Apparatus 
A Pye Unicam SP8-100 double-beam spectrophotometer 

with l-cm cells and constant-temperature cell-holder was 
used for recording spectra and absorbance-time curves. 

General procedure 
In a lo-ml standard flask place 1 ml of 10m3M chlor- 

promazine hydrochloride (CPH), 1.5 ml of IOM phosphoric 
acid, the appropriate volume of diluted iodide solution to 
keep the final concentration of the anion between 5 and 
70 ng/ml, and distilled water up to 8.5 ml. Keep the flask in 
a thermostat at 40.0 f 0.5” for 15 min, then add 1 ml of 
5 x lo-‘M potassium bromate and dilute to volume with 
water (both heated to 40.0 + 0.5” in the thermostat). Turn 
on the recorder, mix the solution by vigorous shaking, 
transfer it to the spectrophotometer cell (kept at 40.0 f O.S”) 
and record the absorbance-time curve for measurement at 
525 nm. Obtain the slope from the initial straight-line 
portions of these curves. Prepare a blank in the same way 
but in the absence of iodide, and obtain the calibration 
graph by plotting tan a vs. iodide concentration. 

Determination of iodide in common iodinated salt 
Weigh accurately 0.1 g of the iodinated salt, dissolve it in 

doubly distilled water and dilute to volume in a 25-ml 
standard flask. Determine iodide in a l-ml aliquot, accord- 
ing to the general procedure, but with a new calibration 
graph for iodide in the presence of the same amount of 
chloride as that in the sample. Add the chloride in the form 
of potassium chloride solution prepared by reaction of 
iodide-free hydrochloric acid and potassium hydroxide. 

Determination of iodide in rat thyroid 
Place the rat thyroid in a fused-silica crucible and decom- 

pose. it as follows.rs Add 0.2 ml of l-g/ml potassium hydrox- 
ide solution and evaporate to dry&& in an oven at-about 
loo”. Place the crucible in a mutlle furnace at 600” for 2.5 hr. 
The residue should be white. Cool, wash down the sides of 
the crucible with water and dilute the solution to volume in 
a 25-ml standard flask. Determine iodide in a suitable 
aliquot according to the general procedure. Prepare a blank 
by the same treatment. 
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Fig. 1. In fluence of variables on reaction rate. (1) Uncatalysed reaction; (2) 40 ng/ml iodide. (a) Influence 
of acidity; (b) influence of CPH concentration; (c) influence of potassium bromate concentration; 

(d) influence of temperature. 
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RESULTS AND DISCLJSSlON 

Chlorpromazine hydrochloride (CPH) has a sul- 
phur atom which is susceptible to oxidation. The 
oxidation product is a red free radica119*20 having 
an absorption maximum at 525 nm. The iodide- 
catalysed oxidation of CPH by bromate was followed 
spectrophotometrically by measuring the increase in 
the absorbance of the red free radical of CPH at 
525 nm. The slope of the absorbance-time graph was 
used as a measure of the reaction rate. 

Infruence of acidity 

The free radical obtained from the oxidation of 
CPH is stable only in acidic media. Therefore, the 
catalysed reaction was exclusively studied in different 
acidic media. 

It was not possible to study the reaction in 
perchloric acid because a white precipitate appears in 
this medium. Hydrochloric acid was also unsuitable 

because the rate of the uncatalysed reaction was too 
fast. Phosphoric acid gives lower blanks than sul- 
phuric acid and was chosen for this reason. 

As can be seen in Fig. la, the rate of both the 
catalysed and uncatalysed reactions increases with 
phosphoric acid concentration. A 1.5M phosphoric 
acid medium was selected. Acid concentrations lower 
than 0.5-l.OM are not advisable because the red 
colour of the free radical is less stable. 

ZnfIuence of reagent concentrations 

Figure lb shows the effect of varying the CPH 
concentration between 5 x 10ms and 2 x 10m4M on 
reaction rate. Both the catalysed and uncatalysed 
reactions increase their rate with CPH concentration, 
showing a kinetic order of + 1 in the range studied. 
A 10m4M CPH concentration, which gives a con- 
venient value of absorbance at 525 nm, was chosen, 

As Fig. lc demonstrates, increase in the potassium 
bromate concentration in the range 10-4-10-3M 

Table 1. Kinetic data for the iodide-catalysed chlorpromazine-bromate reaction 

Uncatalysed reaction Catalysed reaction 

Concentration Kinetic Concentration Kinetic 
Variable range, M order range, M order 

Phosphoric acid 0.2-1.0 +1 0.2-1.0 +1 
1 .o-2.0 +2 1 .o-2.0 +2 

(TT;ir;mazine 5 x 10es-2 x low4 +l 5 x 10-5-2 x IO-4 +1 
10-4-10-’ +1 10-4-6 x 1O-4 + 1 

6 x 10-4-10-’ +f 
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Table 2. Interference of foreign ions in the determination of 
4 x IO-‘M iodide 

Limiting 
molar ratio 
[W/[I-1 Foreign ion 

2ooo* ClOi, SO:-, NO,, ClO,, Cl-, F-, 
EDTA, tartrate, oxalate, citrate, acetate, 
As(V), Ca(II), Sr(II), Ba(II), M&II), ‘D(I), 
Al(III), Zn(II), Co(B), Ni(II), Cr(III), 
Cd(II), CeoII), ITi( La(II1) 

500 W(B), Fe(II1) 
200 MnOI), Mo(VI)t, Cu(II)t 
100 W(VI), Bi(II1) 
20 Br-t, se(Iv) 

5 SCN-, IOit 
2 
1 

IO& WV, WIWt 

<I Vat, Hg(II)> Pd(II) 

*Maximum ratio tested. 
tIons which increase the reaction rate. 

produces an increase in reaction rate. Furthermore, 
the stability of the red colour depends on the bromate 
concentration in the solution. When this concen- 
tration is higher than lo-‘M, the red colour disap- 
pears quickly, leaving a colourless solution. The red 
radical is therefore oxidized irreversibly by the excess 
of oxidant to a colourless sulphoxide, with the loss of 
one more electron. l9 A 5 x 10m4A4 bromate concen- 
tration was selected for the kinetic study. 

The dependence of the reaction rate on tem- 
perature was studied between 15 and 40” for the 
uncatalysed reaction and in the presence of 40 ng/ml 
iodide. Both reactions increase their rates with tem- 
perature, but this effect is more pronounced for the 
catalysed reaction, as shown in Fig. Id. A tem- 
perature of 40” was selected as optimal. The kinetic 
data obtained for the reaction variables are sum- 
marized in Table 1. 

Calibration graph and eflect of foreign ions 

By use of the tangent method and under the opti- 
mal experimental conditions previously established 
(10-4M CPH, 1.5M H,PO,, 5 x 10d4M KBrO,, 
40.0 + OS’), a calibration graph linear between 5 and 
70 ng/ml iodide was obtained. 

The standard deviation of the method for 40 ng/ml 
iodide (10 determinations) was f 1.5 ng/ml, with a 
mean relative error of +3.9%. 

Interference by foreign ions in the system was 
studied with a 4 x lo-‘A4 iodide solution containing 
the foreign ion. The tolerance limit was taken as the 
concentration causing an error of no more than 
+5% in the iodide concentration. Results are sum- 
marized in Table 2. 

Determination of iodide in common iodinated salts 

The results are compared with those obtained by 
the iodide-catalysed Ce(IV)-As(II1) reaction.1*2 Chlo- 
ride ions are known to exert a weak catalytic action 
on the cerium(IV)-arsenic(II1) system and we have 

found that high chloride concentrations also affect 
the rate of the chlorpromazine-bromate reaction. 
For this reason, the standard samples used when 
constructing the calibration graph must contain the 
same amount of chloride as the samples. The main 
problem lies in finding an iodide-free chloride for 
preparing the calibration curve; most of the usual 
reagent-grade chloride salts were unsuitable. The use 
of a potassium chloride solution prepared from 
reagent-grade hydrochloric acid and potassium hy- 
droxide was adopted.21 

The results obtained for three determinations of 
each sample are given in Table 3 and are in good 
agreement with those obtained by the ce- 
rium(IV)-arsenic(II1) reaction. 

Determination of iodide in rat thyroid 

The procedure has also been applied to the deter- 
mination of iodide in rat thyroid and the results are 
summarized in Table 4. We have proved that, under 

Table 3. Determination of iodide in com- 
mon iodinated salts 

Iodide, pg/g 

Sample Ce(IV)-As(II1) CPH-BrO, 

1 39 40 
2 54 51 
3 56 58 
4 61 66 

Table 4. Determination of iodide in rat thyroid 

Iodide, pg/gland 

Sample CPH-bromate CeJIV)-As(BI) 

1 11.3 10.8 
2 11.0 10.1 
3 10.6 10.5 
4 7.8 8.6 
5 8.0 8.4 
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the experimental conditions chosen, the recovery of 7. S. Funahashi, M. Tabata and M. Tanaka, ibid., 1971, 

iodide-was 100%. 

CONCLUSIONS 

The proposed method allows the determination of 
iodide down to the 5 ng/ml level and is one of the 
more sensitive catalytic methods for this anion. The 
method is very selective because only V(V), Hg(II) 
and Pd(I1) interfere at a molar ratio (to iodide) < 1. 
The procedure is widely applicable and two different 
natural samples, in which the determination of iodide 
is actually very important, have been chosen as 
examples. 
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Summary-A prerequisite in pharmacokinetic studies is the development of analytical methods to assay 
the parent drug and its metabolites in biological fluids. For method development and application, a 
detailed knowledge of pharmacokinetics is not essential, but familiarity with its fundamental principles 
and terminology is necessary and helps in interpreting assay results and in interacting more effectively with 
colleagues who may be specialists in medical or related fields. The purpose of this article is to introduce 
the basic concepts of pharmacokinetics and some of the biological processes associated with it. Areas 
relevant to the needs of analytical chemists are discussed. 

Anyone engaged in drug determination in biological 
fluids should realize that the drug concentration is a 
result of the interaction of a wide variety of biological 
processes. These include, among others, drug absorp- 
tion, distribution, metabolism, and excretion. All 
these processes are interrelated, each playing a part in 
determining the drug concentration achieved after a 
given dose. The study of these processes forms the 
basis of pharmacokinetics. 

Pharmacokinetics is the study of the time course of 
absorption, distribution, metabolism, and elimi- 
nation of drugs, the relationships among these 
processes, and the observed pharmacological, ther- 
apeutic, or toxic effects in animals and man.rw5 It 
involves quantifying drug and/or metabolite levels in 
appropriate body fluids or tissues at any point in time 
following drug administration. Advances in analyti- 
cal techniques have now made it possible to measure 
very low concentrations of drugs in biological fluids.6 
The most commonly sampled body fluid is plasma or 
serum, because a good correlation between drug 
concentration and therapeutic effect is usually found. 
Urine analysis for drugs is used in connection with 
urinary excretion and bioavailability studies. Other 
body fluids and tissues are also utilized for pharma- 
cokinetic drug analysis but less frequently. Plasma 
concentration-time curves are constructed to 
determine various pharmacokinetic parameters 
with a view to studying the fate of drugs in the 
body. Pharmacokinetics is increasingly utilized in 
clinical practice for the safe and effective therapeutic 
management of patients. This application, which 
is emphasized in this article, is termed clinical 
pharmacokinetics.7-9 

Metabolites of certain drugs (e.g., nortriptyline 
from amitriptyline, N-acetylprocainamide from pro- 
cainamide) are pharmacologically active. They may 
have different modes of action or different potencies. 
Under such circumstances knowledge of metabolite 
kinetics is also necessary, especially if the metabolite 

is present in a sufficiently high concentration to 
produce a pharmacological effect.“’ 

ABSORPTION AND OTHER PROCESSES 

The term absorption is used to describe the transfer 
of the drug from the site of administration to the 
general circulation. When a drug is given orally in a 
form of a tablet, capsule, or suspension, it is absorbed 
from the gastrointestinal (GI) tract into the portal 
system of veins. It then passes through the liver 
before reaching the general circulation and the site of 
action. If the drug is rapidly metabolised on the first 
pass through the gut wall and/or the liver, a large 
portion of it may be inactivated before it reaches the 
site of action. The net result is incomplete bio- 
availability of the drug administered. This phenom- 
enon is known as first pass metabolism. The metab- 
olites may be pharmacologically active or inactive 
substances. Drugs subject to the first pass effect 
include imipramine, propranolol, pethidine and 
many more. Intravenous administration of a drug 
avoids the absorption step since the drug is injected 
directly into the systemic circulation and is unaffected 
by the potential rate-limiting and metabolic factors 
associated with drug absorption in extravascular 
routes. High first pass metabolism sometimes pre- 
vents oral administration of a drug or results in use 
of an oral dose much larger than the equivalent 
parenteral dose (e.g., propranolol). 

When a drug is administered to the patient orally, 
its concentration in the plasma increases owing to 
rapid absorption in the blood from the site of admin- 
istration. Generally, the faster the rate of absorption, 
the higher the peak concentration attained. After a 
drug has been absorbed, it is distributed non- 
uniformly throughout the body. When the peak 
concentration is reached, the rate of drug absorption 
equals the rate of distribution and elimination. 
Absorption continues after the peak but at a rate 
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exceeded by the rate of elimination, and consequently 
the drug concentration in the plasma falls ex- 
ponentially. For a given drug, the post-absorptive 
decline of plasma concentration is the same irrespec- 
tive of the route of administration. It takes about 
6 half-lives for 99% of the drug to be completely 
eliminated. When a drug is administered in fixed 
doses and at fixed intervals and if drug intake exceeds 
elimination, the plasma concentration increases until 
it reaches a plateau or steady-state. It is the concen- 
tration at steady-state that relates best to pharma- 
cological effect. The time required to attain the 
steady-state is about 4 plasma half-lives. When the 
dose is discontinued, the plasma concentration de- 
creases in much the same manner as it does after: a 
single dose administration. 

It is usual to find intersubject differences in drug 
plasma levels from the same dose, even in healthy 
individuals. The variation tends to be greater with 
drugs showing a first pass effect. Factors that cause 
variation in plasma levels after a standard dosage 
regimen are shown in Table 1. All these factors can 
be taken into account to adjust drug dosage to an 
individual patient’s needs. ‘*Y’~ Even after dosage ad- 
justment, there is usually often sufficient variation 
remaining to require careful monitoring of drug 
response and, in many cases, of plasma concen- 
tration.‘4g15 It is expensive and time-consuming to 
monitor drug levels routinely, and the reasons for 
doing so are carefully examined before the task is 
undertaken. Indications for routine drug monitoring 
are shown in Table 2. In recent years, plasma concen- 
trations of many drugs have been measured during 
their therapeutic use; the measurements are of either 
total drug concentrations,‘“‘l or in some cases free 
(i.e., unbound) drug concentrations.22S23 

Distribution of the drug to various sites in the body 
is reversible, i.e., the drug in the plasma exists in a 
distribution equilibrium with the drug in other body 
fluids and tissues. As a result of this equilibrium, 
changes in the concentration of the drug in plasma 
often reflect changes in its levels in other tissues, 
including the receptor site. Following distribution, 
the drug is eliminated from the body either un- 
changed (excretion) or as metabolites (biotransfor- 

Table 1. Factors that cause intersubject variation in plasma 
levels 

1. Physicochemical properties of the drug and the 
dosage form, including their disintegration/dissolution 
characteristics 

2. Dosage regimen: the route and the rate of administration 
3. Age, weight, and other pertinent patient data 
4. Physiological status: metabolic capacity, changes in pro- 

tein binding, pH of stomach and intestine, distribution of 
the drug between plasma and blood cells 

5. Substances in GI tract, e.g., food 
6. Competition for binding sites between two drugs (drug 

interactions) 
7. Disease state in particular hepatic and/or renal failure 
8. Patient compliance 

Table 2. Rationale for undertaking routine drug level 
monitoring 

1. 

2. 

3. 

4. 
5. 

Considerable inter-individual pharmacokinetic variation 
(theophylline) 
Narrow therapeutic index with serious side-effects in the 
toxic range (digoxin, aminoglycosides) 
Pharmacological and toxic effects not readily measurable 
(anticonvulsants, antiarrhythmics) 
Non-linear (saturation) kinetics (phenytoin) 
Special circumstances, such as 
(a) treatment of infants 
(6) presence of hepatic or renal disease 
(c) patient non-compliance 
(d) drug interactions 
(e) drug overdose or abuse 

(f) clinical trial of a new drug 

mation) or both. The drug is mainly excreted by 
means of biliary and renal excretion, since the liver 
and kidneys are the two important eliminating organs 
for most drugs. Distribution and elimination are 
sometimes referred to collectively as disposition. 

Some or all of the drug excreted in the bile and 
subsequently into the intestine may be re-absorbed 
from the intestine into the portal circulation and back 
to the liver. This process is called enterohepatic 
recirculation or biliary recycling. Compounds which 
are not re-absorbed from the intestine are excreted in 
the faeces. In some cases, highly polar metabolites 
such as glucuronides, which cannot be re-absorbed, 
undergo deconjugation by biliary enzymes or by GI 
bacteria in the intestine, and the liberated parent drug 
is then readily re-absorbed. Secretion into the bile 
and intestinal re-absorption may continue until the 
drug is completely eliminated by metabolism and by 
renal and faecal excretion. 

The enterohepatic recirculation can lead to a late 
surge in drug plasma concentration as the drug is 
re-absorbed. Rises in plasma concentrations (second- 
ary peaks) have been observed for several drugs such 
as diazepam, chlorpromazine, and indomethacin as a 
result of this phenomenon. Also the action of the 
drug is prolonged by this mechanism, owing to its 
unusually long persistence in the body. 

COMPARTMENT MODELS 

The most common method used to describe the 
pharmacokinetic behaviour of a drug in the body is 
by use of models depicting the body as composed of 
one or more units or compartments. These compart- 
ments have no precise physiological or anatomical 
definition, but visualization of the body in this way 
helps to explain the disposition characteristics of a 
drug and allows interpretation of drug concen- 
trations in the body as a function of time, dose, and 
route of administration. Experimental data (plasma 
level us. time curves) are used to fit compartment 
models. In general, for a given drug the one- 
compartment model is first examined for a fit to the 
data. If no correlation is obtained, the two- 
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Fig. 1. One- and two-compartment models. 

compartment model is tried. Whenever possible, the 
validity of the model is tested against further data to 
establish the closeness of fit. A certain type of model 
is not necessarily specific for a particular drug. 

One-compartment model 

The simplest pharmacokinetic model, the one- 
compartment model, assumes that the drug entering 
the body is distributed (equilibrated) instantaneously 
throughout the body fluids and tissues (Fig. 1A). This 
assumption does not necessarily mean that the con- 
centration of the drug in the plasma and other body 
fluids and tissues is the same at the same time. Indeed 
it is rarely the same. It does mean, however, that 
changes in plasma drug concentration quantitatively 
reflect changes occurring in the drug concentration in 
other body fluids and tissues. 

Two-compartment model 

The two-compartment model is useful when the 
drug goes through an initial distribution phase. The 

c = peok concmtmt10n 
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Fig. 2. Plasma drug concentration-time profile after oral 
administration of a drug. 

model separates the body into a central and a periph- 
eral compartment (Fig. 1B). The drug enters the 
central compartment either by absorption from the 
GI tract (oral dose) or by the intravenous or other 
route. The drug then equilibrates with the peripheral 
compartment and is eliminated via the central com- 
partment. During distribution the drug enters much 
more rapidly into highly perfused tissues (e.g., liver, 
kidneys) than into poorly perfused tissues (muscle, 
skin, or fat). The transfer of the drug from one 
compartment to another is associated with a specific 
rate constant (k) for that particular transfer. Both the 
transfer of drug between compartments and the drug 
elimination from the central compartment are as- 
sumed to obey first-order kinetics. This means that 
the rate at which a drug is removed from a compart- 
ment is proportional to the drug concentration in 
that compartment. 

Application of pharmacokinetic models becomes 
increasingly complicated as the number of compart- 
ments increases. Multicompartment models have 
been suggested but their increased complexity may 
reduce their clinical usefulness. For most drugs the 
one- and two-compartment models are adequate to 
describe the pharmacokinetic profiles. 

PHARMACOMNETIC CONSTANTS 

Area under the curve, and bioavailability 

Three important parameters can be derived from 
the plasma concentration-time curve (Fig. 2) follow- 
ing oral administration of a drug, namely, peak 
concentration, the time of peak concentration, and 
the area under the concentration-time curve (or area 
under the curve, AUC). The AUC is expressed in 
mg.l-i. hr. The bioavailability of a dose, i.e., the 
fraction Q of drug absorbed as such into the general 
circulation, is reflected by the AUC, which can be 
estimated by use of the trapezoidal rule.74 Absoxp- 
tion of the drug is assumed to be complete from an 
intravenous injection, i.e., F= 1. For non- 
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intravenous routes, the bioavailability of a drug may 
be less than 100% (F c 1) owing to incomplete 
absorption, since part of the drug may be metabolised 
before reaching the systemic circulation. The bio- 
availability of a drug may be evaluated by com- 
parison of its AUC with that of an equivalent dose 
of a standard. 

F = [AUC] drug product 

[AUC] standard 

The standard may be an intravenous injection, in 
which case absolute bioavailability is obtained, or it 
may be an oral solution or another well established 
formulation of the same drug, in which case relative 
bioavailability is obtained. Bioavailability is usually 
assessed by plasma concentration measurements, but 
other body fluids such as urine or saliva may be used. 
The assessment of bioavailability is useful not only in 
the control of therapy but also in the evaluation of 
alternative dosage forms (bioequivalence studies). 
Differences in bioavailability are of greater concern 
for coated and sustained-release preparations and 
for drugs with a steep dose-response relationship, 
narrow therapeutic index (i.e., the difference between 
therapeutic and toxic levels is small), and poor 
solubility in water.’ 

Clearance 

Clearance is used to describe quantitatively the 
removal of a drug from the body. It is the volume of 
plasma (or blood) from which the drug is completely 

removed per unit time. The total body clearance is the 
sum of the individual clearances of that drug by the 
various organs and tissues of the body. For example, 
if a drug is eliminated by metabolism in the liver and 
excretion by the kidneys, the total body clearance is 
the sum of the hepatic and renal clearances. It is 
worth repeating that clearance does not indicate how 
much drug is being removed but, rather, the hypo- 
thetical volume of biological fluid that could be 
completely cleared of the drug in unit time. Expcri- 
mentally it is calculated by dividing the systemically 
available dose of the drug by the AUC produced by 
that dose. 

Total body clearance 

Dose or amount absorbed 
= 

AUC 
* (2) 

In pharmacokinetic terms, total body clearance (CZ) 
can be related to volume of distribution (V,) and 
elimination rate constant (k,,): 

Cl = V,k,, (3) 

Clearance is influenced by liver and renal functions 
and by a number of variables such as blood flow to 
the liver and kidneys, age, metabolic capacity of liver 
enzymes, plasma concentration and protein binding, 
urine flow-rate and urine pH. The concept of clear- 
ance can be applied in clinical work in establishing 
and maintaining drug dosage regimens. 

Volume of distribution 

The apparent volume of distribution relates the 
amount of the drug in the body to the concentration 
of the drug in the blood or plasma, depending on the 
fluid measured. It is defined as the volume of body 
water which would be required to account for the 
amount of drug in the body if it were uniformly 
present throughout the body in the same concen- 
tration as that found in the plasma. The concept of 
volume of distribution is often difficult to grasp. It 
does not relate to any physiological volume (it rarely 
corresponds to a real volume) but it gives an estimate 
of drug distribution in the body. Mathematically it is 
simply a proportionality constant which, when multi- 
plied by the concentration of the drug in the plasma 
(C), gives the amount of drug in the body (A). 

A = VdC (4) 

Alternatively, V, can be assessed from the ratio A/C 
when distribution equilibrium has been attained. For 
the oral route, however, the dose must be corrected 
for bioavailability (F) since the absorption may be 
incomplete. There are different methods of calcu- 
lating volume of distribution,’ and they may give 
different results. It is therefore necessary to specify 
the method used for calculation and the fluid used for 
measurement. 

The magnitude of volume of distribution for a man 
may vary from a few litres to several hundred litres, 
as shown in Table 3. Variation in volume of distribu- 
tion can occur in a disease state and as a result of 
changes in physiological factors (age, body weight, 
protein binding etc.). Drugs that are water-soluble, 
extensively bound to plasma proteins, or exhibit little 
tissue uptake, have a small volume of distribution, 
which means most of the drug may be confined 
to blood and extracellular fluid. Such drugs (e.g., 
penicillins) are present in relatively large amounts 
(microgram levels) in plasma and analytical problems 
in determining them are minimized. A large volume 
of distribution (up to several hundred litres) may 
be observed with drugs that are lipid-soluble or 

Table 3. Average volume of distribution in a 
no&al (70 kg) man 

Drug 
Volume of distribution, 

litres 

Amitriptyline 600 
Amoxycillin 21 
Amphetamine 300 
Digoxin 760 
Frusemide 11 
Haloperidol 1200 
Lignocaine 100 
Nortriptyline 1400 
Pethidine 300 
Phenytoin 50 
Procainamide 140 
Propranolol 180 
Theophylline 35 
Tolbutamide 10 
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extensively bound to adipose tissues. Drugs with a 
relatively small dose and large volume of distribution 
(e.g., /?-blockers) are left in only a very small amount 
(nanogram or even picogram levels) in the plasma, 
and consequently their determination requires more 
sensitive and elaborate techniques. 

Though hypothetical, the volume of distribution of 
a drug is a useful concept because it allows estimation 
of the dose required to achieve a given concentration, 
and conversely the concentration achieved on admin- 
istering a given dose. It is also useful in calculating a 
loading dose. 

Elimination rate-constant and half-life 

When the plasma concentrations are plotted 
against time on semilogarithmic paper following oral 
or intramascular dose, the type of curve shown in 
Fig. 3 is obtained. After the peak, the graph shows 
a linear portion corresponding to the post-absorptive 
phase. A straight line on a semilogarithmic graph 
is indicative of a first-order process. The nature of 
the graph suggests the one-compartment model, and 
the slope of the line represents the rate of elimination 
of the drug from the body. Although it is possible 
to calculate the elimination rate constant &J from 
the slope of the line, it is much easier to determine it 
by making use of the relationship 

0.693 
k,, = - 

4/z 

where t,,2 is the half-life, i.e., the time required for 
the plasma concentration to be reduced to half its 
original value. This parameter is determined directly 
from the graph. Equation (5) indicates that the units 
of ka are reciprocal time (e.g., hr-‘). 

The half-life can be very short (e.g., 20 min for 
nitrofurantoin) or very long (e.g., 4 days for pheno- 
barbitone). It is independent of dose, the initial 
plasma concentration, and the rate of administration, 
but it can vary between subjects as a function of sex, 
age, and environment. Variation in half-life as a 
function of dose suggests non-linear kinetics and/or 
prolonged absorption owing to biliary recycling. 

Post-absomtlva phase 

2 4 6 e 

Hours 

2 4 6 8 

Hours 

Fig. 3. Semilogarithmic plot of plasma drug concentrations 
OS. time after oral or intramascular administration for a 

Fig. 4. Semilogarithmic plot of plasma drug concentrations 

drug characterized by the one-compartment model. 
VS. time afte.r intravenous administration for a drug distrib- 

uted within two compartments. 

It is apparent from equations.(3) and (5) that the 
half-life is related to the volume of distribution and 
the clearance 

0.693 V, 
G/2 = - Cl 

(6) 

Hence changes in these two parameters can change 
the half-life. For example, the half-life of a drug may 
differ between children and adults because of 
differences in size and weight (different volumes of 
distribution) and the half-life in elderly subjects may 
be increased owing to a decreased rate of metabolism 
and excretion (decreased clearance). It should be 
pointed out that although the half-life is influenced 
by clearance and volume of distribution, these two 
parameters are independent of each other and inde- 
pendent of half-life. 

From the analyst’s point of view, the half-life is a 
more important parameter than the elimination rate 
constant, and fortunately, it is more common to refer 
to the half-life rather than to the elimination rate 
constant of a drug. Knowledge of the half-life gives 
the analyst some idea of how long a single-dose 
bioavailability or pharmacokinetic study should be 
continued in terms of assaying the samples. For 
clinicians, knowledge of half-life or elimination rate 
constant is very useful because it provides a good 
indication of the survival of drug in the body, which 
can be related to the duration of clinical effect and to 
the frequency of dosing. 

Figure 4 shows the semilogarithmic plot of an 
intravenously administered drug distributed in a two- 
compartment model. The nature of the curve repre- 
sents two processes. Initially there is a rapid decrease 
in plasma concentration, owing to distribution of the 
drug into the tissues. The first slope represents the 
initial distribution process (a-phase), which is fol- 
lowed by the elimination process (/?-phase), which 
involves both metabolic reactions and the excretion 
of the drug. In general the a-phase is much more 
rapid than the j-phase and usually lasts approxi- 
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mately 30-120 min for most drugs, but may continue 
for 6 hr or longer for certain drugs such as digoxin. 
The half-life of the j-phase is often referred to as the 
elimination half-life or biological half-life, In con- 
sidering the timing of blood sampling in drug mon- 
itoring, sampling during the a-phase is avoided, 
especially when the drug is given intravenously, 
otherwise an erroneously high plasma level (not 
representative of the level at the receptor site) may be 
obtained. 

A number of computer programs are available” 
which, for given plasma concentration-time data, will 
estimate the pharmacokinetic parameters and the 
concentration that can be achieved following a given 
dose. 

NON-LINEAR KINETICS 

Generally the drug elimination process is assumed 
to obey first-order kinetics. This means that the rate 
of elimination is proportional to the drug concen- 
tration in the body. It also means that the drug 
dosage is related directly to plasma concentration. 
This assumption is valid for most drugs, but certain 
drugs show non-linear kinetics, i.e., a small increase 
in maintenance dosage results in a disproportionate 
increase in the steady-state plasma concentration 
and, in some cases, toxicity. The commonest cause of 
this is saturation of hepatic drug metabolizing sys- 
tems. If the enzymes responsible have a limited 
capacity to metabolize the drug, a large fraction of 
the drug survives first passage through the liver, 
resulting in a clinically significant elevation in the 
plasma concentration. Fortunately, for most drugs 
the plasma concentrations achieved at therapeutic 
dosages are low relative to the concentration neces- 
sary to saturate the particular enzyme system in- 
volved. Changes in protein binding or hepatic blood 
flow can also alter the kinetics of a drug. For a drug 
exhibiting non-linear characteristics, the plasma 
concentration-time plot is linear and a semi- 
logarithmic plasma concentration-time plot is curvi- 
linear. This is in marked contrast to a first-order 
process, where, as mentioned earlier, an exponential 
decline in plasma concentration is observed, resulting 
in a linear semilogarithmic plot. Non-linear kinetics 
has been observed within the therapeutic range of 
certain drugs such as phenytoin and salicylate. Drugs 
with non-linear characteristics have to be treated 
differently, for example, by using Michaelis-Menten 
kinetics.4*5s7*8 

CONCLUSION 

Studies of pharmacokinetics have greatly added to 
our knowledge of drug disposition and therapy. As a 
result of this it has been possible to use pharma- 
cokinetic principles in a clinical setting in initiating 
and monitoring drug therapy and in providing the 
optimum dosage regimens for patients to achieve 
maximum benefit. In industry, phartnacokinetics is 

routinely applied during various stages of drug devel- 
opment, e.g., in animal toxicity studies, formulation 
design (evaluation of bioavailability), and in clinical 
trials of new drugs. Analytical chemists have already 
made and will continue to make a significant con- 
tribution to these areas by providing analytical infor- 
mation and methods of analysis for the drugs under 
investigation. 
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Summary-The quatemary ammonium salts, n-butyltrimethylammonium iodide, 1,1,3,3-tetramethyl- 
butyltrimethylammonium iodide, n-octadecyltrimethylammonium iodide and tri-n-dodecylmethyl- 
ammonium iodide were synthesized from commercially available amines and together with n- 
hexadecyltrimethylammonium bromide tested for retention by a series of macroreticular resins (XAD-2, 
XAD-4, XAD-7, KAD-8 and XAD-11) for use as “surface” ion-exchangers in the chromatography of 
anions. Exchange-capacity studies of the coated resins showed that the non-polar XAD-2 and XAD-4 
resins had retention characteristics superior to those of the polar resins and that pore size in the resin 
was more important than surface area per unit weight of resin. Tri-n-dodeeylmethylammoniurn salts in 
XAD-2 gave the highest exchange capacity, with best retention under elution conditions. Columns 
prepared from this anion-exchanger were used to separate and analyse simple mixtures of anions (chloride, 
nitrate and sulphate) each within the l-30 ppm range, by single-column operation with indirect photo- 
metric detection and also by conductivity detection with background-ion suppression. Though of use for 
the determination of anions in simple mixtures, the resolution and performance were generally poorer than 
those displayed by a commercial (Dionex) column. This is at least partly attributable to the inferior 
column-packing properties of the granular XAD-resin. 

Ion-exchange chromatography assumed a new role in 
chemical analysis with the introduction of the two- 
column technique by Small et al.’ The first of the two 
columns, which are in series, performs the separation, 
while the second, the suppressor column, removes the 
ionic contribution from the eluting medium, enabling 
a conductivity detector, placed after the second col- 
umn, to act as a sensitive universal detector for the 
ions in the original sample. A single-column version 
which operates without a suppressor and uses con- 
ductivity detection was introduced by Fritz et al.’ 

Both techniques have undergone modifications, the 
most important of which are probably the replace- 
ment of the suppressor column by a self-regenerating 
membrane system based on hollow fibreP and of 
indirect photometric detection4 in the single-column 
technique. Chromatographs with background sup- 
pression and conductivity detectors have been devel- 
oped commercially by the Dionex Corporation, Sun- 
nyvale, California. 

As was shown by Small et al.’ a “surface” ion- 
exchanger of low exchange capacity is desirable for 
use in the separator column. Entirely satisfactory 
anion-exchangers have proved difficult to produce yet 
it is in the separation and determination of anions 
that the technique has had its greatest impact. Qua- 
ternary ammonium groups on a hydrocarbon chain 
chemically bonded to pellicular silica can be used, but 
such materials are expensive to produce. Cassidy and 
Elchuk5s6 prepared exchangers conveniently by dy- 
namically coating commercial reversed phases (used 
in HPLC) with quaternary ammonium salts, which 

are apparently strongly held by the hydrocarbon 
chemically bonded to the silica substrate. However, 
by their nature, these silica-based materials lack 
durability when used with alkaline eluents.7 Gjerde et 

aL2,* introduced the quaternary ammonium group, 
which is the best available for general anion-exchange 
purposes, into polystyrene cross-linked with divinyl- 
benzene. Though a good ion-exchange material is 
thus produced, the synthesis is lengthy and it is 
difficult to achieve a reproducible exchange capacity. 

Recentlyg~Lo it has been found that macroreticular 
resins prepared from various cross-linked organic 
polymers, available commercially (Amberlite XAD- 
resins, Rohm and Haas, Philadelphia), have the 
ability to retain long-chain quaternary ammonium 
salts, presumably with the hydrocarbon component 
of the molecule incorporated within the resin pores 
and the ionic group exposed at the surface. This 
provides a very simple and covenient means of pro- 
ducing a low-capacity anion-exchanger. 

In the work described here, several quatemary 
ammonium salts (n-octadecyltrimethylammonium 
iodide, 1,1,3,3-tetramethylbutyltrimethylammonium 
iodide, n-butyltrimethylammonium iodide and tri-n- 
dodecylmethylammonium iodide) have been syn- 
thesized and, together with the commercially avail- 
able n-hexadecyltrimethylammonium bromide, tested 
by exchange-capacity measurements for retention in 
the pores and/or surfaces of a range of XAD-resins. 
The most promising preparation was tested in single- 
and dual-column chromatography, with indirect opti- 
cal and conductivity detection, respectively. The best 
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column thus produced was compared in performance 
with that of a commercial column in a Dionex 

instrument, 

EXPERIMENTAL. 

Apparatus 

The ion-chromatography for indirect photometric de- 
tection was home-made. It consisted of a solvent reservoir, 
a Milton Roy (Laboratory Data Control) pump model 
396-74, a pulse-damper made from Teflon tubing (0.25 mm 
bore, 50 m long), an injection septum, glass column and 
fittings obtained from Qmnifit (Cambridge, England) and 
a Pye-Unicam (Cambridge, England) model LC3 photo- 
metric detector fitted with an 8-~1 flow-cell. The detector 
output signal was fed to a Smith’s Servoscribe pen-recorder. 

A Dionex QIC IonChrom Analyser was used in the direct 
detection method. It was fitted with a 50-pl injection 
loop, an ionumcentration column (2.0 mm bore, 50 mm 
long), a separator column (2.0 mm bore, 250 mm long), a 
membrane-type suppressor unit and a conductivity detector. 

A Hitachi Perkin-Elmer model 139 spectrophotometer 
was used for the turbidimetric measurements of resin 
exchange-capacity. 

Hexadecyltrimethylammonium bromide was used as re- 
ceived from the suppliers (Aldrich Chemical Co.). The other 
quaternary ammonium salts were prepared by refluxing 5-g 
quantities of 1,1,3,3-tetramethylbutylamine, n-butylamine, 
n-octadecylamine (all from Aldrich Chemical Co.) and 
tri-n-dcxlecylamine (from Rhone-Poulenc, Paris, France) 
with an excess of methyl iodide (about 25 ml for each 
amine). The first two were refluxed for 3 hr and each of the 
others overnight. Excess of methyl iodide and any hydrogen 
iodide produced were removed by distillation. The qua- 
ternary ammonium salts were dissolved or dispersed in 
water and the equivalent weight determined gravimetrically 
by precipitation of silver iodide. However, the n- 
octadecyltrimethylammonium salt needed purification by 
ether extraction from aqueous ammoniacal solution, fol- 
lowed by precipitation with aqueous hydrochloric acid. The 
purities found were 99.1, 98.7, 91.3 and 98.7% for the 
quatemary ammonium salts derived from the amines in the 
order listed above. 

Solutions of potassium hydrogen phthalate and mixtures 
of sodium bicarbonate and carbonate were prepared from 
reagent grade salts in demineralixed water for use in the 
column elution studies. In the indirect photometric method, 
the columns were eluted with dilute phthalate solution, 
monitored at 264 nm. Unless specified, other chemicals used 
were of reagent grade. 

The XAD-resins (BDH Chemicals Ltd. or Rohm and 
Haas) listed in Table 1 were washed well with water, then 
ground, while wet, into fine particles. The dried fraction in 
the particle size range 60-100 pm was isolated for use in 
preparing the ion-exchanger. 

Preparation of resins 

In the preparation of the ion-exchanger, 3 g of XAD 
resin, previously dried for 2 hr at 80”, were added to 30 ml 
of lo-*M quaternary ammonium salt solution in 1: 1 v/v 
aqueous acetonitrile and the mixture was agitated for 15 
n&r. Water (100 ml) was added and after gentle mixing, the 
coated resin was filtered off. About 0.7 g of it was slurried 
into an Qmnifit column (3.5 mm bore, 250 mm long). Each 
column was washed successively with 500 ml of water, 1 litre 
of lo-‘M potassium hydrogen-phthalate, 100 ml of IO-‘M 
sodium chloride and 300 ml of water, at 2.1 ml/min 
flow-rate. The column was considered to be ready for 
exchanger retention and other studies after this treatment, 
provided it retained sufficient quatemary ammonium salt to 
warrant such studies. 

Ion-exchange capacity 

For capacity measurements, the chloride was displaced 
from the resin in the column by pumping 200 ml of 10efM 
phthalate solution through at a flow-rate of 1 ml/min. The _-_ 
kluate was collected in Z&-ml batches and it was generally 
found that all the chloride was eluted in the first batch. The 
chloride content was determined turbidimetrically by the 
method of Puphal et al. I’ In the subsequent studies of 
retention of quatemary ammonium salts, after each litre of 
phthalate solution had been pumped through the column 
the exchanger was converted back into the chloride form, as 
described above for the capacity measurement. 

RESULTS AND DISCUSSION 

According to the manufacturer’s data, XAD-2 and 
XAD-4 provide non-polar resin frameworks, XAD-7 
and XAD-8 have structures of intermediate polarity, 
and XAD-11 has a polar structure. The quatemary 
ammonium salts showed variable retention on 
these resins. The relatively low molecular-weight 
tetramethylbutyl-, trimethyl- and butyltrimethyl- 
ammonium salts were released totally from each 
XAD resin by the preliminary treatment described 
above, but retention, although inadequate for prac- 
tical purposes, was highest on the XAD-4 resin. 
Octadecyltrimethylammonium chloride and hexa- 
decyltrimethylammonium bromide had better reten- 
tion on the resins, particularly on XAD-2 and 
XAD-4, but they were slowly removed by further 
washing with lo-‘M phthalate, as shown in Figs. 1 
and 2. It may be noted that the former salt gave an 
exchange capacity that was only about one half of 
that of the latter with XAD-2 and XAD4. Both 
of these resins gave coated products with better 
exchange capacities than those obtained with the 
more polar XAD-7 and XAD-8. The retention of 
all the above-mentioned quaternary ammonium 
salts on XAD-11 was very poor. Thus it is evident 
that retention is best on the non-polar type of XAD 
resin, with marked deterioration in this property as 
the polarity of the resin framework increases. This 
general trend is supported by the observations on 
the retention of tridodecylmethylammonium chloride 
(Fig. 3). The exchange capacity is higher for each 
XAD resin preparation than the capacities recorded 
for the corresponding XAD resin in Figs. 1 and 2. 
Furthermore, the tridodecylmethylammonium salt 
gives a higher exchange capacity when incorporated 
in XAD-2 than in XAD4, the opposite of the 
behaviour found for the quaternary ammonium 
salts carrying only one long-chain alkyl group. Since 
the average pore diameter (Table 1) in XAD-2 is 
almost twice that in XAD-4 and the surface area per 
unit weight is roughly greater by a factor of two in 
XAD4 than in XAD-2, it can be concluded that 
pore size in these non-polar resins plays a part in 
incorporation and retention of alkylammoniurn salts. 
Thus compatibility of the hydrocarbon framework 
with the alkyl chains of the ammonium salt, the 
presence of at least one long alkyl chain in the 
salt, and the pore-size of the resin appear to be key 
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Fig. 1. The exchange capacities of XAD-resins treated with 
n-octadecyltrimethylammonium salt, as a function of the 
volume of lo-‘M phthalate solution pumped through the 

column (3.5 mm bore, 250 mm long) at 2.1 ml/min. 

factors in securing relatively high capacity and good 
retention properties. 

It is clear from Figs. l-3 that on repeated elution 
with phthalate solution, after an initial decrease in 
column capacity, the tri-n-dodecylmethylammonium 
salt in XAD-2 shows the best retention of all the 
systems tested and gives the highest exchange eapac- 
ity. Consequently, it was used in the chromatographic 
studies. The capacity is comparable with that of 
hexadecylpyridinium choride and and slightly higher 
than that of tetraoctylammonium chloride, both in- 
corporated into XAD-8.‘O 

XAO-6 
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Fig. 2. The exchange capacities of XAD-resins treated with 
hexadecyltrimethylammonium salt, as a function of the 
volume of 10e3M phthalate solution pumped through the 

column, as described in Fig. 1 and the text. 

0.06A 
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Fig. 3. Capacities of XAD-resins incorporating tri-n- 
dodecylmethylammonium salt as a function of volume of 
lo-‘M phthalate solution pumped through the column, as 

described in Fig. 1 and the text. 

In testing the indirect method with the Omnifit 
column, the calibration graphs for chloride, nitrate 
and sulphate were linear over the concentration range 
l-20 ppm for each ion. For injection of 8 samples 
each of 25 ~1 of 5 ppm chloride solution, the relative 
error was 2.4%; that for nitrate was similar. and that 

A 

(a) c a 

0 15 

Minutes 

’ (b) 

Minutes 

Fig. 4. Typical chromatograms for the elution of chloride, 
nitrate and sulphate by phthalate solution from a column 
(3.5 mm bore, 250 mm long) filled with XAD-2 coated with 
tri-n-dodecylmethylammonium salt; ultraviolet detection. 
(a) The separation of 6 ppm chloride (A) from 17 ppm 
sulphate (B) in a 25-~1 sample with 3 x lo-‘M phthalate, 
pH 4.12, at a flow-rate of 1.5 ml/mm. (b) The chromatogram 
for 5 ppm chloride (A), 25 ppm nitrate (B) and 40 ppm 
sulphate (C) in a 3Oql sample, eluted with 5 x 10-SM 

phthalate at a flow-rate of 0.8 ml/min. 

Table 1. Information supplied by the manufacturer, on Amberlite XAD-resins 

Polymer Porosity Wet density, Area, Mean pore 
type volume, % glcm3 m*lg diameter, A 

XAD-2 Polystyrene 42 1.02 330 90 
XAD-4 Polystyrene 51 1.02 750 50 
GE: Acrylic ester ester 

Acrylic 
52 55 1.05 1.09 450 140 250 80 

XAD-11 Polyamide 41 1.07 170 210 
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Minutes 

Fig. 5. Separation on the QIC IonChrom Analyser of 50 ~1 
of a mixture containing 3 ppm fluoride (I), 4 ppm chloride 
(2), 7 ppm nitrite (3), 9 ppm bromide (4), 18 ppm nitrate (5), 
15 ppm phosphate (6) and 22 ppm sulphate (7). The eluting 
medium was 2.1 x lo-‘M Na,CO,/6.0 x 10-‘&f NaHCO, 

and the flow-rate 2.0 ml/min. 

for sulphate was around 3% (5 ppm levels). Typical 
chromatograms are presented in Fig. 4. They show 
that good separations of chloride and sulphate are 
readily achieved but chloride and nitrate are not so 
well separated in the ternary mixture. 

The QIC IonChrom Analyser was used with a 
sodium bicarbonate/carbonate eluent. Good linear 
calibration graphs were obtained from about 1 to at 
least 30 ppm for chloride, nitrate and sulphate. For 
9 injections, each 50 ~1, of a 7-ppm chloride solution 
the mean relative error was 1.2%. The superiority of 
the commercial separator column can be gauged by 
comparison of the chromatogram (Fig. 5) for the 
separation of 7 anions with those shown in Fig. 6 for 
2 and 3 anions. The chromatograms shown in Fig. 6 
were obtained by substitution of the Omnifit column 
containing tridodecylmethylammonium chloride in 
XAD-2 for the commercial separator column in the 
instrument. The resolutions calculated for the chlo- 
ride and sulphate peaks in the chromatograms shown 
in Fig. 6a and Fig. 5 were 1.6 and 9.8 respectively. It 
is likely that the ion-exchange capacity is somewhat 
greater and the resin particles are more nearly spher- 
ical and uniform in size in the commercial column.‘2 
The poorer performance of the XAD-based columns 
described here relates largely to the greater particle- 
size range and the relatively uneven packing of the 
granular particles. (Unfortunately, small spherical 
particles of XAD resins are not available.) Column 
overloading is not considered to be a signifiant factor 
in the disparity in performance. Thus the use of the 
columns so readily prepared from a quaternary am- 

A 

Minutes Minutes 

Fig. 6. Chromatograms obtained for the column tilled with 
XAD-2 coated with tri-n-dodecylmethylammonium salt and 
used as separator column in the QIC IonChrom Analyser. 
(a) Separation of 10 ppm chloride (A) from 10 ppm sulphate 
(B) in a 50-~1 sample. The eluting solution and flow-rate are 
the same as for Fig. 5. (b) Chromatogram for 5 ppm 
chloride (A), 40 ppm nitrate (B) and 90 ppm sulphate 
(C) in a 50-~1 sample; developed with 5.0 x lo-‘M 
Na2C03/6.0 x lo-‘MNaHCO, at a flow-rate of 0.9 ml/min. 

monium salt and an XAD resin is likely to remain 
limited to separations and determination of a re- 
stricted number of ions in a sample. These inexpen- 
sive exchangers can, however, be regenerated readily 
after prolonged use, by treatment with fresh solutions 
of quaternary ammonium salt. 

Acknowledgemenrs-The authors thank Dionex (UK) Ltd. 
for the loan of the QIC IonChrom Analyser, and one of 
them (A.S.A.) thanks the Kuwait Institute for Scientific 
Research for a Scholarship. 

REFERENCES 

1. H. Small, T. S. Stevens and W. C. Bauman, Anal. 
Chern., 1975, 47, 1801. 

2. D. T. Gjerde, J. S. Fritz and G. Schmuckler, J. Chro- 
matog., 1979, 186, 509. 

3. T. S. Stevens, J. C. Davis and H. Small, Anal. Chem., 
1981, 53, 1488. 

4. M. Dreux, M. Lafosse and M. Pequignot, Chro- 
marographia, 1982, 15, 653. 

5. R. M. Cassidy and S. Elchuk. Anal. Chem., 1982, 54, 
1558. 

6. I&m, J. Chromatog. Sci., 1983, 21, 454. 
7. D. P. Lee, ibid., 1984, 22, 327. 
8. J. S. Fritz, D. T. Gjerde and C. Pohlandt, Ion Chro- 

matography, Hiithig Verlag, Heidelberg, 1982. 
9. T. K. Al-Jorani and S. J. Lyle, Anal. Proc. Roy. Sot. 

Chem., 1983, 20, 111. 
10. D. L. Duval and J. S. Fritz, J. Chromatog., 1984, 295, 

89. 
11. K. W. Puphal, G. L. Booman and J. E. Rein, U.S. Ar. 

Energy Comm. Rept., IDO-14389, 1956; Chem. Abstr., 
1957, 51, 5631~. 

12. T. S. Stevens and M. A. Langhorst, Anal. Chem., 1982, 
54, 950. 



Takmta, Vol. 34, NO. 3, pp. 365-366, 1987 
Rinted in Gnat Britain. All rights reserved 

0039-9140/87 $3.00 + 0.00 
Copyright 0 1987 Pqamon Journals Ltd 

SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION 
OF CLOFIBRATE 

Y. K. AGRAWAL and D. R. PATEL 
Pharmacy Department, Faculty of Technology and Engineering, M.S. University of Baroda, 

Kalabhavan, Baroda 390 001, India 

(Received 30 August 1985. Revised 6 August 1986. Accepted 1 November 1986) 

Summary-A sensitive method for the rapid and accurate determination of clofibrate by hydroxamic acid 
formation is described. Hydroxylamine hydrochloride is reacted with clofibrate in alkaline medium to give 
4-chlorophenoxyisobutyrohydroxamic acid, which forms a purple complex with iron(W) in acidic 
medium. Common excipients do not interfere. 

Clofibrate is a relatively new anti-hyperlipidaemic 
drug of both clinical and theoretical interest.‘*2 The 

ester is readily absorbed, but it is rapidly hydrolysed, 
and the free acid is presumed to be the active agent 
in oivo.3*4 Clofibrate causes a hypocholesterolaemic 
effect which may be related in part to its ability to 
block cholesterol biosynthesis.5 It may be contami- 
nated with o -chlorophenol, from which it is prepared. 
Hence most of the methods for its determination, 
which are based on ultraviolet and infrared spec- 

trometry, required a prior separation by ion- 
exchange.“‘O The BP qualitative test for clofibrate is 
based on formation of the iron(II1) complex of the 
4-chlorophenoxyisobutyrohydroxamic acid produced 
by reaction of clofibrate with hydroxylamine in alka- 
line medium,” and we have examined this reaction 

with a view to its quantitative use. 

EXPERIMENTAL 

0. 1M hydrochloric acid. The absorbances were measured at 
530 nm against a reagent blank, similarly prepared. The 
standards thus prepared covered the concentration range 
10-70 pg/ml clofibrate in the final solution measured. 

Analysis of synthetic mixtures. Mixtures containing 
clofibrate and common excipients such as propylene glycol, 
glycerine, talc, starch, dextrose, lactose, gum acacia, etc., 
were prepared. A portion of mixture equivalent to 50 mg of 
clofibrate was weighed accurately. The clofibrate was extrac- 
ted with four 15-ml portions of ethanol, each extract being 
decanted through Whatman No. 40 filter paper. The residue 
on the filter paper was washed with 20 ml of ethanol. The 
filtrate and washings were collected in a 100~ml standard 
flask and diluted to volume with ethanol. A 2-ml aliquot 
of this solution was treated as described for preparation of 
the calibration graph. 

Analysis of clojibrate capsules. Twenty capsules were 
emptied and their contents mixed and weighed. An amount 
of powder equivalent to 50 mg of clofibrate was weighed 
accurately and analysed as in the preparation of the cali- 
bration graph. 

RESULTS AND DISCUSSION 

Reagents 
All general chemicals used were of B.D.H. AnalaR or 

Merck G.R. arade. Clofibrate (B.P.) was used, without 
further purificition, as a 500 mg). s&ion in ethanol. 

The alkaline hydroxylamine solution used was prepared 
by mixing equal volumes of 4.OM hydroxylamine hydro- 
chloride and 5.5M sodium hydroxide solutions. The mixture 
has limited stability and should not be used more than a few 
hours after it has been prepared. A stock 4.OM hydroxyl- 
amine hydrochloride solution is stable for several weeks at 
room temperature. 

The 0.5M ferric chloride solution used was prepared in 
O.lM hydrochloric acid. 

The purple ferric 4-chlorophenoxyisobutyro- 

Spectral characteristics 

hydroxamate complex has maximum absorbance at 
530 run. The reagent blank has no absorption be- 
tween 450 and 600 nm. 

Reaction variables 

Maximum colour intensity for 25 pg/ml final 
clofibrate concentration (in 25 ml) was found to be 
obtained with 2-5 ml of 244 hydroxylamine solution; 
higher concentrations of hydroxylamine gave precip- 
itation. Maximum colour intensity was obtained with 
0.5-2.5 ml of 0.5M ferric chloride, and the optimum 
pH range was 1.0-l .5. The colour was stable for 2 hr 
at room temperature. 

Procedures 
Calibration graph. Portions of standard 500-mg/l. 

clofibrate solution ranging from 0.5 to 3.5 ml were each 
mixed with 5 ml of alkaline hvdroxvlamine solution in 25-ml 
standard flasks, then 5 ml oi ethanol, 5 ml of water, 1 ml 
of 5M hydrochloric acid and 2 ml of 0.5M ferric chloride 
were added to each and the mixtures diluted to volume with 

Beer’s law was found to hold over the clofibrate 
range 10-70 fig/ml in the final solution. 
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Determination of clofibrate in pharmaceuticals 

The results for the synthetic mixtures are given in 
Table 1. Analysis of five samples of clofibrate cap- 
sules (nominal content 500 mg per capsule) gave 
mean values (8 replicates) ranging from 499 to 502 
mg per capsule (standard deviations ranging from 1 
to 2.5 mg). 

Table 1. Analysis of synthetic samples 

Clofibrate found, mg 
Clofibrate 
taken, mg Proposed method* USP method” 

20.0 19.9 * 0.3 20.0 
30.0 30.1 + 0.2 30.0 
40.0 39.6 f 0.5 39.0 
60.0 59.4 + 0.8 59.5 
70.0 69.8 f 0.5 69.0 

*Mean k standard deviation (10 replicates). 
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SPECTROPHOTOMETRIC DETERMINATION OF COBALT 
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Summary-A spectrophotometric method has been developed for the accurate determination of cobalt 
at milligram level, based on oxidation of the cobalt(IIbEDTA complex with gold(II1) chloride at 
pH 4.0-6.5 and 100” and measurement of the absorbance of the resultant violet cobalt(IIIkEDTA 
complex at 535 nm. The precision is not affected by the presence of several metal ions; including coloured 
ones such as Cu(II), Ni(I1) and Fe(II1). However, chromium(II1) interferes since it also forms a violet 
complex with EDTA, but can be removed by separation with pyridine. Practical application of the method 
is illustrated by the determination of cobalt in alloys based on iron, cobalt and nickel. Over the cobalt 
range 8-52% the error ranges from 0.1 to 0.3%. 

The analytical chemistry of cobalt continues to be of 
interest since cobalt is increasingly used in modern 
metallurgical products. Gravimetric,’ titrimetric*-’ 
and colorimetr?-’ procedures have been developed, 
but most of these methods have disadvantages. 
Silverstone and Baths have described a spectro- 
photometric method for determination of major 
amounts of cobalt in nickel alloys by use of EDTA 
and hydrogen peroxide at elevated temperatures. In 
a previous investigation’ in this laboratory, it was 
shown that gold(II1) can be reduced to the metal 
quantitatively with cobalt(I1) nitrate in the presence 
of EDTA in weakly acidic medium: 

Au3+ + 3[Co(EDTA)]*- + Au + 3[Co(EDTA)I- 
orange-red violet 

The redox potential of the Co(III)/Co(II) system is 
reduced from N + 1.8 V to m + 0.6 V by complex 
formation with EDTA; the redox potential of the 
Au(III)/Au couple is + 1.4 V. This enables gold(I11) 
to oxidize cobalt(IIjEDTA quantitatively to violet 
cobalt(II1 jEDTA under appropriate conditions. 
The experimental parameters for the formation of the 
violet cobalt(II1 jEDTA complex to be measured 
spectrophotometrically have been studied for deter- 
mining cobalt over a wide concentration range in 
different types of alloys. 

EXPERIMENTAL 

Reagents 
Cobalt(II) nitrate standard solution (Co I mglml). Pre- 

pared by dissolving 1.000 g of cobalt @urity 99.99%) in 
nitric acid (1 + 2) and diluting the solution to exactly 1 litre. 

*Author for correspondence.. 
TPresent address: Defence Bio-Engineering and Electro- 

Medical Laboratory, Bangalore 560 075, India. 
$Present address: Naval Chemical and Metallurgical Labo- 

ratory, Naval Dockyard, Bombay 400 023, India. 

Gold(ZI1) chloride solution, 0.01 M. Prepared by dissolving 
1.97 g of gold metal (purity 99.9%) in qua regia, slowly 
evaporating the solution nearly to dryness, adding 10 ml of 
concentrated hydrochloric acid and diluting to 1 litre. 

EDTA solution, 0.25M. 
Iron(III) chloride solution. Prepared by dissolving 4.00 g 

of pure iron in hydrochloric acid, oxidizing with the mini- 
mum of concentrated nitric acid and diluting to 100 ml. 

Acid mixture. A mixture of 25 ml of concentrated nitric 
acid, 75 ml of concentrated hydrochloric acid and 50 ml of 
distilled water. 

Solutions of the following species (5 mg/ml) were pre- 
pared from analytical grade reagents: copper( nickel(II), 
xinc(II), manganese(II), iron(III), aluminium(II1) and 
chromium(II1) sulphates, lead and zirconium nitrates, 
titanium(IV) chloride, and sodium vanadate, molybdate and 
tungstate. 

Procedure for determination of cobalt in alloys 

Weigh 0.14.5 g of sample into a lOO-ml beaker and 
dissolve it in 5-15 ml of acid mixture. Add 1 ml of iron(II1) 
chloride solution if the alloy contains chromium. Evaporate 
the solution nearly to dryness, cool, add 5 ml of hydro- 
chloric acid (1 + 1) and warm gently to dissolve the salts. 
Boil the solution, cool, transfer to a 100-m] standard flask, 
dilute to about 75 ml with water, add 15 ml of pyridine, mix, 
make up to volume with water and mix. After 15 min filter 
the solution through a dry Whatman No. 41 filter paper in 
a dry funnel into a dry beaker. If the alloy does not contain 
chromium, omit the addition of iron(II1) chloride and 
pyridine, but dilute the sample solution to 100 ml as 
described. 

Pipette 10 ml of the sample solution, containing between 
4 and 8 mg of cobalt, into a 100-ml beaker, add 3 ml of 
0.25M EDTA, 10 ml of O.lM sodium acetateacetic acid 
buffer @H 5) and 6 ml of gold(II1) chloride solution. Boil 
the solution for 15 min, cool, transfer it to a 50-ml standard 
flask and make up to the mark with water. Centrifuge the 
solution to remove elemental gold and, using l-cm cells, 
measure the absorbance of the violet cobalt(IIIbEDTA 
complex at 535 nm against a reference solution similarly 
prepared but without the gold(II1) chloride. 

Prepare a calibration graph with 1.0-8.0 ml of standard 
I-mg/ml cobalt(I1) solution processed in the same way as the 
lo-ml sample solutions. The graph is linear over the range 
l-8 mg of cobalt, but the slope is slightly lower when the 
pyridine treatment is used. 
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Table 1. Spectrophotometric determination of cobalt in iron-, cobalt- and 
nickel-base. alloys 

Type of alloy 

Cobalt, % 

Mean found 
Present (5 reulicates) 

Absolute 
standard 
deviation, 

% 

Iron -base 
Permanent magnet alloy 
(BCS 365) 
Permanent magnet alloy 
(BCS 233) 
Kovar alloy 
Cobalt steel 
(NBS 153a) 
Cobalt -base 
Vicallov 
Co-base alloy 
(NBS 168) 
Nickel-base 
Nimonic-90 
(BCS 310/l) 
Waspaloy 
(NBS 349) 

24.7’ 24.6 

23.72’ 23.7 

0.1 

0.2 

18.0t 18.1 0.1 
8.47* 8.5, 0.08 

52.0t 52.2 0.2 
41.2* 41.2 0.2 

17.0* 

13.95’ 

17.1 

13.8 

0.2 

0.04 

*Certified values. 
tValues obtained by the method of Vydra and P?ibih4 

RESULTS AND DISCUSSION 

The experimental conditions were optimized in a 
series of preliminary investigations. One ml of O.OlM 
gold(II1) solution will oxidize 1.768 mg of cobalt(II), 
and the excess of gold(II1) is reduced to the metal 
by excess of EDTA present. Hence excess of both 
gold(II1) and EDTA must be added or low results will 
be obtained. The quantities specified in the procedure 
are sufficient for 40mg of sample. Increase in the 
pyridine concentration decreases the absorbance, but 
small variations in the quantity of pyridine have no 
significant effect. 

The oxidation of the cobalt(II)-EDTA complex is 
slow at room temperature but complete in 10 min 
when the solution is boiled. Longer boiling does not 
affect the absorbance. Once the complex has been 
completely formed, its absorbance is constant for at 
least 24 hr. 

Of the ions from the elements Mn, Cr, Ti, Al, V, 
MO, Fe, Cu and Ni, commonly present in the alloys, 
only chromium(II1) causes serious interference, 
because it also forms a violet complex with EDTA, 
so any chromium(II1) present must be removed 
beforehand. In presence of a sufficient amount of 
iron(III), chromium(II1) is precipitated quantitatively 
as a mixture of chromium and iron hydroxides by 
means of pyridine; Al(III), Ti(IV) and Zr(IV) are also 
precipitated, leaving Co(II), Ni(II), Cu(II), Mn(II), 
V(V) and MO(W) in solution. The cobalt(III)-EDTA 
complex has maximum absorption at 535 nm whereas 
the EDTA complexes of Cu(I1) and Ni(I1) have only 
slight absorption at that wavelength. Hence mea- 
suring the absorbance of the cobalt(III)-EDTA com- 
plex against a reference solution containing the same 

concentration of the EDTA complexes of Cu(I1) 
and Ni(I1) will eliminate any interference due to 
these species. The unoxidized reference solution will 
obviously contain the cobalt as the cobalt(IIbEDTA 
complex but this also has negligible absorbance at 
535 nm, and even this will be automatically compen- 
sated for in the calibration procedure. 

The results in Table 1 show the method to be 
accurate and to have good reproducibility. The re- 
sults compare well with the certified values or those 
obtained by the redox method of Vydra and Piibil.4 
The method is not expensive, since the gold can be 
recovered and converted into the gold(II1) chloride 
reagent solution for further work. 
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Summuy-2-(3,5-Dichloro-2-pyridylazo)-5-dimethyla~nophenol (3,5diCl-DMPAP) has been syn- 
thesized and its analytical application investigated. It reacts with cobalt in aqueous solution at pH 2.2-6.0 
and room temperature to form a water-soluble ML, complex with absorption maximum at 590 nm, and 
molar absorptivity 8.4 x 104 1. mole-’ .cm-‘. Interference from other transition metals can be eliminated 
bv their solvent extraction with 8-hvdroxvauinoline. The method has been successfully applied to 
determination of cobalt in mild steels: 

Many studies have been made of organic reagents for 

cobalt since Liu reported synthesis of PAN. Many of 
them are based on the reactions of cobalt with 
suitable colour-producing reagents”lo and the ion- 
pair extraction of anionic cobalt-complexes with 
quarternary ammonium salts.“*‘* Some of these 
methods have disadvantages such as low sensitivity 
and selectivity, absorption maxima in the ultraviolet 
range, and need to remove excess of reagent. The 
need for extraction has been eliminated by use of a 
non-ionic surfactant (Triton X-100),‘~‘5 but although 
these methods are simple, they have some defects 
with respect to sensitivity and removal of inter- 
ferences. 

In our laboratories, a study has been made of some 
pyridylazo compounds with two chlorine atoms at 
the 3- and S-positions of the pyridine ring, and 
the use of 4-(3,5-dichloro-2-pyridylazo)-1,3-diamino- 
benzene for determination of palladium(I1) has 
already been reported. I6 In the present work 2-(3,5- 
dichloro-2-pyridylazo)-5dimethylaminophenol (3,5- 
diCl-DMPAP) was synthesized as a new reagent and 
its analytical application to determination of 3d 
transition metal ions investigated. It was found that 
this reagent reacts with cobalt to form a water- 
soluble complex in weakly acidic medium. 

Apparatus 

EXPERIMENTAL 

Hitachi 181 and 624 digital spectrophotometers were used 
for absorbance measurements with IO-mm glass cells. An 
Iwaki V-DN type KM shaker, a Hitachi 03P centrifuge and 
a Hitachi-Horiba M-8 pH-meter were also used. 

*Author for correspondence. 

Preparation of 3,5-diCI-DMPAP 

The reagent was prepared by coupling m-dimethylamino- 
phenol with 3,5-dichloro-2-pyridyldiazotate synthesized ac- 
cording to the previous paperu m-Dimethylaminophenol 
(1.3 g, 9.47 mmole) and diazotate (2.0 g, 9.35 mmole) were 
dissolved in 50 ml of methanol, then carbon dioxide was 
bubbled through the solution for 5 hr at lO-20”, and the red 
brown crystals precipitated were filtered off and washed 
with water. The product was recrystallized from chloroform 
to give red needles, m.p. 189-191’. Infrared: 1625 cm-’ 
f-N=N-). ‘H-NMR (CDCl,‘): 6 = 3.22 (6H. s. 2 x CH,). 
6.05 (lH, d, J = 2.4 Hi, H-6):,6.60 (lH, dd,‘J = 10.2 and 
2.4 Hz, H-4), 7.62 (lH, d, J= 10.2 Hz, H-3), 7.86 (lH, d, 
J = 3.0 Hz, H-3’), 8.47 (lH, d, J = 3.0 Hz, H-6’), and 
16.11 (lH, br, s, OH). Found: C, 49.9% H, 4.0%; N, 17.8%. 
Cl,H,,N,0C12 requires C, 50.18%; H, 3.99%; N, 18.01%. 
Acid dissociation constants obtained were pK, [correspond- 
ing to deprotonation of the conjugate acid of 
-N+ H(CH,),] = 1.1 and pK, (dissociation of phenolic 
proton) = 10.9 in 30% v/v dioxan-water at 25”, ionic 
strength 0.1 (KNO,); pK,, , corresponding to deprotonation 
of the conjugate acid of the pyridine nitrogen atom, was 
not obtained because deprotonation occurred in a strongly 
acidic region. 

Reagents 
3,5diCl-DMPAP standard solution. Recrystallized 

3,5-diCl-DMPAP (m.w. 311) was dissolved in ethanol to 
give a 1.0 x lo-‘it4 solution; working solutions were pre- 
pared by dilution with ethanol. The solution was stable for 
several months if stored in an amber bottle. 

Standard cobalt(IZ) solution. A stock solution 
(1.0 x 10v2M; 590 mg/l) was prepared by dissolving co- 
balt(I1) chloride in water; working solutions were prepared 
by suitable dilution with water. 

&Hydroxyquinoline (oxine) solution. Oxine (4.0 g) was 
dissolved in 5 ml of glacial acetic acid and the solution 
diluted to 100 ml with water. 

Demineralized water was used throughout. All other 
reagents were of analytical-reagent grade, used as received. 

Recommended procedure 
Take 1.0 ml of O.lM acetate buffer (pH 4.0) and an 

aliquot of cobalt(I1) solution containing up to 1.3 cg of 
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310 SHORT COMMUNICATIONS 

cobalt, in a stoppered graduated lo-ml test-tube. Add 0.5 ml 
of 3,5-diCI-DMPAP solution (1.0 x 10e4M) and dilute to 
3.0 ml with water. After 60 min, add 4 ml of benzene and 
shake the mixture for 5 min. After phase separation, 
measure the absorbance of the aqueous phase at 590 nm 
against water. 

Preparalion of steel sample solution 
Weigh up to 0.2 g of sample into a 100~ml beaker, 

dissolve it in 20 ml of sulphuric acid (1 + 6) by heating, then 
gradually add 5 ml of 30% hydrogen peroxide solution, and 
boil the solution for about 10 min to completely remove 
residual hydrogen peroxide. Cool, adjust to pH 1.8-2.0 with 
8M sodium hydroxide, then make up to volume in a lOO-ml 
standard flask with water. 

Removal of interfering ions 
Take 1.0 ml of steel solution in a stoppered graduated 

lo-ml test-tube. Add 1.0 ml of acetate buffer and 1.0 ml of 
oxine solution, and dilute to 4.0 ml with water (the pH of 
the solution will be -2.6). Shake the solution with 4.0 ml 
of benzene for 5 min, then separate the phases. Analyse 
0.5 or 1.0 ml of the aqueous phase by the recommended 
procedure. 

RESULTS AND DlSCUSSION 

Colour reaction with metal ions 

Ions that do not give a detectable colour at room 
temperature include Be(II), Mg(II), Ca(II), Sr(II), 
Ba(II), B(III), Ce(IV), Sn(II), Sn(IV), Pb(II), As(III), 
As(V), Sb(V) and Cr(II1). Fe(III), Mn(II), Mo(VI), 
Pr(III), Sm(II1) and Nd(II1) give colour reactions but 
the molar absorptivities are very low (c < 5.0 x 10’ 
l.mole-’ .cm-I). Cd(I1) and Hg(I1) give a colour 
reaction in weakly alkaline solution, followed by 
rapid precipitation. Details of useful colour reactions 
are given in Table 1. The reagent is superior for the 
determination of 3d-type transition metals, and 
several differential methods can be based on the 
difference in reaction rate, optimum pH and absorp- 
tion maximum. 

When aqueous solutions of the complexes are 
shaken with benzene, only the Co and Ti complexes 
remain in the aqueous phase, the other complexes 
and the reagent being extracted. Ti (5.0 x 10w4M) 
does not react with 3,5-diCl-DMPAP in the presence 
of fluoride (1.5 x 10-2M). Under proper conditions, 
the selectivity for cobalt is thus greatly improved. 

Absorption spectra 

Figure 1 shows the spectrum of the reagent is 
independent of pH in the range from 1M hydro- 

l.Or 

0.6 - 
(31 

400 450 500 550 600 650 

Wavelength (m-n 1 

Fig. 1. Absorption spectra of 3,5-diCl-DMPAP in water 
at various pH values. [3,5-diCl-DMPAP] = 1.67 x 1O-5M. 

(1) 1M HCl-pH 10; (2) pH 12; (3) 1M NaOH. 

chloric acid to pH 10 and the molar absorptivity at 
450 nm is 4.20 x IO4 1 .mole-’ .cm-i. Above pH 10 
the absorption maximum shifts to longer wavelength 
and the spectra have an isosbestic point at 485 mn 
and absorption maxima at 530 nm (6 = 4.74 x 104 in 
1M sodium hydroxide). 

The spectrum of the cobalt complex in the aqueous 
phase after the extraction with benzene has absorp- 
tion maxima at 555 (6 = 8.25 x 104) and 590 nm 
(6 = 8.40 x lo’). There is no reagent blank absorb- 
ance in the range 400-650 nm, because the reagent 
is completely removed from the aqueous phase by the 
benzene extraction. 

Experimental variables 

The absorbance of the cobalt complex in the 
aqueous phase is constant and maximal over the pH 
range 2.2-6.0. The minimum time for complete 
colour development of the complex is 60 min at room 
temperature, and heating at 45” does not significantly 
change the reaction time. The absorbance is stable for 
at least 10 days. 

When dichloroethane, dichloromethane, or chloro- 
benzene is used as the washing solvent, the cobalt 
complex is partly extracted. Toluene, carbon tetra- 
chloride, n-hexane and cyclohexane do not com- 
pletely extract the copper complex, so would cause 
a positive error if used in determination of cobalt. 
Benzene is the preferred solvent. Shaking with 3 ml 
of benzene for 3 min is enough to eliminate the other 
metal complexes from the aqueous phase. The ab- 

Table 1. Reactions between 3,5-diCl-DMPAP and metal ions 

Metal Standing time, &, G P-Ml 
ion PH min nm 10’1.mole-‘.cm-’ P4 
Ti(IV) 1.4-3.0 60 540 6.3 1 
V(Iv) 0.5M H+-1.6 60 600 7.2 1 
VO 3M H+-2.0 60 600 6.8 1 
Co(H) 2.2-6.0 60 590 8.8 2 
Ni(I1) 4JxlO.O 20 530 12.0 2 
Cu(I1) 1.2-5.0 0 560 5.8 1 

7.6-10.0 0 560 9.3 2 
Zn(I1) 5.6-11.0 0 559 12.1 2 



Steel 
(certified 
value, %)* 

Sample 
weight,? 

g 

Cobalt4 

m % 

NBS 362 0.1001 . 
(0.3%) 0.1004 \ , 

0.1025 
0.1504 

JSS 172-3 0.1001 
(0.049%) 0.1000 

0.1503 
. 0.1486 

JSS 175-3 0.2001 
(0.011%) 0.2014 

0.2086 

Table 2. Determination of cobalt in carbon steel 

0.368 0.29, 
0.378 0.30, 
0.391 0.30, 
0.553 0.29, 
0.122 0.048, 
0.118 0.047, 

0.050; 0.189 
0.185 0.049* 
0.061 0.012, 
0.055 0.0109 
0.053 0.010, 

*Other components. NBS: C, 0.16; Mn, 1.04; Si, 0.39; V, 
0.04, MO, 0.068; W, 0.20; Sn, 0.016; Al, 0.09; Zr, 0.19; 
Sb, 0.013; Cu, 0.50; Ni, 0.59; Cr, 0.30; As, 0.09%. JSS 
172-3: C, 0.047; V, 0.010; Al, 0.014; B, 0.0022; Nb, 0.052; 
Zr. 0.010: Sb. 0.0020%. JSS 175-3: C. 0.038: V. 0.093: 
Al; 0.054; B, 6.0091; Nb, 0.011; Zr, 0.631; Sb; 0.6196%: 

tl.0 ml of the 100 ml of steel solution was extracted with 
oxine, and 0.5 ml (NBS) or 1 .O ml (JSS) of the resulting 
aqueous phase was analysed for cobalt. 

$Mean of five determinations. 

sorbance of the cobalt complex is unaffected by 
continuing the shaking with benzene for up to 60 min. 

Calibration graph 

Beer’s law is obeyed up to 7.5 x 10-6M cobalt 
(corresponding to 1.3 pg in 3 ml), and the molar 
absorptivity is 8.4 x lo4 l.mole-‘.cm-‘. The coeffi- 
cient of variation was 1.3% for eight runs at 
5.0 x 10e6M cobalt. 

Composition of the cobalt complex 

The continuous-variation and mole-ratio methods 
indicated a 1:2 metal:reagent mole ratio. When the 
complex was treated with benzene in the presence of 
a bulky anion such as perchlorate or thiocyanate 
(1.7 x 10-3M), it was completely removed from the 
aqueous phase, but remained in it in the presence of 
tetra-alkylammonium cations. Consequently, it was 
concluded that the cobalt is present as Co(II1) in the 
comolex. 
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Determination of cobalt in steels 

The proposed method was applied to the deter- 
mination of cobalt in carbon steels. The iron(II1) and 
other potentially interfering ions present in relatively 
high concentrations in the steel sample, must be 
removed prior to the determination step. These ions, 
in up to O.OlM concentration, can be removed by 
extraction at pH < 4 as the oxinates into benzene 
without loss of cobalt. 

Examination of any residue from the acid/peroxide 
treatment (dissolved as described previously”) 
showed the absence of any significant amount of 
cobalt so such a residues step can be discarded in 
the procedure. 

Table 2 shows that the values obtained are in good 
agreement with the certified values. Recovery tests by 
the standard-addition method showed recoveries of 
98-101%. The relative standard deviation for the 
determination of cobalt in NBS 362 was 1%. 

Though too slow for production control, the 
method should be suitable for quality control and 
investigational purposes. 

REFERENCES 

1. J. C. I. Liu, Ph.D. Thesis, University of Illinois, 1951. 
2. K. L. Cheng and R. H. Bray, Anal. Chem., 1955, 27, 

782. 
3. R. Piischel, E. Lassner and K. Katxengruber, Z. Anal. 

Chem., 1966, 223, 414. 
4. R. Lundquist, G. E. Markle and D. F. Boltx, Anal. 

Gem., 1955, 27, 1731. 
5. K. J. McNaught, Analysr, 1942, 67, 97. 
6. J. Adam and R. Efibil, Tulunta, 1971, 18, 733. 
7. S. Shibata, M. Furukawa, Y. Ishiguro and S. Sasaka, 

Anal. Chim. ACM, 1971, 55, 231. 
8. S. Shibata, Bunseki Kuguku, 1972, 21, 551. 
9. S. Shibata, M. Furukawa and E. Kamata, AMY. Chim. 

Acta, 1974, 73, 107. 
10. E. Kiss, ibid., 1975, 77, 320. 
11. S. Motomizu and K. Toei, Tuluntu, 1982, 29, 89. 
12. K. Ueda, Bull. Chem. Sot. Jupun, 1979, 52, 1215. 
13. H. Watanabe, Tuluntu, 1974, 21, 295. 
14. S. Okawa, B. Kominami and A. Kawase, Bunseki 

Kugaku, 1982, 31, 373. 
15. K. Hayashi, Y. Sasaki, S. Tagashira, K. Ito and M. 

Suzuki, ibid., 1978, 27, 204. 
16. F. Kai, Y. Sakanashi, S. Sato and S. Uchikawa, Anal. 

Lea. 1983, 16, 1013. 
17. S. Sato and S. Uchikawa, Tulunfa, 1986, 33, 115. 



Talmta, Vol. 34, No. 3, pp. 312-374, 1987 
Printed in Gnat Britain. All rights reserved 

0039-9140/87 t3.00 + 0.00 
Copyright 0 1987 Pergamon Journals Ltd 

SPECTROPHOTOMETRIC DETERMINATION OF SOME 
INSECTICIDES WITH 3-METHYL-2-BENZOTHIAZOLINONE 

HYDRAZONE HYDROCHLORIDE 

C. S. P. SASTRY and D. VIJAYA 
Food and Drug Laboratories, School of Chemistry, Andhra University, Waltair 530 003, India 

(Received 13 February 1986. Revised 1 July 1986. Accepted 1 November 1986) 

Summary-A simple, rapid and sensitive spectrophotometric method is described for determining 
carbaryl, propoxur, fenitrothion and methyl parathion, based on reaction of their hydrolysis or reduction 
products (as appropriate) with 3-methyl-2-benzothiazolinone hydrazone hydrochloride in the presence of 
an oxidant (Ce4+ or Fe3+) to give coloured species. 

Several spectrophotometric methods for assay of 
carbamatel-” and organophosphorus insecticides’*~** 
are cited in the literature. 

This paper describes the use of 3-methyl-2-benzo- 
thiazolinone hydrazone hydrochloride (MBTH) in 
the presence of an oxidant for the determination 
of carbamates and organophosphorus insecticides, 
based on hydrolysis of the former to phenols and 
reduction of the latter to amines, and reaction of 
these products with MBTH and oxidants as reported 
by Umeda” and Sawicki et a1.2s 

EXPERIMENTAL 

Reagents 

All chemicals were analytical grade. 
Standard solutions of carbaryl and propoxur (500 pgcglml). 

To 50 mg of the insecticide dissolved in 25 ml of methanol, 
2 ml of 1M sodium hydroxide were added and after 5 min 
the solution was made up to volume in a 100~ml standard 
flask with distilled water. 

Stanakrd solutions of fenitrothion and methylparathion 
(50 pgglmf). To 50 mg of the insecticide were ahded 10 ml 
of methanol. 10 ml of distilled water. 1.6 ml of 2.5M 
sulphmic acid and 0.5 g of zinc dust, and the mixture was 
gently boiled for S6 min, then cooled, filtered into a 100~ml 
standard flask and made up to the mark with distilled water. 

Working solutions of the insecticides were prepared by 
dilution with distilled water as required. 

MBTH solution in distilled water, 2%. 
Ceric ammonium stdphate solution, I %, in 0.7M sulphuric 

acid. 
Ferric chloride hexahydrate solution, 0.8%, freshly pre- 

pared in distilled water. 
Triethanolamine, 50% solution in distilled water. 

General procedures 

For carbamutes. Into IO-ml graduated test-tubes, trans- 
fer 0.25-2.5 ml portions of standard carbaryl (10 pg/ml) 
solution or 0.35-3.5 ml portions of standard propoxur 
(10 pg/ml) solution and 1 ml of MBTH solution and set 
aside for 5 min. Add 0.5 ml of ceric ammonium sulphate 
solution and allow to stand for another 5 min, then make 
alkaline with 1 ml of triethanolamine and dilute to 10 ml 
with methanol. Measure the absorbance of the coloured 
species at 500 nm after 5-120 min, against a reagent blank. 

Compute the amount of carbamate from a calibration 
graph. 

For organophosphorus insecticides. Transfer 0.2-2.25 ml 
portions of standard fenitrothion (10 pg/ml) solution or 
0.4-4.0 ml portions of standard methylparathion (25 yg/ml) 
solution into N-ml graduated test-tubes. Add to each 
tube 1 ml of MBTH solution and 2 ml of ferric chloride 
solution, allow to stand for 15 min and dilute to volume 
with methanol. Measure the absorbance at 560 nm against 
a corresponding reagent blank after 5-180 min. 

For formulations. Weigh an amount of well-mixed formu- 
lation, equivalent to 50 mg of the insecticide, treat it with 
15 ml of methanol and centrifuge for 5 min. Filter the 
supematant liquid by decantation, into a K&ml standard 
flask. Wash the residue with 10 ml of methanol, make up 
the filtrate and washings with methanol and analyse as for 
the standard solutions. 

Residue analysis. A 50-mg sample of vegetable or fruit free 
from insecticide was uniformly mixed with 10 ml of meth- 
anol containing various amounts of the insecticide, and left 
for 24 hr to give closer simulation of environmental samples. 
The insecticidal residues were extracted according to the 
procedure of Deshmukh and Sidhu.z1 The extracts were 
treat&l in the manner given for standard solution prepara- 
tion and determination. 

RESULTS AND DISCUSSION 

The optimum conditions were established in the 
usual way by altering one variable at a time. 

The absorbance maximum was at 500 nm for 
carbamates and’ 560 mn for organophosphorus 
insecticides. Beer’s law was found valid over the 
concentration ranges presented in Table 1. The molar 
absorptivities, and regression equations obtained by 
linear least-squares treatment of the results, are also 
given in Table 1. 

The insecticidal residues in simulated samples were 
extracted according to Deshmukh and Sidhu,21 and 
appropriate volumes of the extracts were analysed 
(Table 2). The method works well for analysis of 
commercial insecticide formulations (Table 3). 

Mechanism 

The hydrolysis products of the carbamate 

(1-naphthol from carbaryl; o -isopropoxyphenol 

372 
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Table 1. Optical characteristics, precision and accuracy 

Compound Carbaryl Propoxur Fenitrothion Metbylparathion 

Concentration range, pgglml (C) 0.25-2.5 0.35-3.5 0.2-2.25 l&l0 
Regression equation* 0.0011 + 0.197c 
Molar absorptivity (I.mole-‘ . cm-‘) 4.02 x 10’ 

-0.0014 + 0.15C 0.~;5fxOi$6C 0.“p;6’xoiJ‘&73C 
3.14x1@ . 

Relative standard deviation, % 0.8 0.7 0.7 1.4 
Error, % 0.4 0.4 0.4 ‘0.6 

*Found in this work; must be determined independently by users of the method. 

Table 2. Estimation of insecticidal residues in vege- 
tables and fruits 

Insecticide 

Substrate Added, pg Recovered, pg 

C 15 14.9 
P 15 14.4 

Cabbage F 5 4.9 
MP 15 14.4 
C 5 4.8 
P 15 14.4 

Tomato F 5 4.8 
MP 15 14.4 
C 5 4.6 
P 15 13.8 

Potato F 5 4.6 
MP 15 13.7 

C, carbaryl; P, propoxur; F, fenitrothion; MP, 
methylparathion. 

Table 3. Determination of carbamate and organophos- 
phorus insecticides in formulations 

Technical grade Indicated Found,* Reference 
sample on label, % % method,‘*r2 % 

Carbaryl 
I (dust) 85 83.8 83.6 
II (dust) 5 4.9, 4.8, 

Propoxur 
I (spray) 1 0.97 0.92 
II (dust) 2 1.97 1.96 

Fenitrothion 
Sumithion 50E 50 49.6 49.3 
Sumithion 30E 30 29.4 29.2 

Methylparathion 
Devithion 50E 50 49.0 48.7 
Devithion 30E 30 29.2 29.1 

*Mean of three determinations. 

from propoxur) and the reduction products of the 
thiophosphate (O, O-dimethyl-0-3-methyl-4-amino- 
phenylthiophosphate from 0, 0-dimethyl-O-3- 
methylAnitrophenylthiophosphate; 0, O-dimethyl- 
0 -4-aminophenylthiophosphate from 0, O-dimethyl- 
0-4-nitrophenylthiophosphate) insecticides, contain- 
ing a phenolic or aromatic amine group, can react 
with MBTH in presence of an oxidizing agent to form 
coloured coupling products (I-III), similar to those of 
MBTH and phenols23 or aromatic amines. Under 
the reaction conditions MBTH loses two electrons 
and one proton on oxidation, forming the electro- 
philic intermediate which has been postulated to be 
the active coloured species. The intermediate under- 

goes electrophilic substitution with phenol or amine 
to form the coupled product. Phenols or aromatic 
amines react in the p-position or o-position (if the 
p-position is blocked) to the hydroxyl or amine 
group, which is quite usual in such oxidative coupling 
reactions. The nature of the coloured species formed 
from the insecticides mentioned may be represented 
as follows. 

Coupled product 

R: 

R: 

1. 

2. 
3. 

4. 

5. 

6. 

7. 
8. 

9. 

- 

8 

0 
- 

- 

(I) 

- 

Q== 

0 
- 

NH 
R: 

O-P COCHtlz 

R’ = H for methyl parathion 

K = CH, for fenitrothion 

‘OCH lCH,ll 

Scheme 1 
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ANALYTICAL DATA 

ELECTROMIGRATION OF CARRIER-FREE 
RADIONUCLIDE IONS 

BISMUTH COMPLEXES IN AQUEOUS SOLUTIONS OF OXALIC, 
FUMARIC AND SUCCINIC ACIDS 
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Joint Institute for Nuclear Research, Dubna, P.O. Box 79, 101000 Moscow, USSR 
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Summary-The overall ion mobilities ii of carrier-free radiobismuth have been measured in aqueous 
solutions of some dicarboxylic acids (H,L)-oxalic, fumaric and succinic-by means of a new version 
of the electromigration method in electrolytes consisting of HClO,/H,L, 0.2Om H+, p = 0.2Om; 
Na(H)ClO.,/H,L, 0.05m H+, p = 0.2Om; Na(H)ClO,/H*L, 0.05m H+, p = 0.25m; at 298.15 K. Mathe- 
matical processing of the experimental functions ii =$([I+*-]) allowed calculation of the mean individual 
stability constants Km and ion mobilities u0 of the complex ions [BiL,]‘-“, n = 1, 2: [Bi(C,O,)]+, log 
K, = 7.65 (8), u” = +2.26 (5) x W4 cm*. sea-‘. V-r; [si(C,O,),]-, log K2 = 4.81(2), u” = - 1.63 (64) x 
10m4 cm*. EC’. V-r; [si(C,O,H,)]+, log K, = 6.90 (20); [si(C,O,H,)]+, log K, = 8.76 (48). 

The electromigration method, used to measure the 
ion mobilities of elements in a constant electric field, 
is very suitable for determination of stability con- 
stants for metal-ion complexes in solution, especially 
for carrier-free radionuclide concentrations of the 
elements.‘” In earlier work4 we investigated hydro- 
lysis of Bi(II1) in acidic and alkaline sodium 
perchlorate solutions, using a special horizontal elec- 
trophoresis technique. This modified version of the 
electromigration method, which avoids use of finely 
divided inert materials such as quartz sand for hydro- 
dynamic stabilization of the electrolyte, has been 
developed in our laboratory.>’ A new design of the 
electromigration cell ensures stability of the chemical 
composition of electrolytes and also temperature 
stability during prolonged measurements. It also 
excludes the occurrence of liquid fluxes in the tube 
along which the ions are moving. 

The results of the first radiobismuth experiments 
showed that it is reasonable to use this technique for 
studying not only hydrolysis, but also formation of 
metal-ion complexes with various ligands. 

The aim of the work described in this paper was 
to determine the stability constants of the mono- 
nuclear bismuth complexes with dicarboxylic (oxalic, 
fumaric, succinic) acids. Bismuth complexes of this 
type are poorly studied, compared with those of other 
metals. This is evidently due to difficulties in pro- 
cessing and interpreting the experimental results, 
since the investigations are performed in slightly 
acidic or neutral solutions where two processes occur 
at the same time: complex formation and hydrolysis 
of the bismuth cation Bi’+. The available literature 
data, obtained with only one analytical technique for 
one ligand, seemed to us to be worth checking. 

Table 1 lists the available data on the stability 
constants of bismuth complexes with dicarboxylic 
acids. 

EXPERIMENTAL 

The investigations 
205,206Bi radionuclides. 

were performed with carrier-free 

Table 1. Stability constants of bismuth complexes with dicarboxylic acids H,L 

Acid p; electrolyte; Equilibrium 
(H,L) r, K PH reaction log K, log K2 log K, Ref. 

Oxalic 293.1 0.01; HClO,; 2.0 Bi’+ + L*-‘BiL+ 6.1 8 
Oxalic 298.1 1.0; KNO,; 2.33 Bi,L, + 2L*-sBiL, + BiL:- (log /I2 = 8.38) 8 

(log & = 8.15) 
Malic 298.1 3.0; Na,SO,; 4.5 Bi3+ + 5HL- e Bi(HL):- (log & = 16.53) 9 
Tartaric 298.1 3.0; Na,SO,; 3.0 Bi’+ + HL-z$Bi(HL)*+ 7.56 9 
Aspartic 298.1 0.1; NaClO,; 2.6-9.0 Bi3+ + nL2-z$BiLleb 10.47 8.65 3.67 10 
Glutamic 298.1 0.1; NaClO,; 2.6-9.0 Bi”+ + ~zL*-$B~L~-~ 10.47 8.28 3.50 10 
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6 6 

5 5 

4 

Fig. 1. Lay-out of the electromigration cell: l--electromigration tube of glass; 2&-outlets to insert a 
therruosensor and voltage-measuring electrodes and inject radionuclide solutions; 3-thermostatic casing; 
4-electrode chambers; 5-tubes to supply water for cooling electrode chambers; e-platinum electrodes. 

Radiobismuth was obtained by exposure of natural lead 
to 65-MeV protons in the isochronous cyclotron U-240, 
INR Academy of Sciences of the Ukrainian SSR (Kiev). 
Radiobismuth was separated from lead, then purified and 
concentrated by known techniques.‘* The specific activity of 
the final *05s206Bi solution in O.lm nitric acid was about 10 
GBq/ml. 

The electromigration cell is schematically shown in Fig. 1. 
A detailed description of the experimental procedure is 
given in our previous papers.” 

The overall ion mobilities of bismuth were measured at 
298.15 (10) K in the following electrolyte systems, contain- 
ing oxalic, fumaric and succinic acids (H,L): (I) HClO,/H,L, 
0.2OOm H+, p = 0.200 (2); (II) Na(H)ClO,/H,L, 0.05Om H+, 
p = 0.200 (5); (III) Na(H)ClO,/H,L, 0.050m H+, 
p = 0.250 (5). The L*- concentrations varied from 0 to 
2 x 10m4m, 7.5 x lo-‘m and 4 x 10m8m for C,O:-, C404Hz- 
and C,O,Hi-, respectively. Electrolyte solutions were pre- 
pared in doubly distilled water with chemically pure and 
analytical grade reagents. 

The electromigration tube and the electrode chambers 
were filled with electrolyte of given composition, and l-2 ~1 
of the 205*206Bi stock solution was injected. 

The electromigration of radiobismuth, building up equi- 
librium systems corresponding to the electrolyte com- 

position, was monitored by detecting the gamma-radiation 
of 205~206Bi by means of a gliding scintillation detector. The 
electric field-strength gradient was kept constant in all 
experiments: AE = 10.00 (5) V/cm. The experimental set-up 
allowed continuous measurement of the radiobismuth 
velocity (cm/set) along the tube. These values were then 
used for calculation of the overall ion mobilities (a, lO-4 
cm*.sec-‘.V-‘) in the given systems. 

RESULTS AND DISCUSSION 

Formation of Bi(ZZZ) complexes with oxalate 

Figure 2 shows the results obtained for the ex- 
perimental dependence of the overall bismuth ion 
mobility iisiu,,) on C,Oi- concentration in 0.200 and 
0.050m solutions of H+ at constant overall ionic 
strength p = 0.200 (electrolyte systems I and II). 
Concentrations of oxalate were calculated on the 
basis of the oxalic acid dissociation constants 
p&r = 1.31, p&r = 3.81.” 

To simplify the calculation of the stability con- 
stants we assumed that the complex formation occurs 
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l [H+l .0.20M 

o b+l .O.O5M 

Fig. 2. Overall ion mobility of carrier-free radiobismuth in 
aqueous solutions of oxalic acid/H(Na)ClO,; p = 0.200, 
T= 298.15 (10) K. (I, [H+] = 0.2OOm; II, B-I+] = 0.050m; 

solid lines are the calculated curves). 

only according to reactions (1) and (2): 

Bi3+ + C,O:- z& [Bi(C,O,)]+ (1) 

[Bi(C20Jf + C@- z& [Bi(C,O,)J (2) 

We also assumed that other ions in the systems under 
investigation, as well as protonated oxalate species, 
do not markedly affect the radiobismuth electro- 
migration. These assumptions allowed formulation of 
equation (3), which takes into account the influence 
of both of the complex formation reactions and of the 
Bi(III) hydrolysis on the overall ion mobility U of 
Bi(II1): 

where up and K; (i = 1, 2, 3) are the individual ion 
mobilities and individual stoichiometric hydrolysis 
constants for [Bi(OH)J3-O+ species and uq0, u;, K, 
and K2 are the individual ion mobilities and stoichio- 
metric complex formation constants of [BiL,]3-2” 
ions with ligands L2- and n = 1, 2. Equation (3) can 
be reduced to a more compact form (4). 

_U=c,+u,"K,(LZ-]+~;)K,~2[L2-]2 

C2+K,[L2-]+K,KJL'-1' (4) 

where C, and C, represent the bismuth hydrolysis 
data: 

C, = uy + u;K;[H+]-’ + u;K;K;[H+]-~ 

C2= l+ K;[H+]-‘+ K;K;[H+]-2 

+K;K;K;[H+]-3 

Equation (4) allows calculation of the individual ion 
mobilities and stability constants of bismuth com- 
plexes without knowledge of the Bi(III) hydrolysis 
data in the electrolyte systems I and II, since these 
data can be treated as unknowns to be evaluated in 
the data-processing. This equation was used for 
mathematical processing of the experimental results 
by the least-squares method with the minimizing 
program MINUIT,i3 its six unknown parameters 
being calculated on a CDC-6500 computer. The 
calculation results are listed in Table 2. 

The solid lines in Fig. 2 show the curves calculated 
by means of the parameters obtained. They fit well 
with the experimental points. 

It follows from the data of Table 2 that the values 
of K, and K2 and the individual ion mobility of the 
[Bi(C,O,)]+ complex cation were similar for electro- 
lytes I and II, but the individual ion mobility of the 

a:[H+13 + u;K;[H+]‘+ u;K;K;[H+] + u:K,[L’-][H+13 + u;K,K~[L~-]~[H+]~ 
p= (3) 

tH+]‘+K;[H+]‘+ K;K;[H+]+K;K;K;+ K,[L2-][H+]‘+ K,K2[L2-12[H+13 

Table 2. Values of complex formation parameters in equation (4) obtained after mathe- 
matical processing of experimental dependences ii =f([C,O]-1) in the electrolyte systems 
I and II [here and elsewhere in the paper, the numbers in brackets are the standard 

deviations of the results and refer to the last figure(s) quoted] 

Electrolyte system 
Mean 

Parameter I (0.2OOm H+) II (0.050m H+) values 

log 4 1.61(2) 
log & 4.92 (2) 
log B* 12.59 (34) 
U&ro,a+ (10-4 cm2.sec-‘.V_‘) + 2.26 (4) 
u&~c*)+ (IO-4 cnG.sec-‘.V-‘) -2.55 (21) 

c, (lo-4 cm2.sec-‘.V’) 6.66 (4) 
c: (10-d cmr.sec-‘.V’) 6.34 
c2 1.184(8) 
Ct 1.205 

7.40 (7) 1.65 (8) 
4.81 (7) 4.8 1 (2) 

12.21 (13) 12.46 (5) 
+2.24(11) +2.26 (5) 
-1.18(15) - 1.63 (64) 

10.33 (8) 
7.90 
2.064 (18) 
1.902 

At [L2-] = 0, I&,,, = +564(4)x 10m4 cm2.sec’.V-’ (I), and +5.00(5) x lOA 
crn2.sec-’ .V-’ (II), respectively. C: and Cf are calculated from the hydrolysis data 
given earlier.4 
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Fig. 3. Individual ion mobilities of B?+, [Bi(CrO# and 
[Bi(C,O,),]- as a function of ion charge (u&,+ from previous 

work4). 

[Bi(C,O,),J- anion is only half as large in system II 
as in system I. The value from system II is probably 
the more reliable, since the maximum concentration 
of C,@- is one order of magnitude higher than 
in system I: 1.99 x 10d4m and 1.24 x 10-sm, re- 
spectively. 

Table 2 also lists values of parameters CF and C$ 
calculated on the basis of the data previously ob- 
tained for the hydrolysis constants and individual ion 
mobilities for Bi(II1) hydrolysis in perchlorate solu- 
tions with p = 0.250m.4 It is seen that the two sets of 
results for electromigration of radiobismuth in solu- 
tions of different chemical composition are in good 
agreement. This allows the conclusion that the calcu- 
lated individual ion mobilities and stability constants 

--•0.200MH+ 

- 90.050M H+ 

0 
3.0 L’ ’ I I , 1 I I 

02 13 12 11 10 9 6 7 

-log[Cz,H,O:-] 

Fig. 4. Overall ion mobility of carrier-free radiobismuth in 
aqueous solutions of succinic acid/H(Na)ClO,; p = 0.200, 
T = 298.15 (10) K. (I, [H+] = 0.2OOm; II, [H+] = 0.050m; 

solid lines are the calculated curves). 

--. ,,.0.250M 

2.514 I I I I I 

co 6.5 6.0 7.5 7.0 6.5 6.0 

-log[C,H,Oi-] 

Fig. 5. Overall ion mobility of carrier-free radiobismuth 
in aqueous solutions of fumaric aeid/H(Na)ClO,; 
[H+] = O.O50m, T =298.15 (10) K. (II, p =0.2OOm; III, 

fi = 0.250m; solid lines are the calculated curves). 

for the complex [Bi(C,0,),13 - zn, n = 1, 2, are proba- 
bly close to the real values, despite the simplification 
of the model chosen for processing the experimental 
data. 

On the other hand, the results of the present paper 
can be treated as confirmation of the fact that the 
data on bismuth hydrolysis obtained earlier by the 
electromigration method4 are correct. 

The individual ion mobilities of Bi’+, [Bi(C,O,)]+ 
and [Bi(C,O,),]- calculated in the present paper- 
and for Bi(OH)i-” ions with n = 0, 1, 3,4, calculated 
in the previous work4-show a distinct linear de- 
pendence on the charges of the ions (Fig. 3), which 
is close to the Stokes law. The correlation can be 
written as 

u&(C20&]3 - 28 = conk x z[Bi(C20&]3-“, (5) 

where n = 0, 1,2. This allows the assumption that the 
ions under consideration have similar radii and elec- 
trolyte micro-viscosity in aqueous solutions. Similar 
experimental dependences have been discussed by 
other authors.2*‘4 

Formation of Bi(ZZZ) complexes with fumarate and 
succinate 

The experimentally measured overall ion mobilities 
of Bi(II1) in electrolytes I and II containing different 
concentrations of C,O,H:- (succinate) and electro- 
lyte systems II and III containing C,O,H:- (fumar- 
ate) are shown in Figs. 4 and 5. In calculating the 
stability constants for the succinate and fumarate 
complexes, we assumed the complex formation mech- 
anism was similar to that adapted for oxalate as 
ligand. Mathematical processing was again done by 
means of the program MINUIT, according to equa- 
tion (4). 

As both fumaric and succinic acids are weak (the 
p/l2 values are 7.41 and 9.08 respectivelyis*16), it is 
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Table 3. Values of log K, and I&is ( at [L2-] = 0), calculated by the mathematical processing of 
experimental dependences ii =f([L2-I), where L2- represents succinate (C,O,H:-) and fumarate 

(CIO.Hf-) in the electrolyte systems I, II, III 
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Acid 

Succinic 

Fumaric 

Parameter 

log K, 
ii*ii,,,,,, (10-4 cm2.sec-‘.V_‘) 

log K, 
i&a) (lo-4 cm2.sec-‘.V--‘) 

Electrolyte system 
Mean 

I II III value 

9.07 (7) 8.27 (9) - 8.67 (48) 
f5.68 (10) +5.04(10) - - 

- 6.94 (10) 6.82 (20) 6.90 (20) 
- +4.96 (10) +4.74(10) - 

evident that changes in the bismuth overall ion ual ion mobilities of bismuth oxalate complexes 
mobility in the electrolytes used were mainly deter- were calculated: log KI = 7.65(8) and log K, = 
mined by formation of the complex cations [BiL]+. 4*81(2); u&c~o~~J+ = +2.26(5) x lO-4 cm2.sec-‘.V-’ 

Therefore, in performing the calculations, we 
cannot keep the quantities u&~-~, n = 1, 2, as 
unknowns in equation (4) and, consequently, have 
to give them fixed values: ubiLj+ = +2.25(25) x 
10-4cm2.sec-L.V-’ and u&_ = -2.O(l.O) x 
10m4 cm*. set-’ . V-i. These values were chosen on the 
assumption that complex ions of bismuth with di- 
carboxylic acid anions have similar individual ion 
mobility values in aqueous electrolytes with the same 
(or almost the same) overall ionic strength and the 
same temperature. 

and a&sdj+ = - 1.63(64) x 10m4 cm2.sec-‘.V-I; 
(p = 0.200). 

The first stability constants of the succinate and 
fumarate complexes of bismuth are log K, = 8.67(48); 
o( = 0.200) and log K, = 6.90(20); 01 = 0.200 and 
0.250), respectively. 

The results are given in Table 3. First it should be 
noted that similar values of log K, were obtained for 
electrolyte systems of different composition, i.e., of 
different pH or overall ionic strength, for both the 
succinate and fumarate complexes. The overall ion 
mobilities of Bi(II1) obtained at [L2-] = 0 were prac- 
tically the same as those for the oxalic acid solutions, 
or calculated on the basis of our earlier work.4 

None of these values was determined earlier, except 
K, for oxalate complexes. Our value for it is almost 
two orders of magnitude larger than the one in Table 
1. Such a significant difference is probably due to 
improper allowance for bismuth hydrolysis in the 
earlier work.’ 

The individual ion mobilities no of Bi3+ and its 
oxalate complexes show a linear dependence on the 
ionic charge. The dependence can be described by 

uloei(C~O&l~-~ = 1.9(3 - 2n) 

The solid lines in Figs. 4 and 5 show ii =f([L2-1) 
calculated by equation (4) with parameters obtained 
in the mathematical processing of the experimental 
data. As is seen, the curves satisfactorily coincide 
with the experimental points. 

where n = 0, 1, 2, and suggests that the radii and 
micro-viscosities of the bismuth species are close in 
value for these ions in the electrolyte systems used. 

The complex formation of bismuth with fumarate 
was investigated in two solutions of constant acidity 
(0.05m H+ ) but different values of overall ionic 
strength (electrolytes II and III). As could be 
expected, the bismuth overall ion mobilities tended to 
decrease in electrolyte III 01 = 0.250~). 
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W-A set of computer programs has been written in FORTRAN and in BASIC to allow 
automation of data acquisition from a TRONAC titration calorimeter and calculation of the concen- 
tration of titrant or titrand in an acid-base reaction; the heat capacity of a solution and enthalpies of 
reaction may also be calculated. The entbalpy change of a reaction and equihbrium constant can also be 
determined under certain conditions. 

memomtic tim*im has k3ztg been lsed for atraf- 
ytkd pqmes3 and ~~~~~~~ of the ~~~~~ 
change of a rea&im. A major advantage of the 
technique is that it is apphcable to many titration 
reactions that cannot be monitored by potentiometric 
methods, e.g., titration of weak acids or bases in 
aqueous solutions. 

There are occasions also where the aquivalenee 
point obtained is not well-defined, such as the 
titration of o-bromoaniline with hydrochloric acid 
monitored thermometricaIly.2 The fact that the 
o-bromoaniiine is not stoi~~o~t~~jly protonated 
can be used to advanta& allowing the enthalpy 
change and the ~~~Iib~~ eon&ant to be evaluati 
~ult~ously~~ because the ti~tio~ trace becomes 
curved and the equilibrium position is continually 
~ha~~~ during the addition of more t&rant. By 
appropriate mathematical modelling of the reactions 
occurring in the titration vessel, both the equilibrium 
conetant and the enthalpy change of the reaction may 
be calculated. From these two values other thermo- 
dynamic quantities may then be obtained, 

CAL 

A TKONAG 4x3 iwpidbof ~~~~~ titrt&m ad- 
c&xx&r witfr B TROBTAC FKXG pm&ion ~rn~~t~ 
controller was used for a2 experiments (see Fig, I for a 
schematic diagram). A IX@tal Equipment Corporation 
MING1 f/23 laboratory with clock, prcumplifier, and 
anatogue-to-digital converter was used to canvert the ana- 
Iague signal from the calorimeter into digital form. The data 
acquhed were then stored on magnetic media for use in 
subsequent calculations. The interface between the MING 
11 arm the TRONAC was a twisted pair of Ill-gauge copper 
wires. The analogue-digital converter was run in the 
difJ+erential. mode to avoid the possibility of a difference in 

*publication does not signify that the contents aecessa&y 
re%ct the views and @icies of ~~cnt of Army 
and the US Aififitary AcademyS nor does mention of 
trade names or commercial products constitute endorse- 
ment or ~ummendation for use. Not subject to 
copyright restrictions, work of US Government, 

The BASIC programs are executed in chain fash- 
ion since the DElC RT-11 operating system allows 
addressing of only 64K of memory, which is 
insufficient for the simultaneous retention in memory 
of all the subroutines and data arrays. The operator- 
interactive initial subroutine, TITINP 1 BAS, allows 
the analyst to enter the values (such as the factor for 
~nve~on of mV into “C) required in later ealcu- 
k&ions. The variables de&red and input in response 
to prompts from the program are carried through the 
set of subroutines by a common block in the memory. 
TITINP. BAS also converts the calorimeter analogue 
data into digital form and calls a subroutine to store 
the digitized data on disc. The digitized data are 
displayed on the video terminal in graphic form as 
they are squired. 

The data must be smoothed to remove super- 
imposed noise. WaIraven3 has given several formulae 
for zha% purpose. We chose to use a low-frequency 
band-pass Elterr; giving the effect of a moving ho-car 
3verage. The transfer function, for a seven p&n% 
moving box-car average, was: 

as derived by Graham tit al.” where f is frequency and 
? is time. 

This transfer funMian essentially transfers all sig- 
nals withfz values iusss than 0.20 and eliminates all ft 
values greater than 0.20 by a four-pass filter, i.e.., the 
seven-point box-car srn~~ is applied four times. 
Each s-ive ~~~~ is ap@ii in 8 di&ent 
direetio~ which has the efI& of el~i~~g the 
phase shift often associated with a simpJe box-car 
averaging technique3 

381 
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Fig. 1. Schematic of TRONAC 450 titration calorimeter, 

The course of a typical calorimetric titration is 
shown in Fig. 2. The initial heat capacity of the 
Wand is determined first, then the amount of titrant 
added and the resulting temperature rise from the 
titration reaction are determined. The heat capacity 
of the Wand must be determined only if it is desired 
to calculate the enthalpy of the reaction in addition 
to the concentration of analyte. This heat capacity of 
the titrand is determined by using Joule heating of the 
tirrand, and the equation: 

fj = V&t (2) 

where g = total &&riczal heat arsplied to the system 
Q; Va is the voltage drop fv) across the Joule heater 
(a loO.W~ resistsrr); ih is the current (A) through the 
resistor; and t is the heating time (see). 

The temperature in the reaction vessel is monitored 
with a calibrated thermistor in a Wheatstone bridge. 
It is necessary to monitor the temperature changes 
before and after the heat capacity determination and 
the titration, to take account of any departure from 
adiabatic conditions and because the stirrer imparts 

Time 

Fig. 2. Typical acid-base titration with; thermometric 
d&e&on. a, I&M stir slope-CP determination. 5, Heating 
--C, determination; 4 beater on; & beater off. c, Fin& stir 
siop++ caption. 4 cool to WC, e, Initiat stir 
slope-r&ration, f, Titration; fr burette on; fi burette off. 
g, Additbn of excess of &rant. k, Finaf stir slope-titration, 

i, Equiva$ence point. 

sufficient frictional energy to change the temperature 
si~i~~ant~y. 

The subroutine HTCAP. BAS cafeulates the slope, 
dV/dr, for initial and final stirring, and the total 
temperature rise due lo stirring and Joule heating, 
this being corrected for heat leaks etc. by using 
equation (3): 

AT, = AT - [(Si $ S,)/2)t]B (3) 
where AT, is the corrected temperature rise (“C) AT 
is the emf (V) corresponding to the total temperature 
rise, S, and S, are the initial and final stirring slopes, 
respectively~ t is the heating time (set) and B is a 
conversion csnstant (“C/V), The initial heat capacity 
f& Jjdeg) is then given by: 

G = rliATc (4) 

After calculation of the titrand heat capacity, the 
operator is prompted by the computer to allow the 
reaction vessel to cool to the original starting tem- 
perature before the titration is begun. After acquisi- 
tion of the titration data, three linear equations are 
derived from them, the first and third for the initial 
and final stirring slopes, and the second for the 
titration data. The burette is turned off after the 
equivalence point is reached. Figure 2 shows that a 
change’ of sfow occurs at the equivalence point, the 
position of which is calculated as the intersection 
between portionsfand h of the titration plot (Fig. 2). 
Theoretically, the equivalence point should be calcu- 
lated as the intersection between portionsfand g of 
the curve, but in practice portions g and h cannot be 
distinguished. The intersection of portions Q and j’ 
gives the time at which addition of titrant begins. The 
time at which the burette is switched on cannot be 
used as the initial point of titrant addition since a 
small air-bubble is always left in the titrant delivery 
tube to preclude premature delivery of &rant to the 
reaction vessel. 

The time elapsed between the start of the titration 
and the equivalence point is used to calculate the 
&on~ntration of the unknown solution. The corre- 
sponding temperature rise is used in equation (3), to 
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Fig. 3. Interrelationship of FORTRAN subroutines. 
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calculate AT,, which in turn is used with equation (4) 
to calculate q, the heat released in the reaction. The 
temperature rise is also corrected for the heat of 
ionization of the titrant. The heat capacity used is, 
however, the sum of that of the titrand and that of 
the titrant added, which can be calculated from the 
volume added and literature values of C, for the 
titrant. 

The enthalpy change of the reaction is then calcu- 
lated from: 

AH,,,, = q/n (5) 

where AH_t is the standard enthalpy of neutral- 
ization, q is the heat released in the titration and n is 
the number of moles of water formed in the reaction. 
It is assumed that the titration system gives a well- 
defined equivalence point such as that for an 
acid-base titration. The same equations should be 
usable for calculating concentrations and enthalpies 
of reaction for those complexometric reactions for 
which AH is not too close to zero. 

FORTRAN programs 

The FORTRAN programs are very similar to the 
BASIC programs except for a few modifications, but 
the FORTRAN programs are more interactive, hav- 
ing a menu-type selection of operations to be per- 
formed. The BASIC programs allow calculation of 
the enthalpy change of a reaction with a well-defined 
equivalence point and/or calculation of the analyte 
concentration. The FORTRAN program allows in 
addition the calculation of the heat capacity of 

solutions. It also provides for simultaneous calcu- 
lation of the enthalpy and equilibrium constant of a 
reaction, but the user has to supply the necessary 
subroutine, such as the one written by Eatough et 
a1.,4 since the interpretation of the data depends upon 
the reaction system being studied. 

The relation of the set of FORTRAN subroutines 
is shown in Fig. 3. An overlay execution scheme must 
be used because of memory space limitations in the 
RT-11 operating system. Although the computer 
system has 256 kbytes of memory, the RT-11 will 
allow access to only 64 kbytes at a time. The /l etc. 
in the corner of each block indicates the overlay 
segment which contains the subroutines. The main 
program, TITRAT, controls the overall execution of 
the program and is always resident in memory as the 
root segment of the overlay scheme. The subroutine 
FINDER is the menu of the program and also 
acquires such information as the names of files, data 
acquisition channels and values for constants used in 
several other subroutines. The rest of the subroutines 
will be discussed in terms of a typical flow stream. 

The initial heat capacity of the reaction vessel and 
contents must be determined before any other calcu- 
lations can be performed. Subroutine DATIN ac- 
quires the necessary data. During the execution of 
DATIN, subroutines SMOOTH and STORE are 
called. SMOOTH filters the data by the seven-point 
moving box-car average, using a transfer function 
with the same form and characteristics as that used 
in the BASIC routines. STORE writes the smoothed 
data onto disc for access in subsequent subroutines. 
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After DATIN, TITRAT calls subroutine HTCAP 
which calculates Cr. HTCAP is similar to 
HTCAP. BAS of the BASIC program except that the 
break points b, and b2 in Fig. 2 are determined by 
criteria based upon the value of the derivative at four 
consecutive points. Intersection co-ordinates are 
found by Kramer’s rule for the solution of two 
simultaneous equations. The heat capacity is then 
calculated by equations (2)-(4), and is returned to the 
main program for use in other subroutines. At this 
point, the menu is again written on the screen. To 
perform titration calculations, DATIN is once again 
called to acquire data from the titration run (after the 
reaction vessel has cooled to the original starting 
temperature). The data are again smoothed and 
stored on magnetic disc. Only the routine HTMLR 
will be discussed in detail, since XMLR is a subset of 
HTMLR and calculates only the normality of a 
solution. 

HTMLR allows calculation of the concentration of 
analyte and also the enthalpy change of the reaction. 
In general, its use is limited to acid-base reactions or 
other reactions in aqueous solution which exhibit a 
well-defined thermometric equivalence point. A typi- 
cal use is determination of the concentration of 
ammonia in household cleaners.5 Although we have 
not tested the point, the precision and accuracy of the 
technique may allow identification of the analyte 
from tabulated enthalpies of reaction.* The co- 

ordinates off, andf, (Fig. 3) are again calculated by 
Kramer’s rule and the derivative algorithm described 
above. The normality of the solution is then calcu- 
lated from the time co-ordinates; and the enthalpy 
change from the temperature co-ordinates. Cor- 
rections for stirring, heat loss through the reaction 
vessel walls, dilution of the t&rant, and other side- 
effects are taken into account in the calculation of the 
enthalpy change. 

Conclusion 

The two sets of programs have been tested for data 
acquisition and limited data reduction and perform 
well. The FORTRAN set, as expected, is more 
efficient and faster. Copies of the programs may be 
obtained from the author. 
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Qunmrry-This paper describes the theot&cal basis of a new program for relilnement of complex stability 
constants together with the other paramctcrs of various protometric titrMions. The method is based on 
minimization of the sum of the w&&d squares of the residuals of the experimental variable-s reagent 
v&me and E or pH. A new exploit&m of mathematical relations allows simultaneous refinement of 
the various parameters and unknawn free ion concentrations. After convergence, the program PROTAF 
also provides the adjusted values of exprimental variables. 

A la suite des premi&es ~b~~~o~s~~ concernant fes 
a~g~~t~rn~ de catcuf des ~ns~ntes de stabi&& de 
nombreux autfes programmes ant &ti: &&o&s* Plus- 
ieurs articles’-l’ consacrks B ieur analyse montrent 
qu’ils offrent des possibilids d*utilisation tr&s di- 
vcrse~. Toutefois, ce domaine &ant en evolution 
con&ante, d’autres algorithmes’2-X omt vu le jour 
depuis la dernihre de ces mises au point. 

De ce vaste ensemble, il ressort que les programmes 
les plus g&&raux et les plus employ& semblent &re 
LETAGROP VRID;’ SCoGS,28 ~~~~QWAD,~~~ 
MUCOMPi6 et ACREF 3 AM_r7 La major& de ces 
~~o~t~ repose& sur h abbe des moindres 
carr&s,3f-35 qui cons&e i ~~rn~~r une somme pon- 
d&e de car&s de r&bus. Les variables sur Iesquelkzs 
sent C&X& ces &sidus peuvent &e soit les variables 
directement mesu&es (par exemple, le volume comme 
dans SCOCS) soit des variables auxiliaires dbduites 
des dorm&es exp&imentales (par exemplar le nombre 
moyen de protons fixis par mole de coordinat comme 
dalxs ACREF 3 AM). Quant a la pcmd6sation des 
r&idus, elb n’est que rarement employ& puisque la 
plupart des auteurs mknent leurs calculs avec des 
poids egwx a knit& 

Dew principaks variantes de la m&hodes des 
moindres car&s ant && surtout uti&&s. L’une, qui 
ne ~~s~te que k cakz1.9 de d&@&es p~~~~~~ est la 
methods de Gauss-%ewton.*J6 Elle est la plus fr&- 
quemment rencontrke ear la plus simple ;i met&e en 

mwre et elk amstirw ie ~0~~~~~~ de programmes 
tek que SCOGS, ~~~~~~A~ ou ~~CO~P* 
L’autre, qui en plus des d&iv&es premi&es fait appel 
6 des d&i&es secondes est connue sous le nom de 
mithode de Newton-Raphson.9d7”8 Cette m&hode 
bquivalente d celle du “pit-mapping” de Sill&’ eat la 
base de programmes comme LETAGROP VRlD au 
ACREF 3 AM. ts caractkistiques essentielles de la 
plupart des programmes majeurs traitant les mesures 
potentiom6triques sent regroup&s dans les tableaux 
comparatifs des articles de GaizeriO et de Wozniak et 
NQWOgdC.i.‘S 

A la suite de rexamen des &&en& pr&ipes 
adopt&s par chawn des Gove ks phzs g&r- 
aux pub% jusqu”8 p&sent, nous avons entrepris de 
met&e au point une nouvelle methode quil d’une 
part, essaye de rassembler les aspects les plus essen- 
tiels de chacun d’wx et, d’autre part, tente de 
p&enter un traitement original des mesures proto- 
mktriques. 

AH,, A Formes neutre et basique du complexant 
V*,C* Voh2me et m&&on d’une des so4um 

t&s m&es employ&es pour r&a&r b m& 
h%nge in%& 

K Vohnnc de r&c&f a&& au point i 

r, Valeur i&iq&e par le ~tentiom~t~ au 
point i 
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CM? cA 

cH 

PH 
YH 

B m, o, h 

Concentrations analytiques en ion metalli- 
que et en complexant 
Concentration analytique en protons. 

cH =CA(N+xH- xoH) avec xn et x0, les 
nombres de moles de H+ et OH- ajoutts 
par mole de complexant 
pH = -log[H] 
Activite de H+ 
Constante de stabilitt dune espkce: 

B 
P’LAJ-bI 

m.a,"=[M]"[Al"[H]havecm +a +’ 

Q&F 

-un volume V$ dune solution mere &ion metalli- 
que de concentration Cz contenant un acide fort de 
concentration CX,; 
-un volume VX dune solution mere de complexant 
(AHN sous la forme neutre) de concentration Cl 
contenant un acide fort de concentration CL; 
-un volume Vg d’acide fort de concentration C,!; 
-un volume Vg d’eau et un volume Vg dune 
solution d’Clectrolyte indiff&ent pour aboutir I la 
dilution et a la force ionique d&sir&es. 

Ce melange est dose en ajoutant des volumes V, 
d’une base forte de concentration Cg. Le volume 
total pour chaque mesure est alors: 

Pour les espkes hydroxylees, h est negatif 
Fonctions implicites exprimant les bilans 
respectifs de l’ion metallique, du complex- 
ant et des protons 
Produit ionique de l’eau 
Fonction implicite reliant [H] a la valeur I 
indiquee par le potentiometre 
Equation fondamentale deduite des Bqua- 
tions conditionnelles D, E et F et de la 
fonction * 
Variance d’une fonction de poids unitaire 
Variance de la grandeur Y 
Covariance entre les grandeurs X et Y 
Coefficient de correlation entre les gran- 
deurs X et Y: 

Chaque point de la courbe de titrage acido-basique 
du melange ion metallique-complexant est alors 
defini par trois equations conditionnelles, chacune 
d’elle correspondant au bilan dun constituant: 

CM, = WI, + c ML. a, /, PW'L'W WI: (1) 
mash 

Y’ 
Z 

Ces equations conditionnelles exprimkes en fonction 
des caracteristiques choisies du dosage deviennent: 

R r 

Wr 

V&C&- V, 
( 

[M]i+ C mh,,,..h[MIi”M’[HIf 
m.a,h > 

= Di= 0 (4) 

wi 
S 
ZB 
ZO 
AZ0 

Valeur experimentale de la variable Y 
Valeur ajustke ou estimateur de la grandeur 
Z 
Residu sur la variable Y: Rr = Ye - f 
Poids du residu sur la variable Y: 
w,= &CT’, 
Poids global de la mesure i 
Somme pond&e des car& des residus 
Valeur grossiere de la grandeur Z 
Valeur initiale de la grandeur Z 
Correction a apporter I Z” pour obtenir Z”: 
AZ”=Zo-Zg 
Correction P apporter a Z” pour obtenir 2: 
AZ=Z-Z” 

U CX - Prj WI, + c 
( 

4.L,..~PWLWHl: 
m,o,h > 

= Ei= 0 (5) 

NVXCX + VXCL + V&C&, + V,*C,* - V,C; 

A2 

1 
P 

Multiplicateur de Lagrange 
Parametres a affiner: constantes de stabilite 
et autres parametres des titrages 

Dans un but de clarte, les charges sont vol- 
ontairement omises. 

PRINCIPE GENERAL 

Par souci de simplification, nous nous limiterons 
intentionnellement au cas des melanges od inter- 
viennent trois constituants M, A et H. I1 serait facile 
de g&&aliser a des systemes plus compliquts, par 
exemple a quatre constituants M, A, B et H. 

Soit un melange initial realise en additionnant 
successivement: 

(2) 

= Fi=O (6) 

La f.e.m. de la chaine de mesures utiliske peut 
s’tcrire:39*40 

E=E’+s$lny,[Hl+~,.[H]+~,~[OHl (7) 

avec s le facteur correctif de la pente de l’tlectrode, 
et c,,[H] et cjb[OH] les potentiels de la jonction 
liquide. En posant r = sRT(ln 10)/F, on obtient: 

log[H] + F + log )$, - 5 

+e[H]+TX;/[H]=O (8) 
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Si l’on appelle I la valeur indiqde par le poten- 
tiometre, cette relation peut encore s’ecrire: 

log[H] + o + 0Z+ JJH] + J,,K,/[Hl = 0 (9) 

avec Ja = 9 /r et Jb = 6jb /r ; soit de man&e condende: 

Jl(Z, WI, w 0, Jw JM 4) = 0 (10) 

Suivant le mode d’utilisation du potentiometre, on 
obtient respectivement pour les valeurs de Z, o et 0: 

(i) en potentiomttrie: 

Z=E; w=$+logy”; es-’ 
r 

(ii) en protometrie avec ttalonnage a l’aide de deux 
tampons de la skie des tampons de Bates:4’*42 

El-E 
I=-.--..-= -logy,[H]; o =logy,; 8 = 1 

r 

(iii) en protometrie avec Ctalonnage a l’aide de 
deux tampons a la meme force ionique que la solution 
itudiee: 

Z/‘-E -++ogy,=pH; o=O; 8=1 
r 

Quel que soit le type de mesures envisage (proto- 
m&tie ou potentiometrie), la determination prealable 
des quatre constantes w, 0, J, et J,, du couple 
d’tlectrodes g&c a des experiences spkifiques (dos- 
age acide fort-base forte par exemple) permet a partir 
de la mesure Z den deduire la valeur de [H] en 
resolvant I’equation (9) par approximations succes- 
sives. 

En chaque point, les trois equations condi- 
tionnelles (4), (5) et (6) doivent etre vkifikes simulta- 
ntment. Parmi les quatre variables V,, [Ml,, [Ali et 
[HI,, seuls le volume V, et la concentration [HI, sont 
effectivement determines expkimentalement lors des 
dosages protometriques. On est done en presence de 
deux types d’inconnues a affiner. Dune part, des 
parametres P,(Z = 1,2, . . .p) communs ou non aux 
differents titrages: constantes de stabilite 8, para- 
m&es du couple d’ilectrodes, concentrations C*, 
produit ionique de l’eau k; . . . D’autre part, les con- 
centrations libres [Ml, et [A], variables dun point a 
l’autre dune courbe de neutralisation. Par la suite, 
contrairement a la plupart des algorithmes existants, 
ces deux types d’inconnues seront trait&es au meme 
niveau. En d’autres termes, les concentrations libres 
[Ml, et [A], seront affinees conjointement aux para- 
metres P,, dune manitre analogue a celle employee 
par Sabatini et Vacca.38 

Sous forme condenste, les equations condi- 
tionnelles (4), (5) et (6) peuvent alors s’krire re- 
spectivement: 

Di = WViJHl,, Pals, [Al,, p,) = 0 (11) 

Ei=E(vi,[Hli,[M],,[A]i,P,)=O (12) 

Ft = F( ‘t 7 [HI, 3 Wli 3 [AIt 3 PI) = 0 (13) 

avec 

ti, = +(I,, [HI,, o,& Ja, Jt,, $) = 0 (14) 
On dispose done dun systbme de 3n equations a 
(2n +p) inconnues. Par la suite., nous symboliserons 
par [A],, [A!, et [fi], les estimateurs des concentrations 
libres, par p, les estimateurs des parametres, ainsi que 
par p, et Z, les valeurs ajustees du volume expkri- 
mental VT et de la mesure expkimentale Z; indiquk 
par le potentiometre. 

Les rksidus sur les variables experimentales sont 
definis par: 

R, = v; - p, (1% 

RI, = Z; - 4 (16) 

et les poids correspondants par: 

(17) 

(18) 

Comme il n’y a aucune correlation entre les variables 
experimentales, la methode des moindres carres31-35 
consiste alors a minimiser la somme pond&e des 
car&s des residus, definie par: 

Dans cette formule, l’indique q est relatif a l’une des 
experiences et l’indicc i A l’un des points de chacune 
d’elles. Afin #alleger la formulation ulterieure, le 
raisonnement sera limit& par la suite au cas dune 
seule experience. Dans ces conditions, l’expression de 
la somme S se reduit a: 

S = 1 (W&, + WI&) (20) 

Cette recherche du minimum de S est assortie dune 
contrainte concernant les equations conditionnelles. 
En effet, celles-ci doivent &tre satisfaites par les 
estimateurs des concentrations libres et des para- 
m&es ainsi que par les valeurs ajustees des variables. 
En tout point on doit done avoir: 

Di= D(pi, FL],. @I~, [AIt, PI) = 0 (21) 

~~=E(~~,~~l~~[~l~~[~l~,~~r)=~ (22) 

Pt = F(pt, @I,, [Al,, [Ali, $1) = 0 (23) 

avec 

IG,=~c~,~l,,ui,g,s,,j,,$)=o (24) 

NOUS avons prefere utiliser la formulation (20) de la 
Somme S a minimiser phttot que celle employee dans 
la plupart des programmes les plus rkcents,1G26 c’est 
I dire: 

s = 1 Wi(Yi,exp.-Yi,cak.)2 
I 

avec y 2: E ou V suivant les cas. En effet, a notre 
connaissance, la formulation (20) est la settle qui 
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permette d’acckder directement aux rksidus R, et RI, 
et par conskquent aux valeurs ajustkes f, et 4 des 
variables exp&imentales V: et 1:. 

VALEURS APPROXIMATIVES DES INCONNUES 

La minimisation de la somme S ne peut s’effectuer 
qu’$ condition de disposer de valeurs approximatives 
initiales des parametres et des concentrations libres 
inconnues. En ce qui concerne les constantes de 
stabilitk, il est gkkralement possible d’obtenir d’assez 
bonnes approximations fii, (1, ,, par diverses mkthodes 
numkriques ou graphiques comme, par exemple, la 
mkthode CILS.’ 

Dans le cas particulier des valeurs initiales [Ml: et 
[A]:, elles sont calcuks en considkrant qu’elles 
vkrifient les iquations conditionnelles (11) et (12) 
dans lesquelles les paramktres P[ sont remplads par 
leurs valeurs approchkes Py et les valeurs thtoriques 
V, et [HI, par la valeur expkimentale V: et la valeur 
initiale [HIP, soit: 

D(V;, [HI:, [Ml;, [A]:, P:) = D; = 0 (25) 

EQ’P, [HIP, [Ml:, [Al;, PY) = EP = 0 (26) 

avec 

Il-P=~(IT,[H]P,w”,80,J~,J0,,~)=0 (27) 

Si l’on dispose d’approximations grossitres [M]f et 
[A]f des concentrations libres, la mCthode de 
Newton-Raphson pour les Equations simultankes 
non linkaires conduit I: 

mations gross&es seront considbrkes comme 6tant 
&gales aux valeurs initiales du point pk.&dent. 

ELIMINATION DES CORRECTIONS SUR LRS 
CONCENTRATIONS LIRRRS MCONNURS 

Sabatini et aLz9*” ont proposk la r&solution d’un 
systkme de 3n tquations $ (2n +p) inconnues ana- 
logue d celui dkcrit prkkdemment, les p inconnues 
ktant constitu&es uniquement par les constantes de 
stabilitk. Leur r&solution conduit B la manipulation 
de matrices de tr6.s grandes tailles et, en particulier, 
d’une matrice des kquations normales de dimension 
(2n +p) x (2n +p) dont l’inversion n’est pra- 
tiquement pas rkalisable directement. 11s ont done ttk 
amen& B utiliser une mkthode indirecte relativement 
complexe nkessitant l’emploi de matrices auxiliaires 
afin de transformer cette matrice en une hypermatrice 
diagonale. Dans le but d’iviter la manipulation de 
matrices de tailles aussi consid&rables, nous avons 
&labor& une mkthode qui permet d’6liminer les 2n 
corrections sur les concentrations libres du m&l et 
du complexant et, par condquent, d’obtenir un sys- 
t&me beaucoup plus simple dans lequel ne subsistent 
plus que p inconnues. Symbolisons par Ap,/Py les 
corrections relatives sur les paramktres et, d’une 
man&e gknkrale, par A@]JMP celles sur les concen- 
trations libres. Le dkveloppement de l’kquation (24) 
en s&e de Taylor en utilisant des difkentielles 
logarithmiques sauf pour les variables expkrimentales 
conduit 8: 

a@ A[M]; 
-Dy=---- 

aq A[A]p 

8 ln[Ml! [MY +alnW:Wf 
(28) $l=O=+$R,~+&jij$ 

I I I 

_ Eg = 8 Ef NW’ + =f 4%’ 
xFiijKpIn[MII[Mlfa (29) 

” 

+x------- w: API (34) 
, alriP Pp 

avec On peut alors en dkduire: 

Df= D(J’:, [HIP, Wlf, Plf, J’:, (30) h!!k +? w 
et VI; ’ I[ 1 a ln[H]P 

E? = E(V, [HIP, [Mlf, [AIf, P?> (31) 

11 est prkfkrable d’employer des diff&entielles loga- 
rithmiques dans les Equations (28) et (29) afin 
d’obtenir une matrice mieux condition&e. Aprks 
rksolution de ce sys3me d’kquations, les valeurs 
grossikres [M]f et [A]? sont corrigkes pour aboutir aw 
valeurs initiales, selon: 

8 ln[H]P A#, -~R,,+~~y (35) 
i I I 

AprCs dkveloppement en tirie de Taylor des deux 
premi&res kquations conditionnelles (21) et (22), on 
obtient: 

MP = M:U + WlPIMf) (32) 

M’ = Wlf ( 1+ APIP /Wlf 1 (33) 

Ce processus doit 6tre rkittrk jusqu’8 convergence, 
celle-ci &ant obtenue lorsque les corrections relatives 
sont toutes infkrieures g une valeur fix&e arbi- 
trairement, le plus souvent 10e5. En pratique, il suffit 
ghbralement de disposer d’approximations gros- 
sikes des concentrations libres uniquement pour le 
premier point. Pour les autres points, les approxi- 

aD: A[ti], aD7 A[& 

+aln[MlP[MlP+mm 

- JD? Ap, 

aE” A@], 
&=O=E+Rv, +aln[HIOm 

# i 1 
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Les matrices Mg, Mp et M, ainsi que le vecteur 
colonne Cs sent facilement calculables. Par contre, 
Ies vecteurs colonnes CR des residus sur les variables 
experimentales, C, des corrections relatives sur les 
parametres et Cc des corrections relatives sur les 
concentrations libres en metal et en complexant sont 
inconnus. 

On peut alors exprimer Cc en fonction de CR et de 
Cp. En effet, en multiphant a gauche par la matrice 
inverse Mc I, on obtient: 

M&G,, - W;,f,M k 2. C Rz t 

+ M& MP~,~ CP~, , = C cz,, (38) 

D’autre part, en utilisant l’equation (35), le devel- 
oppement en s&e de Taylor de la demiere des 
equations conditionnelles (23) conduit ii: 

(39) 

avec Fp = F( VT, [H]:, [Ml:, [A]:, P!). 
Sous forme matricielle, I’equation (39) s%crit en- 

core: 

avec: 

pour les developpements ulttrieurs skit: 

L 

-#&,+~h$=O (40) 
I I 

Dans cette equation, les termes 4;, &, , Cpr, et #&* sont 
calculables. Settles subsistent comme inconnues les 
corrections relatives SW les parametres Ap,/Pf ainsi 
que les rksidus R, et R,, sur les variables puisque les 
corrections relatives sur les concentrations libres 
A[&l],/[M])’ et A[&/[A]p ont 63 tlimhkes. Cette 
equation permettra done la manipulation ultkieure 
dune matrice des equations normales de taille p x p, 
contrairement a LEAST’s ou MINIQUAD2’ qui 
employent une matrice de taille (2n +p) x (2n +p). 

EQUATIONS NORMALRS 

La somme pond&e des car& des rksidus S, dont 
l’expression est don&e par la formule (20), est min- 
imum lorsque: 

;dS = c WvtR,, dR, + c W,R,, dR,, = 0 (41) 
I I 

De plus, la differentiation de l’equation (40) conduit 
8: 

d(-&‘)=O= -#+,dR, 
1 

-&jdR,, +z#,,jd$ (42) 
/ I 

II existe une equation de ce type pour chaque mesure 
i, soit au total n equations. Multiplions chacune 
d’elles par une valeur arbitraire Ir, appelie multipli- 
cateur de Lagrange et ajoutons ces n equations a 

Si I’on remplace Cc par son expression (38) et que 
l’on r&nit les termes qui se correspondent, on ob- 

I’~uation (41): 

tient: F Wv,R, - Ji$vt )dR, + C (KERNS 
i 

-&#,,)dR, +T(d$Tl,o,.i)=O (43) 

- @m.~ + LG.?‘~E~~MR~.$R~., 
Cette equation (43) contient (3n +p) inconnues: A,, 

+ (LP,,, + Lc,.@c;P~z,~ KP,,, = 0 

R,, R,, et Ap,/Pj’. De plus, elle doit &re verifike 
quelles que soient les valeurs de ces inconnues, ce qui 

soit encore: exige que les coefficients des elements diffkentiels 

4: - h,z%, + h-~,~Ps.~ -0 
soient nuls sim~t~~rn~t. On obtient ainsi (2~ +p) 
equations: 

Sous forme detaillee, cette equation fondamentale W,,R,-.Q#,=O i=l,2 ,..., n w 
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WI, 4 -1,4,,=0 i=l,2 ,..., n (45) 

C&&,=0 1=1,2 ,..., p (46) 

D’apres (44) et (45), les residus sur les variables 
expkimentales s’expriment done par: 

RV, n,4+, _ 
WV, 

et 

Reportons ces valeurs dans l’equation (40): 

(47) 

On obtient ainsi n equations de cette forme qui, avec 
les p equations (46), fournissent alors un systeme de 
(n +p) equations a (n +p) inconnues: n multiplica- 
teurs de Lagrtnge li et p corrections relatives sur les 
parametres APJPY . 

11 est done possible de rksoudre ce systeme et den 
deduire a la fois les valeurs des multiplicateurs de 
Lagrange et celles des corrections relatives sur les 
parametres. En pratique, on peut se ramener a un 
systtme beaucoup plus simple en combinant les n 
equations (49) avec les p equations (46). En effet, 
d’apres (49), on obtient: 

avec 

wi=d4,w,+4tw, wvtwIt = (2 +$>’ (51) 

W, peut Btre appele le poids global de la mesure i et, 
en fonction des expressions (17) et (18) des poids des 
residus, il est encore egal I: 

Maintenant reportons li dans les p equations (46): 

avec j=l,2,...,p 

On obtient ainsi le systeme dit des “equations nor- 
males”, systeme de p equations I p inconnues: 

avec j=l,2,...,p (52) 

Sous forme matricielle ce systeme des “equations 
normales” s’ecrit: 

Y=BA (53) 

avec 

4.1= C Wiki4/,, 
i 

et 

Lors de la gtneralisation du raisonnement precedent 
a l’analyse simultank. de plusieurs titrages, la matrice 
B est de la forme rep&e&e sur la figure 1, l’exemple 
choisi ttant relatif a trois dosages. Si certains para- 
metres sont communs a deux ou plusieurs dosages, il 
faut alors en tenir compte et modifier la matrice B en 
consequence. Un exemple de la matrice resultante est 
represent& sur la figure 2. Les corrections relatives sur 
les paramttres sont obtenues par l’intermediaire de la 
relation: 

A=B-‘Y (54) 

On en deduit ensuite les estimateurs p, des para- 
metres. En pratique, comme les developpements en 
serie de Taylor (36), (37) et (39) sont limitis aux 
differentielles premieres, les corrections relatives ainsi 
obtenues ne sont pas exactes. Le processus devra 
done &tre reittre jusqu’a convergence, celle-ci ttant 
atteinte lorsque les corrections relatives sur les para- 
metres sont toutes inferieures a une valeur prede- 
terminee, en general 10m5. 

OBTRNTION IWaS VALEURS AJUSTRRS DES 
VARIABLES EXPERIMENTALES ET DES 
CONCENTRATIONS LIBRRS INCONNURS 

Lorsque la convergence est obtenue, les demilres 
valeurs des corrections relatives sur les parametres 
sont reporttes dans l’equation (50). On determine 
ainsi les valeurs des n multiplicateurs de Lagrange Ai. 
Ces valeurs de I, sont ensuite utilisees pour calculer 
les residus R, et R,, par l’intermediaire des relations 
(47) et (48). Enfin, on en deduit les valeurs ajustkes 
p, et 4 a l’aide des equations (15) et (16) ainsi que [A], 
grace a la relation (24). 

Theoriquement, pour calculer les corrections rela- 
tives A[&I],/[M]y et A[&/[A$’ a apporter aux concen- 
trations libres, il faut alors appliquer la relation (38) 
puisque le vecteur colonne C, des residus sur les 
variables exptrimentales et celui Cr. des corrections 
relatives sur les parametres sont maintenant connus. 
On peut ensuite en deduire les valeurs de [&lli et [.&I, 
par l’internnkliaire de relations analogues aux equa- 
tions (32) et (33). En pratique, il est plus simple 
d’utiliser la methode de Newton-Raphson selon le 
principe expose precbdement, les relations (25) et (26) 
Ctant remplacees par les equations conditionnnelles 
(21) et (22) alors que les expressions (30) et (31) 
deviennent: 

MATRICE DES VARIANCBS-COVARIANC ET 
MATRICE DE CORRELATION DES PARAMET.RRS 

On peut demontrer”-” qu’un estimateur non biaisk 
de la variance dune fonction de poids unitaire est 
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1 A A A I 
v Y ” ” 

a b G d 

Fig. 1. Forme de la matrice B: (a) paramhres du premier titrage, (b) paramhres du second t&rage, (c) 
paramhes du traisi6me titrage, (d) constanks de stabilk!. 

dorm6 par la formule: 

Cette grandeur est fondamentale pour juger les r& 
sultats de l’affinement. En effet, si le schema de 
~nd~ation retenu et le modele math~matique envis- 
age sent cohkents awe bs vafeurs expkimentales, 
cat. estimateur 8: doit %tre proche de la vaieur CJ~ 
utilisitc: dans Ie calcul des poids par ~inte~~di~re des 
formules (17) et (1%~. Si content est valable, on 
doit done avoir fe rapport &&‘c$ qui tend vers I. 

Un estimateur de la matrice des varianoes- 
covariances des parametres dont les elements di- 
agonaux sont Ies variances d,, , = ~3: des parametres p, 
et Xes elements hors-diagonaux sont les covariances 
$j”, des patametres i), et p, est fourni par: 

B;DB-‘D (56) 

avec D la matrice diagonafe des parametres. 
Ces variances et covariances sent utiles lors du 

calcul de la variance dune constante d%quiIibre+ Par 
exemple, lorsqu’on veut cakufer la variance de la 
constante de l’equilibre MA+A+MA2, avec une 
&&we simphfiee on a & = @z /& . D’apms la r&gle de 

~ropa~tion de fa variance,” on aboutit afors 2~ 

soit encore: 

2 
alog& = &*a, -t-&s@, - 2ekJ~~,,lo~h 

Connaissant la matrice des varjan~s~ova~an~s~ on 
peut alors facilement en d&duke la matrice de 
co~lation3~33 dont les CBments sont les coefficients 
de correlation d&finis par: 

(57) 

Ces coefficients indiquent la plus ou moins forte 
dependance positive ou negative des parametres vis G 
vis les uns des autres. 

PROTECTION CONTRE LA DIVERGENCE 

Lorsque les estimations initiales des ~~rn~t~ 
sont assez tfoign&es des valeurs reehes, ie processus 
peut parfois diverger car ies d~velop~ments en skrie 
de Taylor de~ennent trop approximatifs puisqu’iis 
sont limit&s aux diff~rentielles premikes. Parmi les 
diverses methodes* envisag&es pour se proteger contre 
une telle divergence, ceile proposee par Hartleyo” est 
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Fig. 2. Forme de la matrice B lorsqu’il existe des paramktre communs; (a,) un paramttre est commun 
aux trois titrages, (a*) un paramktre est commun aux premier et second titrages, (b,) un parambtre est 

conunun aux second et troisikme titrages. 

l’une des plus simples B mettre en oeuvre. Son 
principe repose sur l’optimisation des corrections 
relatives g apporter aux param&res. Dans 
l’expression (20) de la somme pond&e des car& des 
rksidus S, remplaGons les r6sidus par leurs valeurs 
don&es par les formules (47) et (48): 

soit encore d’apr&s (51): 

s =Cn:w;L 

En rempla$ant les multiplicateurs de Lagrange 1, par 
leur expression (50), on obtient: 

* (58) 

Or si les dkveloppements en drie de Taylor sont 
trop approximatifs, les corrections relatives sur les 
param&tres ne sont pas optima, c’est P dire qu’elles 
n’assurent pas la dkcroissance la plus rapide de la 
somme S. On peut alors considkrer que de meilleures 
valeurs des corrections relatives wont obtenues en 
multipliant celles-ci par un facteur d’optimisation t. 

Dans ces conditions la somme S devient, d’apr&s (58): 

La somme S est done une fonction quadratique de t: 

s = xg + 2x, t + x2 t* 

Selon les relations (52) et (53), on obtient alors le 
minimum de S pour: 

X1 ATY 

f=-x,=m (59) 

Malgrk cette optimisation, dans certains cas il peut 
tgalement 2tre nkessaire de fixer un seuil maximum 
aux corrections relatives successives, par exemple 
50%. 

CONCLUSION 

La mkthode originale exposke prkddemment est fi 
la base du programme PROTAF d’analyse des mes- 
ures protom&riques, programme mis au point et test& 
depuis plusieurs an&s dans notre laboratoire. 11 
rassemble plusieurs aspects essentiels, quelques uns 
Ctant dkj$ prksents dans divers algorithmes d&its 
antkieurement, les autres &ant nouveaux. 
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Nous avons choisi de minimiser les residus pon- 
der&s sur les variables exp&mentales, a savoir le 
volume de reactif ajoute et la valeur indiqde par le 
potentiomttre (E ou pH). En effet, il nous semble 
preferable, pour plusieurs motifs, d’utiliser les don- 
n&es effectivement mesurees pludt que des variables 
auxiliaires deduites de celles-ci. Tout d’abord, le 
calcul des ces fonctions auxiliaires (iI, 6, . . . ) cumule 
inevitablement les erreurs, qu’elles soient aliatoires 
ou systematiques, puisque ces fonctions dependent de 
l’ensemble des facteurs: concentrations analytiques, E 
ou pH, volume de mactif. . . Ensuite, ces fonctions 
auxiliaires n’btant plus indbpendantes, le choix des 
poids a leur affecter devient un probleme crucial. 11 
faut tenir compte I la fois de leurs variances, mais 
egalement de leur covariance, termes qui deviennent 
assez difficilement apprehendables. Enfin, les residus 
sur ces fonctions auxiliaires sont beaucoup moins 
facilement interpretables que ceux sur les variables 
effectivement mesurees. Dans la plupart des pro- 
grammes existants, les d&&s, qu’elles soient pre- 
mieres ou secondes, sont calculees numeriquement 
par incrementation des parametres. Selon ce prodde, 
on obtient par exemple: 

a’F(x, Y) 
ax2 

= F(x + AX, Y) - 2F(x, Y) + F(x - Ax, Y) 

(Ax)’ 
Si cette methode de calcul a l’avantage d%tre tres 
g&r&ale et particulierement simple a programmer, 
elle presente toutefois le grave inconvenient d’aboutir 
parfois a des d&&es trop approximatives. En effet, 
des essais de minimisation de la fonction de Rosen- 
brock:45 f(x, y) = lOO(y - x2)2 + (1 - x)* a l’aide de 
d&i&es calculees de cette maniere prouvent que la 
convergence vers le minimum est tres largement 
tributaire du choix judicieux de l’increment, choix 
particulierement dtlicat conditionnant la plus ou 
moins bonne approximation des d&iv&es. Ces essais 
montrent Cgalement qu’avec des d&iv&es calculees 
analytiquement la convergence est a la fois meilleure 
et plus rapide. Par consequent, 1 l’instar de quelques 
autres auteurs,‘6,20*21,*26*29 nous avons decide d’opter 
pour un calcul analytique des derivees plus efficace 
que le calcul numerique bien que sa programmation 
soit nettement plus longue. 

A notre connaissance, parmi les programmes les 
plus generaux, seuls MUCOMP,‘5*16 MICMAC,23 
SUPERQUAD et, dans de moindres proportions, 
TITFIT” et LETAGROP VRID4 sont en mesure 
d’affiner d’autres parametres que les constantes de 
stabilite des complexes. Pour notre part, nous avons 
concu le programme PROTAF de telle maniere qu’il 
soit possible d’affiner non settlement les constantes de 
stabilite, mais aussi tous les autres parametres des 
differents dosages que nous appellerons “parametres 
secondaires”: concentrations C* des solutions meres 
ayant servi a realiser les melanges initiaux, para- 
metres du couple d’electrodes, . . . Suivant les cas, ces 

“parametres secondaires” peuvent &tre communs ou 
non a plusieurs ou a l’ensemble des titrages. En 
particulier, l’innovation consistant a employer les 
concentrations C* permet de tenir compte des con- 
centrations communes ou non. Par exemple, lors de 
l’analyse de plusieurs experiences a concentrations en 
complexant differentes, mais dont les melanges ini- 
tiaux ont tte effect& a l’aide de la meme solution 
mere de complexant, la concentration Cx est un 
parametre commun a l’ensemble des dosages. In- 
versement, si differentes solutions meres d’ion metal- 
lique ont dQ Ctre utilisees, les concentrations C$ sont 
propres a chaque experience et s’il est necessaire de 
les affiner elles le seront independamment les unes des 
autres. 

11 faut, toutefois, &re t&s prudent lors de l’emploi 
de ces “parametres secondaires”. En effet, leur 
affinement ivite souvent d’introduire dans le modile 
retenu des esp&es chimiques irrealistes, n’ayant 
d’autre role que la compensation d’erreurs systim- 
atiques negligees. Mais inversement, l’affinement de 
ces “parametres secondaires” (en particulier les 
concentrations) risque Cgalement de compenser 
artificiellement d’autres erreurs syst&natiques,26 voire 
des esp&es chimiques minoritaires. L’affinement de 
ces “parametres secondaires” ne doit done 6tre em- 
ploye qu’avec beaucoup de circonspection et surtout 
ne doit pas Etre consider6 comme un moyen de se 
dispenser de protocoles experimentaux rigoureux. 
Enfin, il est a noter que de nombreux essais du 
programme PROTAF effectues sur des exemples 
simults montrent qu’il est pratiquement impossible 
d’affiner simultanement l’ensemble des paramttres 
car certains coefficients de correlation sont tres pro- 
ches les uns des autres, entrainant ainsi la divergence 
du processus d’affinement. 

Ce programme presente egalement l’originalit6 de 
pouvoir traiter ensemble des titrages de buts 
differents. Par exemple, il peut analyser simulta- 
nement des dosages du complexant seul et en pres- 
ence d’ion metallique. En effet, dans ce cas il tient 
compte des deux types de constantes de stabilitC: 
d’une part, les constantes de protonation du complex- 
ant communes a l’ensemble des dosages, d’autre part, 
les autres constantes intervenant uniquement dans les 
experiences en presence &ion metallique. 

A l’instar de MINIQUAD, qui btait jusqu’a 
present le seul a presenter cette particularite, notre 
programme PROTAF affine simultanement les 
differents parametres et les concentrations libres [Ml, 
et [A], car ces deux types d’inconnues sont traitees au 
mime niveau. Cependant, contrairement a MINI- 
QUAD, la mtthode matricielle que nous avons adop- 
tee necessite uniquement la manipulation de matrices 
de tailles beaucoup plus raisonnables et conduit, 
alors, a un traitement pratique nettement plus suc- 
cinct. 

Entin, la methode utilide permet, pour la premiere 
fois, de calculer conjointement les valeurs ajust& des 
variables experimentales que sont le volume de reactif 
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et E ou pH, et, par voie de consequence, les valeurs 
exactes des residus sur ces variables. 

Ces differentes ameliorations ont ite exploitees 
avec sucds lors de l’analyse d’exemples experi- 
mentaux varies dont certains seront publies ulteri- 
eurement. Le programme PROTAF, mis en oeuvre 
sur ordinateur CII Mini 6, est kcrit en langage 
FORTRAN et en mode conversationnel. 11 est struc- 
ture de man&e a pouvoir utiliser eventuellement la 
technique de recouvrement (“overlay”). Dans sa ver- 
sion actuelle, il est capable de traiter simultanement 
dix series de cent mesures chacune faisant intervenir 
au maximum trois ions metalliques et trois complex- 
ants differents, le nombre de constantes de stabiliti 
Ctant limit6 a vingt. Le programme PROTAF est 
disponible sur demande aupres de R. Fournaise. 
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Smnmary-A simple and inexpensive method has been developed for the determination of sulphate and 
other very weak bases and acids. It utilizes the partial protonation of the weak base or the partial 
dissociation of the weak acid, which has not been exploited for analytical purposes thus far. The procedure 
consists of three pH titrations: one with a test solution of known sulphate content, the second with the 
sulphate sample, and the third with a blank. This method can be used in the presence of several inorganic 
ions and organic matrices, including non-aqueous solvents. In aqueous medium sulphate contents above 
10m3M can be determined. The use of solvent mixtures may increase the sensitivity of the method by two 
orders of magnitude. 

Most analytical methods for the determination of 
sulphate (gravimetry, chelatometry, potentiometry, 
cqnductometry, amperometry etc.) are based on the 
foliation of its barium or lead salts.’ Besides these, 
several classical or instrumental analytical methods 
have been developed in which organic reagents are 
used to form a sulphate precipitate. However, there 
is no report on the analytical exploitation of the 
equilibrium interaction between the sulphate and 
hydrogen ions. The obvious reason is the low basicity 
of sulphate, which does not allow its dete~ination 
by normal direct acidimetric tit~tion. 

Here a method, and its application to sulphate, will 
be introduced, which utilizes the partial protonation 
of very weak bases (or dissociation of fairly strong 
acids). The best known method for evaluating poten- 
tiometric titrations of weak bases and acids is the 
classical Gran plot.* Preconditions for its use are 
knowledge of the equilibrium constant valid under 
the given circumstances, and of the pH and the 
titrant concentration. The procedure of Ivaska and 
Nagyp;;i13 needs considerable mathematical appara- 
tus, but can be used even for analysis of mixtures. 
The recent method by Burger et at.,’ based on 
measurement of the amount of bound reagent, 
applies when protonation or deprotonation is 
practically complete. 

The present method does not require knowledge of 
the equilibrium constant, the pH or the titrant con- 
centration, and furthermore is satisfactory even if the 
reaction takes place only to the extent of 20-30%; 
thus it is suitable for the determination of very weak 
acids and bases. 

Protonation of bases 

The proportion of the conjugated acid (HB+) 
formed in the protonation ~~lib~~ 
B f H+ *BH’ of a monoacidic base (B) can be 
calculated from the formation function well known in 

co-ordination chemistry? 

The formation constant (B) for BH+ is: 

Combining (1) and (2) gives: 

The equivalent relation for a polyacidic base (yielding 
BH;+ on complete protonation) is: 

c &W+l’ 
i-0 

Dissociation of acidr 

The extent of dissociation of an acid HA is given 
by the function: 

R= M-1 
IA- I + IHAl 

which can be expressed in terms of [H+ ] and pro- 
tonation constant of A-: 

Ram l 
1 + /3[H+l’ 

For a polybasic acid (H,A): 

m-1 

m + C (m - i)B,[H+] 

It is a common property of (3) and (4) as well as 
of (6) and (7), that n’ and R depend only on the 
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equilibrium constant and the hydrogen-ion activity, 
and are independent of the total (analytical) concen- 
trations. Accordingly, 6 and R are intensive attri- 
butes of the material (acid or base) in question. Their 
actual value at a given pH are as characteristic of 
them in pH titrations as the molar absorption 
coefficient at a given wavelength is in spectro- 
photometry. Nevertheless, it does not make sense to 
introduce the term “molar protonation coefficients”, 
since the term A has long been familiar in equilibrium 
chemistry. 

Experimental determination of ii and A 
From (3), (4), (6) and (7), A and Rcan be calculated 

from the equilibrium constants and hydrogen-ion 
activities. However, the equilibrium constants are 
only valid for the ionic strength, temperature, me- 
dium and circumstances under which they were deter- 
mined. Furthermore, they are subject to the experi- 
mental error of their determination, which is 
especially significant, when the glass electrode is used, 
at the pH values at which the weakest bases or acids 
are protonated or deprotonated (as the case may be). 
Moreover, there are several substances for which the 
protonation constants are not known (e.g., poly- 
peptides, proteins, nucleic acids, compounds of un- 
known structure), or cannot even be determined 
unambiguously (for example in non-aqueous me- 
dium). Consequently their fi or R values cannot be 
calculated. 

More reliable and strictly valid fi or R values can 
be obtained by determinations made with a known 
amount of pure test substance. This can be done by 
two potentiometric titrations. In a blank titration 
sodium hydroxide (or simply water) is titrated poten- 
tiometrically with an acid titrant, and in the second 
titration an identical amount of hydroxide (or water) 
plus a known amount of weak base is titrated under 
the same conditions, to the same pH value. In this 
way the number of extra moles of titrant needed in 
the presence of the weak base, divided by the number 
of moles of weak base present, yields the g value: 

<= 
number of extra moles of acid 

number of moles of weak base ’ (8) 

Figure 1 shows three titration curves, where in each 
case sodium hydroxide was accompanied by a weak 
base, the bases differing in strength. It is remarkable 
that the strongest of these bases, cyanide, can be well 
determined, whereas the less basic acetate, even in 
high concentration, can only be determined with 
much ambiguity by traditional evaluation methods, 
owing to its incomplete protonation during the sec- 
ond pH “break”. The very weak base sulphate cannot 
be determined at all by simple evaluation methods, 
because it is only partially protonated, even at the 
lowest pH which can be reached by using 1 M strong 
acid as the titrant. Nevertheless, from (8) and a third 
titration the number of moles of sulphate can be 
obtained from the measured extra number of moles 
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Fig. 1. Calculated titration curves for 5.0 of solution 
titrated with l.OM HCI. a. l.OM NaOH alone: b. 
l.OM NaOH +OSM K,SO,i c, l.OM NaOH +d.SM 
CH,COONa; d, l.OM NaOH + OSM KCN. The basicities 
of cyanide,6 acetate’ and sulphate* were taken from the 

literature values recommended by Martell and Smith.s 

of titrant needed and previously determined fi data as 
a function of pH. It is recommended to use a high 
ionic strength medium (e.g., 2M sodium perchlorate) 
for all three titrations, to eliminate matrix effects. 

Determination of very weak acids can be done in 
an analogous manner by titrations with a base. 

EXPERIMENTAL 

We have developed a microtitration technique with a 
combined microelectrode suitable for pH determination in 
an initial volume of 0.6-l .O ml. Accordingly, with 2.OM acid 
@-INOr, HCl, HClO,) as titrant, as little as 0.02 g of sodium 
sulphate can be determined. If the amount of sulphate in the 
sample is approximately known, it is recommended to use 
as similar an amount of reference material as possible for 
the A determination. Since different pH regions of the 
titration curves do not provide equally undistorted data, it 
is also advisable to check these A values against known 
amounts of sulphate in one or two preliminary experiments. 
Normally the best parts of the titration curves to use for the 
analysis are those where the protonation of sulphate is 
already significant (10% or more), but the titration curves 
have not yet become horizontal. The amount of analyte can 
be calculated most conveniently by means of the equation 

4 
MT=-mS 

4 
where mr and ms are the numbers of moles of sulphate in 
the test sample and the reference standard respectively, and 
DT and D, are the corresponding distances of their titration 
curves from the sulphate-free titration curve at a given pH. 
DT and D, can be measured in the same arbitrary units (ml 
or mm on a graph) since only their ratio is significant. 

Since the ratio D,/m, is a form of A, equation (9) is also 
a simple, practical derivative of equation (8). It can be seen 
that by means of this equation the determination of sul- 
phate is reduced to measurement of the titrant volumes. For 
accurate measurements of small volumes and their 
differences a Radiometer ABU 12 automatic burette was 
used. 

All the potentiometric titrations were done by with use of 
an Orion Research 801-2 pH-meter with Ingold 104053059 
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Table 1. Experimental results for sulphate determinations under different conditions. A, B and C refer to the blank, standard 
and sample titration curves, respectively 

Sulphate taken, Number of 
g/100 ml titration 

Found,* 
g/100 ml 

8.6, 
8.3, 

7.8, f 0.0, 
8.4, f 0.2, 

11.7,*0.1, 

8.6, + 0.2, 

2.6, + 0.1, 

3.7, f 0.09 

curves 

A B C Standard Samule 

7.1021 8.5221 
7.1021 8.5221 
7.1021 7.8122 
2.8400 8.5206 
8.5700 11.6680 

4.3760 8.5742 

4.3500 2.7250 
3.1188 
4.9900 

3.7425 

1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 

1 1 1 

1 1 1 

1 2 1 

Number of 
different 

pH values 

1 

9 
10 
10 

10 

10 

15 

PH 

0.4 
0.65 

0.47-1.10 
161.9 
1.7-2.1 

1.2-1.55 

0.07-0.92 

0.74-0.96 

Medium 

NaCl, 2M 
NaCl, 2M 
NaCl, 2M 
NaCIO,, 2M 

> 

NaNO,, 2M 
NaOGCCH,, 0.12M 
NaNO,, 2M 
NaNO,, 2M 

NaNO,, 2.63.1M 

*Mean f 95% confidence limits. 

combined electrode. The method requires neither 
temperature-control nor calibration of the cell, but the A 
determination and the analytical measurements have to be 
made under strictly identical conditions. For approximate 
pH standardization, Radiometer pH 7.0 buffer was used. 

All the chemicals were of analytical-reagent grade 
(Reanal, Hungary) and used without further purification. 

RESULTS AND DISCUSSION 

It can be seen in Fig. 1, that the sulphate and blank 
titration curves are identical above pH 3, owing to the 
negligible protonation of the sulphate, so this part of 
the titration is of no value for our purpose. 

Table 1 shows experimental results for deter- 
mination of sulphate in the presence of accom- 
panying electrolytes at high concentrations. It can be 
seen that the sulphate determination is feasible in 
solutions of not only the less basic chloride, nitrate 
and perchlorate ions, but also in the presence of 
the significantly more basic acetate (and of course 
hydroxide) ions. 

Since the acetate protonation is more than 99% 
complete below pH 2.7, this effect can be quan- 
titatively taken into account at pH 0. l-l .9, where the 
evaluation of the sulphate content is best. The use of 
two standards, at greater and lower sulphate concen- 
tration than that of the sample, is recommended 
when the ionic strength is unknown or cannot be kept 
constant. 

It is obvious from theoretical considerations that 
sulphate can be determined by this simple method 
without interference in the presence of all the halides 
and perhalates, carbonate, permanganate, sulphide 
and so on. Of the other common inorganic anions, 
phosphate, chromate and thiosulphate definitely 
interfere. In general, those bases with protonation 
constants (log K) outside the range log KS%- + 3 do 
not interfere, the others do. Ions with log K > 4.5 are 
protonated practically completely by the acid titrant 
before the sulphate is protonated, and nitrate and the 
other anions of very low basicity do not even begin 
to be protonated. Since SO:-, SrO:- and H,PO; are 
all protonated in a similar pH range, !I,@- and 

H,PO; seriously interfere. However, sulphate can 
still bc determined in the presence of ions of similar 
basicity by potentiometric mixture analysis, which is 
an improved version of this evaluation method.” 
Table 1 shows that even a single determination at 
one pH value (arbitrarily chosen) gives satisfactory 
results. 

Interfering ions can be detected by the use of 
the titration data for several pH-values. Accurate 
measurements in the absence of interferents give the 
same, pH-independent, analytical results from differ- 
ent points over a wide pH range. If the protonation 
properties of the interfering ions are not identical to 
those of sulphate, they will cause a definite pH- 
dependence of the analytical data. 

The protonation constant of sulphate decreases 
with increase in ionic strength.* Accordingly, the 
lower the salt concentration in the titrated solution, 
the lower the concentration of sulphate that can be 
determined. Similarly, if the protonation of sulphate 
is promoted by a decrease in the dielectric constant 
of the medium (e.g., by use of a non-aqueous or 
partly aqueous solvent), the sensitivity of the method 
can be increased, by as much as two orders of 
magnitude. 

The classical gravimetric methods for sulphate 
determination are certainly more accurate and pre- 
cise, but simplicity, cheapness and rapidity are advan- 
tageous characteristics of this titrimetric type of 
determination of sulphate (and other very weak bases 
and acids). 

1. 

2. 
3. 

4. 

5. 
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Summary-Traces and small amounts of bismuth can be separated from gram amounts of thallium and 
silver by successively eluting these elements with 0.3M and 0.6M nitric acid from a column containing 
13 ml (3 g) of AG5OW-X4, a cation-exchanger (lOtK200 mesh particle size) with low cross-linking. 
Bismuth is retained and can be eluted with 0.2M hydrobromic acid containing 20% v/v acetone, leaving 
many other trace elements absorbed. Elution of thallium is quite sharp, but silver shows a small amount 
of tailing (less than 1 Fgjrnl silver in the eluate) when gram amounts are present, between 20 and 80 pg 
of silver appearing in the bismuth fraction. Relevant elution curves and results for the analysis of synthetic 
mixtures containing between 50 fig and 10 mg of bismuth and up to more than 1 g of gallium and silver 
are presented, as well as results for bismuth in a sample of thallium metal and in Merck ~al~~~) 
carbonate. As little as 0.01 ppm of bismuth can be determined when the separation is combined with 
electrothermal atomic-absorption spectrometry. 

The separation of bismuth from other elements by 
ion-exchange chromatography has received consid- 
erable attention during the past few decades. A 
method was described by Lurje et al.’ who showed 
that bismuth is eluted by O.OSM sulphuric acid, 
containing 1% of potassium iodide, from a cation- 
exchange column, whiIe copper and lead are retained; 
this was probably the first of the numerous methods 
published. One of the most generally applicable 
methods originates from the work of Nelson et al.* 
who showed that bismuth is retained by strongly 
basic anion-exchange resins from hydrochloric acid 
over practically the whole acid concentration range. 
Lead can be eluted with 8M hydrochloric acid, 
followed by elution of iron(II1) and most other 
elements with OSM hydrochloric acid, bismuth being 
retained, it can be eiuted with lM sulphuric acid, 
Cadmium, zinc and indium are not effectively eluted 
with O.SM hydr~hloric acid. N~erous applied and 
adapted versions of this method have appeared in 
the literature. Furthermore, in hydrochloric acid- 
ammonium fluoride mixtures, elements such as tin, 
germanium, arsenic and antimony can be separated 
from bismuth.) 

Probably the most selective method, which sep- 
arates bismuth from almost all other elements, is 
anion-exchange in nitric-hydrobromic acid mix- 
tures.4 By elution with 0.03M hydrobromic acid in 
2M nitric acid, even gram amounts of cadmium can 
be separated from traces of bismuth, with only a very 
small column. This separation is not possible in pure 
hydr~hlo~c or hydrobromic acid solutions by 
anion-exchange because both elements are very 
strongly retained down to very low acid concen- 

trations and show only small differences in their 
anion-exchange behaviour. 

Aqueous hydrohalic acids and their mixtures 
with other acids or with organic solvents are not 
suitable for the separation of bismuth from large 
amounts of thallium and silver because upturn 
chloride and bromide are only sparingly soluble, the 
silver compounds are insoluble, and thal~um(II1) is 
very strongly retained over the whole acid concen- 
tration range (similarly to bismuth). In the 
nitric-hydrobromic acid mixtures described above,4 
separation of thallium(I) from bismuth could become 
possible provided that the formation of bromine 
through oxidation by nitric acid, leading to the 
formation of thallium(II1) (which is very strongly 
adsorbed), could be suppressed by addition of a 
suitable reducing agent such as sulphur dioxide. 
However, only limited amounts of thallium(I) could 
be handled because of precipitate formation. The 
separation of silver would once again not be possible. 
Furthermore, it has been shown that bismuth is 
selectively sorbed from ammonium nitrate solutions 
by anion-exchange resins,’ but the distribution 
coefficient for bismuth (about 90 in 8M ammonium 
nitrate medium) is not very high. The high salt 
concentration could cause problems, and the behav- 
iour of thallium and silver does not seem to have been 
investigated. A better separation with a larger distri- 
bution coefficient for bismuth can be obtained when 
nitric acid-methanol mixtures are used instead of 
a~onium nitrate, and co-sorbed ~o~urn, lan- 
thanides and Iead are eluted with hydr~hlo~c 
acid-methanol mixtures before the final elution of 
bismuth with 1M nitric acid.5 Unfortunately, the 
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exchange rates with the 8% cross-linked resin used 
are rather low with the nitric acid-methanol mix- 
tures. In addition, the nitrates of gallium and 
silver have only limited solubility in methanol and 
ethanol. 

This paper presents an alternative approach which 
can be used to separate traces and also small amounts 
of bismuth from gram amounts of thallium and 
silver, with only small resin columns. It has been 
shown recently that the cation-exchange separation 
of indium and silver in nitric acid can be considerably 
improved by using a resin with low cross-linking 
(AGSOW-X4) instead of the usual AG50W-X8 resin.6 
The improved separation is due to the fact that with 
the lower cross-linking al1 cations are somewhat 
less strongly sorbed and the exchange rates are con- 
siderably faster and more favourable, especially for 
strongly sorbed univalent elements such as silver and 
thallium, which tend to tail considerably with the 
AGSOW-X8 resin. As a result, silver and thallium 
should be eluted quantitatively at considerably lower 
nitric acid concentrations. Because the distribution 
coefficients of univalent elements decrease linearly 
with increase in hydrogen-ion concentration, while 
those of tervalent elements decrease in proportion to 
the third power of increasing hydrogen-ion concen- 
tration, elution with a lower concentration of nitric 
acid considerably enhances the separation factor 
between uni- and tervalent cations. 

Accoring to published data7 thallium is only 
slightly more strongly sorbed than silver by the 8% 
cross-linked resin. Bismuth is somewhat less strongly 
sorbed than indium, but the distribution coefficient of 
379 in OSM nitric acid is still sufficiently large (the 
coefficient given in reference 7 was in error). No 
experimentally determined coefficients seem to be 
available for a 4% cross-linked resin, though our own 
experience indicates that the same pattern should be 
followed, with coefficient values around 60% of those 
obtained with the AG50W-X8 resin. 

This seems to suggest favourable conditions for a 
separation of bismuth from large amounts of thal- 
lium and silver. The quantitative aspects of such a 
separation have been investigated and are described 
here. 

Reagents and apparatus 
Analytical reagent grade chemicals were used. Water was 

distilled and then demineralized. The resin used was the 
AGSOW-X4 strongly acid sulphonated polystyrene cation- 
exchanger, 100-2~~ mesh p&ticle size, in ihe hydrogen 
form. Borosilicate glass tubes (14.6 mm bore and 200 mm 
long) joined to a &der upper‘pati (20 mm diameter and 
100 mm long) served as columns. The colmnns were fitted 
with a porosity-l sintered-glass disc and a burette tap at the 
bottom and a El9 ground-glass socket at the top to hold a 
dropping funnel as a reservoir. The columns were filled with 
a slurry of resin until the settled resin reached a mark 
corresponding to 13.0 ml (~3.0 g of dry resin). The resin 
was washed with 100 ml of 3.OM nitric acid (to remove 

traces of chloride impurities) and then equilibrated with 
50 ml of 0.2M nitric acid. 

Atomic-absorption measurements were made with a 
Varian-Techtron AA-S instrument. An automatic Aimer 
Central Fractionator was used to collect fractions for the 
preparation of the elution curves. 

Elution curves 
Separation of Z’/(I) from Bi(lll). A mixture containing 

2 g of thallium and 10 mg of bismuth in 200 ml of 0.2M 
nitric acid was prepared and passed through an equilibrated 
resin column. The elements were washed onto the resin with 
five 10-r& portions of 0.3&f nitric acid. Elution was done 
with 200 ml of 0.6&f nitric acid for thallium and 100 ml 
of 0.2M hydrobromic acid-20% v/v acetone for bismuth. A 
flow-rate of 4.0 + 0.5 ml/min was maintained throughout. 
Fractions of 20 ml were collected from the beginning of the 
sorption step, by use of the automatic fractionator. The 
amounts of the elements in each fraction were determined 
by atomic-abso~tion spectrometry, with the air-acetylene 
flame, at the 276.8 and 223.1 nm lines for thallium and 
bismuth, respectively. Larger amounts of thallium were 
determined by complexometric titration of thallium(III) 
(after oxidation with bromine) with EDTA at pH 9.0, with 
Methylthymol Blue (sodium salt) as indicator.’ The experi- 
mental curve is shown in Fig. 1. 

~e~arutjo~ of Ag(Z) from l%(M). A mixture confining 
1.3 g of silver and 2 mg of bismuth in 200 ml of 0.2M nitric 
acid was prepared and passed through an equilibrated resin 
column. The elements were washed onto the resin with five 
lo-ml portions and one 5%ml portion of 0.3M nitric acid. 
Elution was done with 250 ml of 0.6M nitric acid for silver 
and 100 ml of 0.2N hydrobromic acid-20% v/v acetone for 
bismuth. A flow-rate of 4.0+0.5 ml/min was maintained 
throughout. Fractions of 20 ml were collected from the 
beginning of the sorption step, with the automatic frationa- 
tor. The amounts of the elements in each fraction were 
determined by atomic-absorption spectrometry, with the 
air-acetylene flame, and the 328.1 and 223.1 nm lines for 
silver and bismuth, respectively. Larger amounts of silver 
were determined by titration with potassium thiocyanate, 
with ferric iron solution as indicator. The experimental 
curve is shown in Fig. 2. 

Quantitative separations of synthetic mixtures 
A series of columns containing 13.0 ml of AGSOW-X4 

resin was prepared as described above. Appropriate vol- 
umes of standard solutions of bismuth and thallium nitrates 
in dilute nitric acid were measured out accurately in tripli- 
cate, mixed, and adjusted to give a final volume of 200 ml 
with 0,21M nitric acid concentration. Three extra portions of 
each standard solution were measured out and kept sep- 
arately for comparison. The mixtures were passed through 
the resin columns, which had been equilibrated with 0.2M 
nitric acid. The elements were washed onto the resin with 
five 20-ml portions of 0.3M nitric acid. Thallium was eluted 
with 200 ml of 0.6M nitric acid, and coltected from the 
beginning of the sorption step. Bismuth was eluted with IO0 
ml of 0.2M hydrobromic a&d-20% v/v acetone. The bis- 
muth eluates were evaporated to dryness on a water-bath 
and the organic matter oxidized by heating with 2 ml of 
concentrated nitric acid and 0.5 ml of concentrated 
perchloric acid and evaporation to small volume. The 
residue was taken up in enough nitric acid to @ve a final 
concentration of 0.2M when made up to tbe appropriate 
volume. Blanks were run through the whole procedure. The 
amounts of the elements in the eluates and in the standard 
solutions were determined. When necessary, thallium was 
determined by complexometric titration with EDTA, and 
traces of thallium and the amounts of bismuth in the 
bismuth fractions were determined by atomic-absorption 
spectrometry as described above. Table 1 presents the 
results obtained. 
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I--- SORPTION eHNo oo3M+--- 0.6M HNO, -+0*2MHBr4 
3 20% ACETONE 

100 200 300 400 

ml ELUATE 

500 600 

Fig. 1. Elution curve for Bi(III)-n(I): 13 ml (3 g) of AGSOW-X4 resin, 109-200 mesh; column length 80 
mm, diameter 14.6 mm; flow-rate 4.0 f 0.5 ml/min. 

Quantitative separations of bismuth and silver were per- 
formed in the same manner except that five 20-ml portions 
and one SO-ml portion of 0.3M nitric acid were used to wash 
the elements onto the resin and 250 ml of 0.6M nitric acid 
were used to elute the silver. Large amounts of silver were 
determined by titration with potassium thiocyanate as de- 
scribed above. Table 1 gives the results. 

detestation of batty in a~~~t~~a~-~a~ reagents 
Thallium metal (14.2204 g) or thallium(I) carbonate 

(22.9363 g) was dissolved by heating with a calculated 

amount of nitric acid (enough to fotm the nitrate and to 
give a 6nal concentration of 0.2M nitric acid in 500 ml). The 
solutions were diluted to SO0 ml and So-ml aliquots were 
measured out in quadruplicate. Bach was diluted to 200 ml 
and enough nitric acid added to give 0.2M concentration. 
The bismuth was then separated on 3-g resin columns as 
described above. Duplicate bIanks were run through the 
whole procedure and tbe results were corm&d accordingly. 
The bi~uth~on~i~in~ fractions were evaporated to dry- 
ness and the organic matter oxidized as described above. 
The solutions were hnally made up to 10 ml in volume with 

+- SORPTION +0.3MHNO,~t 0.6M HNO, 

616 

t 

100 200 300 400 600 600 

ml ELUATE 

Fig. 2. Elution curve for Bi(III)-Ag(1). Column, resin and flow-rate as for Fig. 1. 
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Table 1, Quantitative separations of synthetic mixtures 

Amount taken, mg Amount found,* mg Amount of 
- other ion found in 

Other ion Bi Other ion Bi Bi fraction, fig 

T&I) 2oot3 10.40 n.d.t 10.42 * 0.03 
TW) 199.0 9.89 198.9 & 0.8 9.85 4 0.03 0 
n(r) zoo0 0.1980 n.d. 0.1985 i 0.#07 12-17 
TV) 2f@@ 0.0495 n.d. 0.0495 f 0.000I I I-i7 
Ag(I) 1300 10.00 n.d. f&O1 f 0.01 43-78 
Ag(l) 138.28 to&=0 130.08 f 0.09 10.02 f 5.02 6-45 
As(I) 1300 0.198 n.d. 0.197 f 0.W 26-79 
Ag(1) 1300 0.0495 n.d. 0.0491 f 0.0014 20-78 

*Results are the means of at least triplicate runs. 
tn.d., not determined. 

Table 2. Determination of bismuth in analytical grade 
chemicals 

Chemical 

Thallium metal 
ptl& 

Amount 
Source taken, g Bismuth content 

Ffuka 1.4220 2.37 f 0.1 I @g/g 

T&JO, anaiytical Merck 2.2936 
reagent grade 

12 L 3 n&g 

0.2M nitric acid. Bismuth was determined by ekzetrotbermal 
atomic-absorption spectrometry as described below. The 
results are presented in Table 2. 

Electrofhermal atomic-absorption specfrometry 
A Perkin-Elmer model 40 atomic-absorption spec- 

trometer witb a deuterium arc background corrector was 
used in conjunction with a Perkin-Elmer HOA-SOO graphite 
furnace. ~~lyti~liy coated graphite tubes (6 mm bore, 28 
mm in length) were obtained from Pyrocarbo, ptetoria. The 
bismuth borrow-~ath~e tamp was operated at 7 mA and 
monitored at 223.0 nm, with a band-pass of 0.2 nm. Samples 
were dispensed into the graphite tube with a Perkin-Ehner 
AS-40 autosampler, capable of delivering 2O-$1 samples 
with a precision of + 1%. Argon (African Oxygen Ltd, 
spectrographic grade) was used as sheath gas. 

Aliquots (20 ~1) of standards and samples, each contain- 
ing 50 fig/ml Ni were analysed under the operating con- 
ditions described in Table 3. The presence of 50 pg/ml 
nickel in the standard bismuth solutions increased the 
sensitivity by an average of about 30%, and the reproduci- 
bility was also considerably improved (coefficient of vari- 
ation less than 1%). A minimum of four analyses was 
performed on each solution‘ As the absorbance values tend 
to vary according to the condition of the tube, the readings 
for standards and samples were taken alternately during the 
same run, the standard chosen being the one which gave a 
reading nearest to that of the unknown. 

DISCUSSION 

The results obtained after the quantitative sep- 

arations of binary synthetic mixtures are presented in 
Table 1 and those from some analytical grade chem- 
icals in Table 2. The method described provides a 
useful means for the quantitative separation of bis- 
muth from large amounts of strongly retained uni- 
valent cations such as thalli~(~ and silver(I) and 
demonstrates that only by use of a resin with a low 
cross-linking does such a separation become rela- 
tively easy. With the usual 8% cross-linked resin, 
both thallium(I) and silver tail considerably, even 
when emted with l.OM nitric acid, while the distri- 
bution coefficient of bismuth is considerably lower 
at this acid concentration and longer columns are 
required. This makes the separation problematical. 
Most other elements, including indium, gallium, zinc, 
lead(E) and iron(II1) am still retained when bismuth 
is eluted from the ACSOW-X4 resin with 0,2&f 
hydsob~~~ acid containing 20% v/v acetone. The 
a=urate determination of bismuth in thallium metal 
and compounds thus becomes possible even when it 
oeeurs at very low trace levels. 

Separations of bismuth from thallium are sharp 
and recoveries quantitative, as indicated by the elu- 
tion curve (Fig. 1) and the results for the deter- 
mination in the synthetic mixtures containing 
amounts ranging from 50 fig to 10 mg of bismuth 
(Table 1). When the separation is combined with 
a method of determination which is of suiXcient 
sensitivity such as electrothermal (Furnace) atomic- 
absorption speetrometry, even bismuth at coneen- 
trations as low as a few rig/g in solid samples can still 
k separated and determined successfully, as indi- 
cated by results obtained for bismuth in analytical 
grade thallium(1~ carbonate (Table 2}, although the 
reproducibility of the results is somewhat poorer. It 
was found that when the furnace method was used 
for determination, the presence of 50 pg/ml nickel in 

Table 3. Operating conditions for the graphite furnace 

Temperature, Ramp time, Hold time, Internal gas fiow, 
Sten *c see set ml/m&r 
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Summary-The effect of iron(II1) ions on the potential of the chalcocite electrode was investigated. Linear 
graphs were obtained for pFe(II1) = 24, and were suitable for analytical purposes. The effect of ligands 
complexing iron(II1) was studied, and the potential shown to be due to the concentration of free iron(II1) 
ions only. The pH effect is mainly connected with solution reactions. A mechanism of potential response, 
based on a redox reaction, has been postulated, but the response does not depend on the redox potential 
in the bulk of the solution. 

Copper(I) is nominally the primary ion for the chal- 
cocite membrane electrode, but in many analytical 
conditions its concentration can be neglected in com- 
parison to that of other potential-influencing ions. 
Such ions include copper( for determination of 
which the chalcocite electrode is usually applied. 
Another important interferent is iron(III). The select- 
ivity coefficient Kp&6,,,, is as high as 20.’ Some 
authors*” indicate that the potential of the copper- 
selective electrode is influenced by iron(II1) even 
when copper is present in tenfold ratio to it. It has 
also been observed4 that the membrane dissolves in 
the presence of iron(II1). To avoid the harmful effect 
of iron(II1) on copper determinations the inter- 
ferent should be masked by fluoride3*%’ or citrate’ or 
precipitated as the hydrous oxide.9,‘0 The last pro- 
cedure can, however, lead to co-precipitation errors.‘O 
The aim of this study was to elucidate the mechanism 
of the iron(III)-response of the copper ion-selective 
electrode. Understanding of the electrode behaviour 
in various conditions may be useful in practical 
applications for analytical determination of iron. 

Reagents 
All reagents were of analytical grade, and their solutions 

were prepared with triply distilled water. 
Standard solutions of iron(III), 0.980 and O.Q85M, as the 

nitrate and sulphate, respectively, were acidified with the 
appropriate acids. Working solutions were prepared by 
dilution with water. A standard solution of iron was kept 
under argon to prevent its aerial oxidation. 

Apparatus 
The clukoche copper ion-selective electrode was of our 

own construction and its properties were investigated 
earlier.“-13 For potential and pH me~u~ments, Beckman 
model 4500 and Orion model 701 pH-metem were used 
with the chalcocite electrode and a Beckman 39301 glass 
elsctrode. As reference, an Orion 90-02 double-junction 
electrode was used. 

Procedure 

The working curve of potential as a function of Fe(II1) 
concentration was prepared by addition of standard 
iron(II1) solution to a solution containing 5 ml of 2M 
sodium nitrate or 0.5M magnesium sulphate, and 95 ml of 
distilled water. The pH was adjusted to l-2 by addition of 
concentrated nitric or sulphuric acid. The solution was 
stirred continuously with a magnetic stirrer and deaerated 
with a stream of argon for 30 min. The potential was read 
when the drift was not more than 0.1 mV/min. The electrode 
surface was polished with emery paper wetted with 1% 
ascorbic acid solution. 

RESULTS AND DISCUSSION 

Dependence of electrode potential on log [Fe’+ J 

The working curve for determination of iron(II1) 
was determined for the pFe(II1) range 2-5. The 
standard solutions were prepared by addition of 
iron(III) nitrate to a solution of pH 2.00. The pH was 
corrected with sodium hydroxide solution after each 
addition (Fig. 1, curve 1). Transient formation of 
Fe(OH), was observed. The slope of the curve was 
28.5 mV~pFe(III), less than that for solutions without 
pH correction (Fig. 1, curve 2) for which the final 
pH was 1.78 at pFe(II1) = 2, and the slope was 
3 1~ mV/pFe(III). It is probable that formation of inert 
polynuclear hydroxide complexes during the pH- 
adjustment may be responsible for this behaviour; 
however, the conditioning of the electrode before 
measurements also has an effect on the electrode 
characteristics. The behaviour described was found 
for electrodes which were kept dry before measure- 
ments. When an electrode was conditioned in 1M 
copper nitrate, the slope was 27 mV/pFe(III) (Fig. 1, 
curve 3). The linear ranges also differed for these 
curves, the shortest being that for the electrode 
treated in copper solution. The ~pr~ucibil~ty of the 
slope [I mV/pFe(III)] and the constancy of E” (5 mV) 
were worst when the electrode surface was freshly 
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This suggests that the working curve should shift 
toward more positive potentials by approx. 6 mV. 
The experimental curves, however, show a reverse 
shift of 10 mV (Fig. 2). This is most probably caused 
by a change of the liquid-junction potential when the 
double-junction reference electrode is used. This 
change, measured vs. a chloride ion-selective elec- 
trode, is -20 mV, which swamps the change due to 
the side-reaction. A difference of 4 mV can be 
attributed to corrosion processes at pH 1. 

M- 

2 
2 @3- 
4, 

SO- Effect of complexation and redox potential 

40- 

30 - 

zoo- 

2 3 4 5 

pFe (IIt) 

Hydroxide complexation does not explain com- 
pletely the effect of decreasing the concentration of 
Fe(III), because of accompanying effects due to the 
pH change. A better insight is obtained when 
measurements in nitrate solutions are compared with 
measurements in sulphate solutions, with magnesium 
sulphate to keep the ionic strength constant (Fig. 3). 
At pFe(III) = 3, the potential is 1.5 mV lower 
in sulphate medium than in nitrate, because the 
iron(III)-sulphate complex is stronger. Fig. 1. Working curves for the chabocite electrode in 

iron(lI1) nitrate solution, with various electrode pre- 
treatments (see text). 

polished. It has been stated that polishing is in 
general not necessary, especially when the iron(II1) 
concentration is less than IO-‘M, and this indicates 
that at pH 2 the membrane corrosion is negligible, 
which is not the case at pH 1. 

Electrode response at various pH values 

Increasing the pH above 2 has a ~sadv~tageous 
effect on the solution conditions, because of for- 
mation of hydroxide complexes of iron(III), and the 
possibility of forming polynuclear species. 

The formation constant of Fe(OH)*’ is log 
/?I = 11.8,” so at pH 2 and 1, the side-reaction 
coefficients t(rc(oH) are 1.64 and 1.06, respectively. 

In the presence of strong complexing agents (phos- 
phate, citrate) the potential of the electrode is inde- 
pendent of the iron(II1) concentration, but depends 
only on the pH and ligand concentration. The 
iron(II1) is presumably completely complexed by 
strong ligands, and the potential governed by the 
residual copper(I1) interactions, which are activated 
by the presence of oxygen in the solution. 

When the solution contains higher levels of 
iron(II~~, the deaeration with argon has little effect on 

Fig. 2. Working curves for the chalcocite electrode at 
various pH values. 1, pH 1.0; 2, pH 1.3; 3, pH 1.7; 

4, pH 2.0. 

pFe UIII 

Fig. 3. Comparison of working curves in potassium nitrate I_ , ^. . . 
(curve I), and magnesmm suiphate (curve 4 media. 
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pFe tllIl 

Fig, 4. Potential of the chaleoeite electrode in the pm+ 
ence of iron( The ratio C,,+/C,,+ = 5:4 is constant; 
pH = 1; Q--&&ode without polish@, solution not 
deaerated, x-electrode polished before measurements, 

deaerated solution. 

the electrode response. A series of measurements was 
performed in the presence of both components of the 
Fe(III)/Fe(II) redox couple at a constant ratio of 5 :4 
(Fig. 41, and therefore of constant redox potential. 
In this case, the presence of iron@I) had a small effect 
on the electrode response and the electrode potential 
was a function of only the iron(II1) concentration. 
A small difference ob~rvd between readings in the 
presence and absence of oxygen was probably caused 
by slight oxidation of iron(I1) to iron when the 
solution was not deaerated. The iron(I1) ions alone 
exert an effect similar to or weaker than that of other 
bivalent transition-metal ions. These experiments in- 
dicate that only the iron(II1) is responsible for the 
electrode behaviour. 

There has been some controversy concerning the 
mechanism of the iron(IIIf interaction with copper 
ion-selective electrodes. Although dEerent types of 
copper electrodes differ in initial composition, it has 
been stated by several investigators, who used various 
techniques (including X-ray diffraction),‘5*‘6 that they 
all contain jalpaite (Ag,,,Cu,,,S), which is largely 
responsible for the electrode properties. 

Savvin et nb,” using the Cu,S electrode, have 
postulated a simple exchange mechanism, which they 
base on the values of the solubility products of 
corresponding salts. Smith and Manahan3 and Fung 
and Fungi8 have suggested oxidation of the sulphides 
in the Ag,S 4 CUS membrane. Zhukov ef al.r9 have 
presented similar su~es~ons for Cq,.. *Se and 
Cu,_,Te membranes, which also contain the corre- 
sponding silver salts. On the basis of their experi- 

ments, Heijne et a1.‘5J0 suggest the occurrence of the 
oxidation reactions: 

cu,S$Cus 4 cu2+ + 2 e- 

Ag,_,Cu,S+i - &)Ag$ +f~ CuS 

+i.x Cut* fxe- z 

Taking into account all these suggestions, three 
different mechanisms may be responsible for the 
iron(II1) interference and the iron(II1) function of the 
copper electrode: 

(A) 3Cu,S + 2Fe’“eFe& -t- 6Cu+; K, = 10-s 

(B) Cu,S + 2Fe”+@2Cuf $ S + 2Fez+; 
Kz=3 x lo-’ 

(Cl Cu,S + 2Fe3”z+CuS -I- Cu2+ + 2F&+; K~ = 10~ 

for which the ~~~ib~~rn constants were cakulated 
from data given in Table I. 

For chakocite membrane electrodes, the potential 
depends on the concentrations of copper@ and cop- 
perjI1) according to the equations 

E = B” + 59.2 log [Cu’] (I) 

E = E” + 29.6 log ECU*‘] (2) 

If the concentration of copper(I) is calculated from 
the equilibrium constant of reaction (A) then 

[Cu+] = “,/Km = a&;fFe3+]1i3 (3) 

Substitution into equation (1) shows the electrode 
slope should be 59.2]3 mV~pFe~III~ which is close to 
20 rnV~pF~~~~ which is in disagreement with the 
experimental value. 

When scheme (I%) is assumed, the concentration of 
copper (I) is given as: 

(4) 

Two cases can be discussed here, In the first, the 
iron(H) ions originate only from the indicated reac- 
tion. Then 

[Cu+] =i [Fez+] f% 

and 

![CU+]~ = iu,[Fe3’] (61 

or 

[cw ] j= JzJK?q 

Table 1. Constants used in calculations 

Constant Value Ref. 

749 mV 22 
158.6 mV 22 

-476.3 mV 22 

(3 
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This would be confirmed by a slope of 30 
mV/pFe(III), which agrees with the experimental 
data. However, if an excess of iron(H) is added and 
kept at a constant level, then 

,cu+ \ _ [Fe3+ 14 
. a const 

\ , 

and the slope should be 59.2 mV/pFe(III), which is 
not observed experimentally. The addition of large 
amounts of iron(I1) influences neither the response 
slope nor the potential values. The validity of mech- 
anism (B) requires also that the addition of 10e3A4 
iron(I1) to 10T3M iron(II1) should decrease the con- 
centration of copper(I) at the membrane surface from 
5.2 x 10S4M to 3.0 x 10e4M, leading to a potential 
change of 7-8 mV, which was not experimentally 
observed. It is also difficult to imagine why an 
equilibrium constant of the order of lOA7 could give 
an experimental selectivity coefficient in the range 
0.1-1.0. 

The most probable mechanism seems to be (C). 
The reaction should be strongly shifted to the right 
and consequently the concentration of copper(I1) at 
the membrane surface would be equal to half the 
iron(II1) concentration in the bulk solution. Thus 

[Cu2+l, =f[Fe3+] (9) 

and the expected slope should be close to 29.6 
mV/pFe(III). The potential values of the electrode for 
given iron(II1) concentrations should be about 9 mV 
more positive than for copper(I1) under similar ex- 
perimental conditions. This is within 1 mV of the 
measured values. The concentration of copper(I) at 
the membrane surface calculated from the equi- 
librium constants should be independent of iron(I1) 
concentration, which is in fact observed. The large 
value of the equilibrium constant for mechanism (C) 
also suggests that the value of the selectivity 
coefficient should be close to units. In such a case, a 
rapid establishment of a stationary state must be 
assumed, as is the case for the iodide ion-selective 
membrane used for cyanide measurements. In that 
case, the CuS layer forms a diffusion barrier. 

Mechanism (C) is also supported by Pomian- 
owski,23 who postulates similar reactions in his 
study of the corrosion of certain minerals, including 
chalcocite. 

CONCl.USIONS 

The chalcocite copper ion-selective electrode may 
be used as an iron(II1) electrode. The response slope 

is close to 29.6 mV/pFe(III), and the response is 
thought to be due to the reaction: 

Cu,S + 2Fe3+ *CuS + Cu2+ + 2Fe3+ 

The electrode may be used for determination of 
iron(II1) and has been successfully applied to analysis 
of the acid solutions used for desulphuration of 
coal-gas, for iron(II1) at concentrations > 10-4M.24 
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Smry-Application of coulometric titration to the determination of the protonation constants of acids 
and bases offers several advantages because of its simplicity, precision and accuracy. This procedure is 
rapid and requires only one calibration solution of strong acid in the same solvent and at the same ionic 
strength as the solution of acid (or base) being investigated. The procedure seems to be especially 
advantageous in the case of non-aqueous or mixed solvents having amphiprotic character. The validity 
of the method has been checked with several substances in water, 95% ethanol and ethylene glycol. 

The most common procedure for determining 
protonation constants is based on titration of the 
investigated acid with strong base, or titration of the 
investigated base with a strong acid.’ The changes in 
hydrogen-ion activity are followed with a glass elec- 
trode calibrated with appropriate standards. In the 
procedure used by Budevsky et a1.2 for studies of 
non-aqueous equilibria, no preliminary calibration of 
the cell with pH standards is needed. The potential 
evaluation is based on the so-called ‘6Eo-titration”,3 
in which a strong acid of known concentration is 
titrated with a strong base. At constant ionic strength 
the e.m.f. of the cell is linearly dependent on the 
logarithm of the hydrogen-ion concentration. 

Knowledge of protonation constants in non- 
aqueous or mixed solutions is interesting for analyti- 
cal chemistry, but several experimental difficulties 
hinder the measurements. The coulometric titration 
technique can easily be adapted to investigation of 
autoprotolytic equilibria in various amphiprotic 
solvents” and this paper extends the study to pro- 
tonation equilibria. Well-known equilibria were 
studied so that the results would be compared with 
literature data. 

The main advantage expected in this procedure is 
simplicity, because it is not necessary to prepare 
titrant solutions (the titrant is generated electro- 
lytically). This eliminates standardization, but 
requires 100% generation efficiency. An additional 
advantage is possible in the titration of acids, because 
a single-compartment cell can be used, providing that 
the silver error in a given solvent is sufficiently smalla 
This advantage arises from the elimination of 
diffusion between the two parts of the cell. The 
advantages of both types of cell have been discussed 
elsewhere?” 

*Present address: School of Medicine, Bialystok, Poland, 

EXPERIMENTAL 

Reagents 

Analytical grade chemicals were used with further 
purification in the following cases. Ethylene glycol was 
additionally dried with anhydrous sodium sulphate and 
distilled at 1.3 kPa (10 mmHg) pressure. Mono-, di- and 
triethanolamines were distilled at normal pressure. Nitro- 
phenols were recrystalli& from water. Sodium perchlorate 
and bromide were recrystallized from water. 

Apparatus 
The amperostat was a PAR model 173 with a model 179 

inte~tor. A Radiometer PHM-64 pH-meter was used with 
a G202B Radiometer glass electrode and a silver-silver 
bromide reference electrode. The generating circuit consis- 
ted of a platinum electrode with a surface area of about 0.6 
cm2, and a platinum auxiliary electrode with surface area of 
about 3 cm! With the single-compartment cell a silver 
anode with surface area of about 25 cm* was used. All 
measurements were made at 25” in deaerated solutions. 

Procedure 
In the two-compartment cell the anode and cathode were 

separated by two sintered-glass diaphragms (porosity 4) 
with the intermediate space filled with 3% agar-agar sol- 
ution. The generating electrode was placed in the lOO-ml 
compartment and used as the cathode in titrations of acids 
or the anode in titrations of bases. In titrations of acids this 
~rnp~ent was filed with 4tMO ml of 0.05M sodium 
~rchloratelO.05~ sodium bromide solution in an appropri- 
ate solvent. The same electrolyte was used in titrations in the 
single-compartment cell. In titration of bases the solution 
contained only 0. 1M sodium perchlorate. The second com- 
partment of the cell was filled with 0.1 M sodium oerchlorate 
in water or methanol. 

The indicator glass electrode was placed directly in the 
generating compartment. In titrations of acids the reference 
electrode was also directly immersed in this compartment, 
whereas for titrations of bases it was placed in a 0.09M 
sodium pe.rchlorate/O.OlA4 sodium bromide solution con- 
nected to the cell by au electrolyte bridge. The sample 
solutions contained from 0.04 to 0.2 mmole of acid or 
base. The current density at the generating elect&e- was 
appro~~tely 10 mA/cm*. 

The titration end-point was evaluated by means of 
the Gran fkction6 in the form modified for coulometric 
titrations without vohune change. The electrode slope factor 
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Table 1. Current efficiency of base generation in different solvents 

Solvent 

Water 
Ethylene glycol 
Ethanol 95% 

HClO, 
taken, 
mmole 

0.0420 
0.0510 
0.0620 

Theoretical Charge 
charge, found, Error, 

C c % 

4.052 4.050 f 0.003 0.05 
4.921 4.930 f 0.006 0.18 
5.982 5.993 f 0.005 0.18 

was assumed to have the theoretical value for aqueous 
solutions, Le., -59.16 mV/pH at 25”. 

RESULTS AND DISCUSSION 

For evaluation of the cell calibration constant in 
the E”-titration, the Nemst equation was used in the 
form given by Johansson and Johansson’ 

E=E”+j(H+)+$ln[H+] (1) 

where E" is the constant for the acid, Ez, and j(H+ ) 
represents the liquid-junction potential. In the acid 
titrations j(H+) = 0 because the reference electrode 
was placed directly in the solution titrated. When 
bases were titrated with anodically generated pro- 
tons, the solutions did not contain bromide ions and 
the reference electrode made contact through the 
electrolyte bridge. In such cases j(H+) was assumed 
to be constant throughout the experiment. 

The E”-titrations were carried out in the cell 
(SH = solvent): 

0.05M sodium perchlorate. For titration series on 
different days E” varied by up to 2-3 mV, but the 
difference Ez - Eg remained constant within 0.5 mV, 
indicating the constancy of the autoprotolysis con- 
stants. For ethylene glycol and 95% ethanol these 
constants were 10-‘4.89 and 10-‘s~42, respectively. The 
0.5 mV difference corresponds to an error of 0.01 in 
the logarithm of the autoprotolysis constant. With 
standard perchloric acid solutions, 100% generation 
efficiency was confhmed for the solvents tested. With 
water the error was less than O.l%, and for non- 
aqueous solutions less than 0.2% (Table 1). These 
results refer to a two-compartment cell. In the case of 
a one-compartment cell the error is mainly connected 
with the silver error.’ 

For calculation of protonation constants the usual 
equation 

logKn=pH+ 

,ogc,vEp-cTvT-(vO+ ~T)W+I-PH-~) cd1 
cTvT+ (v,+ V,W+l- W-1) 

Glass electrode] (O.OSM NaCIO,, 0.05M NaBr, 0.02M HC104), SH ( AgBr, Ag 

The Eg value (mV) was then calculated from 

E; = E - 59.16 log [SH:] 

= E - 59.16log 

where V is the volume of solution, Q the charge 
generated at e.m.f. E, and Q,, the end-point charge. 
Points from the titration curve between titration- 
fraction 0.2 and 0.8 were used for the calculations. In 
a similar manner, for the titration-fraction between 
1.2 and 2.0, 

E;=E-59.16log[S-] 

(3) 

The constancy of Eg and Eg along the titration curves 
indicates proper functioning of the indicator elec- 
trode and the validity of the assumptions. 

The values of E,” and Et were determined for 
water, ethylene glycol and 95% ethanol in electrolyte 
solutions containing 0.05M sodium bromide and 

must be rewritten in the form appropriate for 
coulometric titrations: 

logK,=pH+logQ~-Q -FV,W+l-W-1) 
Q +FVoW+l-W-1) 

(5) 
These formulae indicate two principal advantages 

of coulometric determination of equilibria. Accord- 
ing to the general formula (5), only two charge 
values, Q, and Q, and the initial volume, I’,, are 
needed, whereas when the volumetric procedure is 
used, not only the equivalence point volume, V,, 
titrant volume, Vr, and initial volume, V,, are neces- 
sary, but also the exact concentration of titrant, C,, 
or the concentration of the titrated acid sample. 

The next advantage results from the better pre- 
cision of charge measurement compared with the 
measurement of volume. A precision of 0.1% can 
easily be attained in coulometry, and with special care 
even 0.01% can be reached. The proper measurement 
of charge or volume is of special importance when 
calculating differences. 

An important practical advantage results from the 
possibility of better protection of solutions against 
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Table 2. Comparison of two procedures for calculating protonation constants from coulometric 
titration data (benzoic acid in aqueous 0.05M NaClO,-O.OSM NaBr) 

Charge (Q), e.m.f. (E), Q x 1O”s log Kn, 
PW$?!+ A 1 

c mV x IO-3 -lw[WI WI. WI (Q +A) [Eq. WI 
9.001 189.9 14.20 4.02 3.98 9.445 8.718 
IO.00 183.9 12.74 4.12 3.99 10.36 7.718 
11.01 178.2 11.31 4.22 3.99 11.30 6.803 
12.10 171.4 9.56 4.34 3.99 12.32 5.693 
12.50 168.8 8.92 4.38 3.99 12.70 5.296 
13.00 165.3 8.09 4.44 3.99 13.18 4.796 
13.50 161.4 1.22 4.50 3.98 13.65 4.273 
14.00 157.2 6.36 4.58 14.13 3.758 
15.00 147.3 4.63 4.74 

::; 
15.09 2.731 

V=5Oml; Ez=427.4mV, Qar= 17.75. mean log Kh = 3.99 f 0.004 [equation (511, mean log 
KH = 3.98 f 0.01 [equation (a)]. 

the access of carbon dioxide. In coulometric titration 
of acids no dilute solutions of base are needed at all, 
so changes of the titrant concentration or distortion 
of the titration curve do not occur. For studies of 
equilibria in non-aqueous solutions, coulometric 
titration eliminates the cumbersome preparation of 
the solution of the base. Thus only one solution in the 
solvent studied must be prepared and its concen- 
tration is determined in the course of examination of 
the protonation constant. 

Table 3. Protonation constants (log KH) of acids and bases determined by 

Coulometric data can be used also in protonation 
constant calculations according to Chakarova and 
Budevsky,” where the end-point charge Q, and the 
protonation constant Kn are calculated as parameters 
of the straight line from the equation 

[SH: I(Q + A) = Qd&, - @ + A)/&, (6) 

where A = FV{[SH:] - K,/[SH: I}, K = 10 (E; - 
E:)/59.16 is the ion-product of the solvent, and E is 
expressed in mV. 

coulometric titration at I = 0.1 and 25°C 

Acid or base 

Amount 
taken, 
mmole 

log Kut 

SCCb TCC” 
log Ka 

(literature) Ref. 

Solvent: water 

Acetic acid 
Benzoic acid 
Succinic acid 

Tartaric acid 

Phthalic acid 

p-Nitrophenol 
o-Nitrophenol 
m-Nitrophenol 

0.1618 4.57 f 0.01 4.57 f 0.01 4.55 11 
0.1846 3.99 f 0.01 4.01 f 0.01 4.01 12 
0.1431 4.00 f 0.02 4.01 f 0.03 4.00 13 

5.17 f 0.01 5.30 f 0.03 5.28 
0.0962 2.80 f 0.02 2.81 f 0.02 2.80 14 

4.00 f 0.01 4.02 f 0.03 3.96 
0.1212 2.86 f 0.02 2.80 f 0.01 2.76 15 

4.96 f 0.03 4.95 f 0.03 4.92 
0.1019 6.98 f 0.02 6.99 f 0.01 7.02 16 
0.1064 7.01 f 0.01 7.04 f 0.02 16 
0.0926 8.06 f 0.03 8.07 f 0.02 ::: 16 

Solvent: 95% ethanol 

Acetic acid 0.0571 6.74 & 0.01 6.80 f 0.02 5.33’ 2 
9.44’ 17 

Benzoic acid 0.0482 6.54 f 0.01 6.58 f 0.01 9.14’ 17 

Solvent: ethylene glycol 

Acetic acid 
Benaoic acid 

0.0456 1.50 f 0.02 7.52 f 0.02 7.6Y 18 
0.0596 1.39 f 0.02 7.46 f 0.02 1.54’ 18 

Solvent: water 

Monoethanolamine 0.0755 9.26 f 0.01 
Diethanolamine 0.1330 8.87 f 0.01 
Triethanolamine 0.1109 7.76 f 0.02 

tMean from 4 titrations. 
~wocompartment cell. 
bSingle-compartment cell. 
Data for 45% ethanol-55% water, 
dData for 100% ethanol. 
%ormcted to Z = 0.1 by equation (10). 

9.25’ 19 
8.87’ 20 
7.83’ 20 
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Good agreement between calculations done 
with the two procedures was found for benzoic acid 
(Table 2). 

For determination of constants of diprotic acids we 
have used the procedure given by B&ton9 modified 
for coulometric titrations. The protonation constants 
are expressed as 

&I = 
4 yr - Jf2 y2 

y,z, - y2z2 

where 

(7) 

(8) 

and Q, corresponds to titration of both protons. 
The protonation constants of several acids and 

bases in three solvents were determined by this 
technique and compared with the literature data 
(Table 3). The values for bases were calculated by 
using an appropriate modification of equation (5) in 
the form 

E”-E 
logK,=*+log (9) 

When the literature data were given for other con- 
ditions of ionic strength, they were corrected to 
I = 0.1, by using the DebyeHiickel equation 

-logf, = Az2 ,/‘?/(l - Bu 1/) (10) 

with a = 5.‘O In most cases the results agreed with the 
literature data within the limits of experimental error. 

CONCLUSIONS 

The coulometric titration procedure was adapted 
for determination of protonation constants of acids 
and bases in water and organic or mixed solvents. 
This procedure simp~fies the detonation, 

especially in the case of non-aqueous solvents, be- 
cause preliminary preparation of only one solution is 
required, and its concentration is easily evaluated by 
using coulometric base generation with potentio- 
metric detection. It seems that this procedure can be 
applied to amphiprotic solvents in which the strong 
acid and base are suglciently dissociated, and no 
parasitic reduction or oxidation reactions occur 
during cathodic or anodic (base or acid) generation, 
respectively. The precision and accuracy of the deter- 
mination of protonation constants are satisfactory 
for most analytical purposes. 
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Wtnnary-Temperature is shown to be a valuable parameter for optimizing single-column ion- 
chromatographic separations of metal ions, With a perchloric acid eluent, retention times of bivalent metal 
ions decrease with an increase in system temperature, but with doubly protonated amines as eluents the 
retention times increase with an increase in temperature. Consequently, incmasing the system temperature 
iutproves separations of bivalent metal ions when p-phenylenediamine dilhydrcchloride is used as the 
&rent Both conductivity detection and post-cotumn reaction followed by spectrophotometric detection 
are auitnble detection me&od.s at above4mbient temperatures. 

A~~~~ ternI~~~turo is B rnn$~ ox~~~~~~ vat+- 
able in gas chromatography, the use of ahove- 
ambient temperatures in Iiquid ~h~om~t~~aphy, and 
especially in ion-exchange chromatography, is much 
lers common. Several research groups have investi- 
gated the effect of temperature on ion-exchange 
equilibria, including classical ion-exchange separ- 
ations,“-2J Mectivity coefficients were found to ina 
cn3ase or decrease as a function of temperature, 
d~~~~ on the ex&ange reaetion,“@-9*‘4 Changea 
in ~~a~tio~ Eictors with tern~~at~ have heen 
not&~@ In add%onn, elevated tern~~t~~ has 
&en shown to m up the ~~~~~~~ between 
~rnp~x~~~ elueuts and metal ions, thus yielding 
peaks of better shape.2aJ2 

The thermodynamic functions AN*, A@, and 
AS* have heen calculated for ion-exchange reactions 
as o function of temperature,‘.~9 and found to differ 
subsmntially, even for chemically similar ioas.rJ~* The 
AC?* mrm is due to several factors, tie is the 
different in the energy of interactioa between the 
ex~h~~~ ions and the resin f~~~~~~a~ groups 
Axpotftelr is the r&aGve energy and entropy con- 
~~~~~~ from the sheen of ions entering the 
resin and the hy&ation of ions ~~~~~ present in the 
resin. Metal ions are hydrated to di@erent extents at 
room tem@rature and the changes in hydration 
spheres as the temperature is raised vary from one ion 
to another. 

Stress has heen laid on solvation effects in ion- 
exchange. 14J4 For the exchange of X and Y ions when 
the differences in activity coefficients are negligible in 
oomparison to swelling effects, Oregor gives the 
eQlttti0n 

tfzmpemurt& z is the absohtte Yahre of the ion ehm-gq 
and Y is the sofvated molar volume.” Gregor and 
Bregman14 confirmrsd that the selectivity coefficient is 
approximately constant with change in temperature 
for ions of simiXar hydration, but changes with tem- 
perature when X and Y are hydrated to different 
extents. 

In the present work the effect of elevated tern* 
peratures on the io&r;hromatographic separation of 
metal ions is examined. Depending on the eluent 
used, the retention time& of metal ions can he changed 
substantially by increasing the temperature. In some 
cases the temperature ef%ts can be used to improve 
the resolution. 

The instrument used consisted of a modeI 302 Gilson 
single-piston pump, a model 11 I6 Eldex column-heater, a 
model 7125 Rheodyne injector equipped with a 20-&I 
sample loop, a l&Chroma-Damp II coil-type pulse- 
dampener, a model 2694fM Wescan catex column (capacity 
0.03 meq/g, 12-16 /rm particle size, 5% cross-linked sub 
phonated polystynne-divinylbenxene gel, 25 cm long, 2 mYn 
bore], and a Curken strip-chart recorder. Two modes of 
detection were used. A model 213A Wescau conductivity 
detector was US& For conductivity detectioa and a 
gpectroftow 783 Kratos I_JV-visible ~~t~~c de- 
tector was used w&l? the ~~t~~ reaction system* The 
post-c&~ n&r cor&ted of a bored-out also 
tee as described bv Wur.k and Car&&= The ~~~~ 
~lO~-f~ it was detivc;nd iah a &son Miti- 
pugs 2 pcristaftic pump. A model FD-6&LF Fllrid Metering 
Inc. pulse-dampener was placed in the line between the 
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peristaltic pump and mixing tee. The eluent was preheated 
and kept at constant temperature with a Haake A80 water- 
bath. All connecting tubing was insulated by wrapping it 
with sheets of Styrofoam packing material. The conductivity 
cell was also insulated with Styrofoam. 

Eluents and colour-forming reagents 

Reagent grade p-phenylenediamine, p-phenylenediamine 
dihydrochloride, ethylenediamine, tartaric acid, perchloric 
acid, 4-(2-pyridylazo)resorcinol (PAR), Arsenaxo I, ammo- 
nia, and ammonium acetate were used without further 
purification. The p-phenylenediarnine eluent was prepared 
by dissolving the solid in perchloric acid, diluting with 
demineralized water (NANOpure II system, Barnstead), 
and adjusting the pH to 3 to ensure complete protonation 
of the amine. The ethylenediamine/tartaric acid eluent was 
prepared by dissolving appropriate amounts of ethylene- 
diamine and tartaric acid in demineralized water, diluting to 
volume, and adjusting the pH with aqueous sodium hydrox- 
ide. The p-phenylenediamine dihydrochloride eluent was 
prepared by dissolving the solid and diluting the solution 
with demineralized water; the perchloric acid eluent 
was prepared by diluting 70% perchloric acid. The amine 
eluents were freshly prepared each day, and stored under a 
helium atmosphere and protected from light to prevent 
decomposition. All eluents were filtered through a 0.45~pm 
membrane and degassed with suction. 

The Arsenaxo I solution was prepared by dissolving 
3 mmoles of Arsenazo I and 3 moles of ammonia in 1 .O litre 
of demineralized water. The PAR solution was prepared by 
dissolving 0.56 mmoles of PAR and 9 mmoles of ammonia 
in about 400 ml of demineralized water, then adding a 
solution of 1 mole of ammonium acetate in about 350 ml of 
demineralized water, and diluting to 1.0 litre. All post- 
column reagent solutions were filtered through a 0.45~pm 
membrane prior to use. 

Sample solutions 

All metal-ion solutions were prepared by using reagent- 
grade salts, concentrated perchloric acid, and demineralized 
water; the pH was adjusted to approximately 3 with 
perchloric acid to prevent hydrolysis. 

Chromatographic conditions 

All chromatography was done at a flow-rate of 
0.6 ml/rnin. Additional eluent degassing was carried out 
on-line by continually sparging the eluent in the reservoir 
with helium, With each change of temperature or eluent, 
the system was allowed to equilibrate overnight (for at least 
5 hr). 

With amine eluents, conductivity detection was employed. 
When perchloric acid was the eluent, post-column reaction 
combined with spectrophotometric detection was used. 
Magnesium and calcium were detected at 585 nm with 
Arsenazo I as the post-column reagent, and other metal ions 
were detected at 520 nm with PAR. 

RESULTS AND DISCUSSION 

For an eluent ion, E, of charge x, and a sample 
metal ion, M, of charge y, the exchange reaction 

yE”R, + xMY=xMYR,, + yE” (2) 

can be written, where RX and RY represent the number 
of resin exchange sites occupied by E and M ions, 
respectively. This exchange reaction can be either 
exothermic or endothermic, depending on the ions 
involved. Consequently, the equilibrium can he 
shifted in either direction as the temperature is in- 
creased, resulting in a change in the capacity factor, 
k, for the metal ion. 

5 2.7 

2.6 

.._ 
3.0 3.1 3.2 3.3 31 

+x103 (K-l) 

Fig. 1. Plot of In k for bivalent metal ions as a function of 
reciprocal of the system temperature. Eluent 0.12M 

perchloric acid. 

The relationship between capacity factor, k, and 
system temperature, T, is mathematically represented 
by: 

-AH” AS” 
Ink =- RT +F+ln4 (3) 

where AH” is the enthalpy change for the exchange 
reaction (3), AS” is the corresponding change in 
standard entropy, and C$ is the column phase-ratio, a 
characteristic constant for a given column.27*28 A plot 
of In k us. the reciprocal of the temperature should 
have a slope equal to -AH”IR. 

Figure 1 shows a plot of In k us. l/T for several 
metal ions eluted from a cation-exchange column 
with a perchloric acid eluent. The exchange reactions 
are exothermic, except for that of manganese(II), 
which is slightly endothermic. Figure 2 shows that 
the situation is reversed when a p-phenylenediamine 
dihydrochloride eluent is used; in this case the ex- 
change reactions are all endothermic. Two tervalent 
rare-earth ions were also chromatographed at various 
temperatures with these two eluents, both of which 
gave strongly endothermic exchange reactions. The 
results of the runs with the perchloric acid eluent 
are summarized in Table 1 and those with the p- 
phenylenediamine dihydrochloride eluent are given in 
Table 2. 

It should be mentioned that the proton&l p- 
phenylenediamine eluent first used was prepared 
from p-phenylenediamine and perchloric acid, but 
though this proved to be a stable and satisfactory 
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3.0 3.1 3.2 3.3 

+x103(K-‘1 

3.4 

Fig. 2. Plot of In k for bivalent metal ions as a function 
of reciprocal of the system temperature. Eluent 3.OmM 

p-phenylenediamine dihydrochloride. 

Table 1. Linear regression data for plot of In k us. l/T for 
a pcrchloric acid eluent; the eluent concentration was 0.12M 
for the bivalent metal ions and 0.29M for the rare-earth 

cations 

Cation 
Correlation AH, 

Slope = - AH”/R+ coe5eient kcal/mole 

W+ 185 
Zn2+ 216 
Mn2+ -18 
Ca2+ 295 
Pb2+ 489 
Lu’+ -572 
Dy’+ -994 

*R = 2.0 cal .deg-’ .mole-‘. 

0.851 -0.37 
0.870 -0.43 

-0.115 0.04 
0.901 -0.59 
0.970 -0.98 

-0.980 1.14 
-0.978 1.99 

Table 2. Linear regression data for plot of In k us. l/T for 
a p-phenylenediamine dihydrochloride eluent; the eluent 
concentration was 3.OmM for the bivalent metal ions and 

7.8mM for the rare-earth cations 

Cation 
Correlation AH”, 

Sloue = - AH”IR coefficient kcallmole 

W+ 
Mn2+ 
Zn2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Pb*+ 
Lu’+ 
DY’+ 

- 1945 
-2161 
- 1870 
-1924 
- 1575 
-965 

-1318 

-0.971 
-0.976 
-0.952 
-0.993 
-0.954 
-0.794 
-0.855 
-0.975 
-0.985 

3.87 
4.29 
3.72 
3.82 
3.13 
1.92 
2.62 
6.10 
6.56 

Table 3. Adjusted retention times (mm) for some bivalent 
and tervalent metal ions at two system temperatures 
(flow-rate 0.6 ml/mm; for the bivalent ions the concen- 
tration ofp-phenylenediamine dihydrochloride was 3.OmM; 

for the tervalent ions 7.8mM was used) 

27.9”C 56.9”C 25.4”C 55.8”C 

Mg2+ 0.97 1.73 
Mn*+ 1.23 2.55 
Zn2+ 1.36 2.63 
Ca2+ 2.03 3.59 
Sti+ 2.71 4.66 
Ba2+ 4.92 7.82 
Pb2+ 6.26 10.63 
Lu’+ 11.72 30.28 
Dy’+ 14.61 40.94 

eluent at room temperature,29 it was found to decom- 
pose too quickly at higher temperature to be useful. 
However, the corresponding eluent prepared from 
p-phenylenediamine dihydrochloride was found to be 
entirely stable and satisfactory at the higher tem- 
peratures. This may have been because the dihydro- 
chloride salt was purer than the free base used earlier. 

The retention times of metal ions eluted with the 
p-phenylenediamine dihydrochloride eluent are con- 
siderably longer at higher temperatures, as shown by 
Table 3. In some cases the difference between the 
retention times of two metal ions is larger at a higher 
temperature. This can be useful in obtaining better 
chromatographic separations. Figure 3 shows the 
improved resolution for calcium and manganese(I1) 
obtained by chromatography at 54” instead of 25”. 
Figure 4 shows that the separation of calcium and 
zinc is also much better at the higher temperature. 

It is worth noting that conductivity detection of the 

(al (bl 

CO 

Mn 1 ca 

Mn 

I” n-h 
10 10 , 6 I 6 1 4 1 2 1 0 8 

Time in minute8 

Fig. 3. Separation of Mn2+ and Ca2+. Eluent l.OmM 
ethyknediamine, 2.OmM tartaric acid, pH 4.5. (a) 25”C, 

(h) 54°C. 
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Ca 

Zn 

~ 

Ca 
Zn 

I “II 

F 

I I I I 
6 3 0 6 3 0 

TIME IN MINUTES 

Fig. 4. Separation of Zn2+ and Ca*+. Eluent 3.0mM 
~-phenylen~iamine dihydrochlo~de. (a) 27”C, (b) 57°C. 

metal ions works well at temperatures up to at least 
60” when either an ethylenediamineltartaric acid elu- 
ent or a p-phenylenediamine dihydrochloride eluent 
is used. 
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%mmary-Molybdenum(VI) reacts with p-chloromandelic acid to farm a complex extractable into 
chlorobenzene with Malachite Green, from aqueous solution at pH 2.&4,0 at room temperature, and can 
then be determined indirectly by measuring the absorbance of the Malachite Green in the extract, at 630 
nm. The calibation graph is linear for molybdenum over the range 0.26-10.0 x 10M6M (0.10-4.0 ag); the 
apparent moiar absorptivity is 1.06 x lo5 l.mole-‘.ur-‘. The method has been applied to the deter- 
mination of moiybdenum in mild steels with satisfactory results. 

Several methods have been reported for the extrac- 
tion and spectrophotometric determination of molyb- 
denum in various complex materiaU2 Of these, the 
classical thiocyanate-stannous chloride method is 
the most commonly used, in spite of its drawbacks. 
The methods based on other reagents&l6 also suffer 
from various disadvantages. 

We have found that a-hydroxy acids are very 
useful complexing agents, especially for metals which 
form oxo-ions in soiution, and highly sensitive and 
sele&ive methods for their determination have been 
reported.‘“’ Moly~enum~V~ can easily be extrac- 
ted as an ion-associarion complex with Malachite 
Green into chbrobenzene, but the sensitivity is very 
low. Addition of p-chloromandelic acid, however, 
produces a molybdenum complex which forms a very 
stable and readily extractable ion-association com- 
plex with Malachite Green, which is highly suitable 
for determination of molybdenum, Interference from 
antimony(II1) and tungsten(VI> can be effectively 
eliminated by the use of citrate, and from 
ti~ninm~I~ by addition of 8uoride or trawl& 
~y~lohexanedi~netet~-a~~~ acid fIXTA~. 

Reagents 

All reagents and solvents used were of analytical grade. 
All aqueous solutions were prepared with demineralized 
Wh?t”. 

Standard molybdenum (VI) solution. A commercially 
available molybdenum standard solution (laX, ppm MO) 
was diluted as required. 

Malachite Green (bfG) solution, 5.0 x lO%I. Prepati 
from guaranteed grade MG oxalate. 

~~~ior~~~ic acid (p-&fACl) solution, 1.0 x IO-%I. 
sodsum @Ct?&zFe h&k fpff 3.0). Prepared from OSM 

sodium acetate and 0.5% sulphuric acid. 
iXTA s&&n D.1M. 
Sodium c&are &ution, O.IM. 
Pota&um jluoride solution, 0.2M. 

Standard procedure 
Take an aliquot of standard moiybdenum(VI) solution 

containing up to 4.0 pg ofmalybdenum, in a IO-ml test-tube 
equipped with a stopper. Add 1.0 ml of sodium acetate 
buffer, 0.4 ml of p-MAGI solution and 0.2 ml of MG 
solution. Dilute ta 4.0 ml with water and shake the solution 
with 4.0 ml of chlorabeetene for 5 min. Separate the phases 
and measure the absorbana of the organic phase at 630 nm, 
in a l-cm glass cell, with chlorobenzene as reference. 

Procedure for steel mralysh 
Weigh the steet sample (up to 0.1 g) into a fDO-ml fused 

silica beaker, and dissolve it in 20 mI of sulphuric acid 
(1 f 6) by heating, and then gradtiy add 5 ml of 35% 
hydrogen peroxide solution. when the sample has dissolved, 
boil the solution on the hot-plate for about 10 min to 
destroy the surplus hydrogen p&oxide. Adjust the solution 
to pH 1.8-2.0 with 8M sodium hydroxide, transfer the 
solution to a 100~ml standard flask and make up to volume 
with water. Apply the standard procedure to 1.0 ml of this 
solution after addition of 0.4 ml of DCTA solution. 0.5 ml 
of potassium fluoride solution and 0.1 ml of sodium citrate 
solution. 

RESULTS AND OKSCWSSION 

We have examined the reactions between molyb- 
denurn and 2-hydroxy-2-m~ylbuty~c acid, 2- 
hydroxyisocaproic acid, mandelic acid and p_-chloro- 
mandelic acid, and extraction of the products into 
chloroform, chlorobenzene, benzene, toluene, carbon 
tetrachloride and cyclohexane, with the dyes Ethyl 
Violet, Methyl Vialet, Crystal Violet, Brilliant Green 
and Malachite Green as counter-ions. Chloroform 
is unsuitable as the solvent owing to the high extract- 
ability of the cationic dyes themselves. Carbon tetra- 
chloride and cyclohexane do not extract the ion- 
association cumplexes at all. Chlorobenzene was the 
solvent of choice, because the sensitivity was greater 
than with benzene or toluene. Table I shows that the 
MG-p-MACl~hloro~~ne system is the most 
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600 650 

Wavelength (nm) 

Fig. 1. Absorption spectra. (I) Reagent blank. (II) 
5.2 x 10-6M Mo(VI) (2.0 pg). MO 2.5 x 1O-4M. pH 3.0. 
p-Chloromandelic acid I.0 x IO-‘M. Refmnce, chloro- 

imzene. 

stable for dete~ination of micro amounts of 
moly~enum~1). The absorption spectra of the 
complex and reagent blank are shown in Fig. 1. MC 
is not extracted. 

Experimental variables 

Maximum and constant absorbance of the organic 
phase was obtained over the pH range 2.0-4.0, and 
pH 3.0 was chosen as optimal. Phosphati buffer 
(0. IM, pH 3) can be used instead of acetate buffer, 
but tartrate or citrate bu&r can not, owing to the 
lower sensitivity (r c: 2.38 x lti l.mole-‘.cm-’ for 
tartrate and 1.91 x 104 for citrate). 

The absorbance of the reagent blank increases with 
increase in MG con~nt~~on, but the net absorb- 
anee for a fixed molybdenum concentration is con- 
stant for MG concentrations exceeding 1.8 x 10W4M 
in the aqueous solution extracted. The concentration 
of MG was fixed at 2.5 x 10e4M. Figure 2 shows that 
maximal and constant net absorbance is obtained 
with more than 0.3 x 10-4Mp-MACl in the aqueous 
phase extracted. The concentration of p-MAC1 was 
theerefore 6xed at 1.0 x 10W4M. 

A shaking time of about 3 min is adequate, but 
5 min is recommended. 

0.6 

0.0 0.3 1.0 1.5 

Cont. of p- c~ioro~cnde~lc ocld ( x tCF4#) 

Fig, 2. Effect of ~~~ororn~&~c acid ~n~tmtiou. (I) 
Reagent blank. (II) Net absorbance (MO = 5.2 x IO-6&f) 

MG 2.5 x lo-‘M. pH 3.0. 
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Table 2. Effect of diverse ions on the determination of 2.00 pg of molybdenum in 4 ml 

Ion Added as 

MO MO 
Amounts recovery, Amounts recovery, 

added, *UR % Ion Added as added, +z~L! % ._ .- 

F- KF 1000 97 As(II1) AhO, 1600 103 
Cl- 
Br- 
I- 
ClO; 
SCN- 
NO;- 
Se- 
H2$x 

M132+ 
CaZ+ 
sr?+ 
Ba2+ 
AP+ 
Pb2+ 

KC1 
NaBr 
NaI 
X10, 
KSCN 
NaNO, 
Na, SO, 
KHJQ, 
Beso, 
MgClz 
CaCl, 
SrCl, 
BaCI, 
Potassium alum 
PbCl, 

4wo 
500 

5.2 
0.4 
0.2 

200$ 
10000 

100 
1000 
1000 
1800 
14oot 
150 

1ooOi 

103 
103 
103 
103 
104 
104 
102 
91 
95 

103 
101 
103 
100 

z:: 

Mn2+ 
Fe3+ 
co2+ 
Ni2+ 
cu2+ 
Zn2+ 
Sn0I) 
Sn(Iv) 
Ti(IV) 
WWI) 

Na, IhO4 
SbCl, 
~W$Wl 

H: BO,’ 
CQ 
M&l, 
Ferric alum 
CoCl, 
NiCI, 
also, 
ZnCl, 
SnCl; 0.6 
SnCl, 100 
TiOSO, 0.04 
Na WO., 0.25 

1600 
0.16 

400 
1600 

8.6 
750 

1200 
30 

600 
600 

1500 
1500 

98 
103 
102 
97 

103 
96 

103 
95 
97 

:; 
97 

105 
104 
103 
103 

*Amounts added per 4 ml. 
tAcetate buffer solution adjusted with HCl was taken. 

Composition of the complex 

The molar absorptivity of MG in aqueous solution 
is cu. 6.8 x 164 l.mole-‘.crr-‘, and the apparent 
molar absorptivity for mdlybdenum in the extratt is 
about 1.6 times that of MG. It is suggested that the 
mole ratio of MG and molybdenum in the complex 
is 2: 1. The composition of the extracted species 
cannot be determined by the continuous-stations 
or mole-ratio methods, because of the large excess 
of p-MAC1 and MG required for its formation. 
However, it is suggested that [Moor-MACl)~]*- is 
formed and extracted as its ion-association complex 
with MG. 

Calibration graph 

The calibration graph obtained by the standard 
procedure was linear over the range 
0.26-10.4 x 10e6M (0.10-4.00 pg) molybdenum in 
the aqueous phase. The apparent molar absorptivity 
calculated from the slope of the graph was 10.6 x 104 
1 .mole-’ .cm-‘, and the absorbance of the reagent 
blank was 0.057. These figures were inde~ndent of 
temperature in the range 10-25”. The coefficient of 
variation was 1.8% for eight replicates at the 
5.2 x 10m6M level of molybdenum. The absorbance 
of the organic phase remained constant for at least 
60 min. 

Erect of diverse ions 

The effect of various ions on the determination of 
2.00 pug of molybdenum was examined (Table 2). 
Iodide, perchlorate and thiocyanate, which are bulky 
and of low surface-charge density, cause positive 
errors at low levels, whereas chloride, sulphate and 
phosphate do not interfere even at high concen- 
trations. Most cations tested do not interfere when 
present in 500-fold ratio to the amount of molyb- 

denum. The permissible amounts of foreign metal 
ions which strongly interfere with the determination 
of molybdenum are shown in Table 3. The cause of 
the interference by iron(II1) is not known. Anti- 
mony(III), titanium(N), tin(U) and tungsten give 
positive errors because they react with p-MAC1 to 
form extractable complex anions, whereas anti- 
mony(V) does not interfere, owing to its slow reac- 
tion rate at room temperature. Boron does not 
interfere strongly, probably because of the low con- 
centration of p-MACl. 

Determination of molybdenum in steel samples 

The proposed method was applied to the deter- 
mination of molybdenum in carbon steels (NBS 362, 
JSS 169-3 and 171-3). As the presence of certain ions 
leads to less satisfactory results, we examined mask- 
ing of these ions. Addition of masking agents de- 
creased the sensitivity for molybdenum, but this 
could be counterbalanced by using more MG sol- 
ution (OS ml), though the absorbance of the reagent 
blank was then 0.168. The tolerance limits are given 
in Table 3. The iron(II1) and any ti~nium~1~ from 

Table 3. Permissible amounts* of interfering ions in the 
determination of molybdenum (2.00 pg per 4 ml) in the 

presence of masking agents 

Masking agent 

KF, DCTA, 
Ion 

Citrate, 
None 0.025M 0.01M 0.0025M 

Ti(IV) 
:t 

158 0.28 0.04 
Sb(II1) 0.22 1.9 
WVI) 0:25 z3 
Fe(III) 30 1 

0.25 2.8 
1200 - 

*Amounts (fig per 4 ml) that give not more than +3% 
error. 
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Table 4. Determination of molybdenum in steel values. Recoveries of 98-102% were obtained by the 
Samnle* Molvbdenum foundt standard addition method. 
@XX&Xi 
value, %) 

Sample weight, * 
g !@ % 

NBS 362 0.0503 
(0.068) 0.0529 

0.0987 
0.1001 
0*1004 

JSS 169-3 0.0514 
10.064) 0.0987 . , 

0.1024 
JSS 171-3 0.0974 
(0.035) 0.1003 

0.1041 

0.335 0.066, 
0.364 0.068, 
0.665 0.066, 

0.067; 
0.0672 

0.676 
0.678$ 
0.324 
0.641 
0.648 
0.341 
0.347 
0.371 

0.063, 
0.064, 
0.063; 
0.0350 
0.0346 
0.0356 

1. 

2. 

3. 

4. 
5. 

6. 

Other components: NBS 362: C, 0.16; Mn, 1.04; Si, 0.39; V, 
O.oQ, Ti, 0.084; W, 0.20; Sn, 0.016; Al, 0.09; Zr, 0.19; Sb, 
0.013; Cu, 0.50; Ni, 0.59; Cr, 0.30; Co, 0.30; As, 0.09%. 
JSS 169-3: Ti, 0.013; As, 0.005; Ni, 0.050; Sn, 0.011; Cr, 
0.095; Al, 0.045; Ca, 0.0006%. JSS 171-3: Ti, 0.036; As, 
0.045; Ni, 0.11; Sn, 0.034; Cr, 0.067; Al, 0.040; Ca, 
0.0013%. 

*l.O ml of the 100 ml of sample solution was analysed. 
tMean of six determinations. 
@Standard deviation 0.012 pg. 

the steel can be masked with DCTA and potassium 
fluoride respectively, and any antimony(II1) and 
tungsten(W) with citrate. Any residue from the sul- 
phuric acid-hydrogen peroxide treatment was dis- 
solved as described earlieP*” and analyscd for 
molybdenum. No significant amounts were found to 
be present, so any residue from the dissolution step 
can safely be discarded. Table 4 shows that the values 
obtained are in good agreement with the certified 

i: 

9. 

10. 

11. 

12. 

13. 
14. 
15. 

16. 

17. 
18. 

19. 

:I): 
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Summary-A new fluorescent indicator for metal ions, called Constant Calcein Blue, has been synthesized 
by condensing 7-hydroxy-2,3-dimethylchtomone, iminodiacetic acid and formaldehyde. The indicator 
exhibits extraordinary resistance to alkaline hydrolysis and is recommended for spectrofluorometric 
determinations of metal ions, such as calcium, that must be performed at pH 10.5 and higher. 

Since its introduction by Diehl and Ellingboe’ in 
1956, Cal&n has found widespread use as a 
metallo~uo~nt indicator in spite of problems 
posed by its instability. In aqueous alkaline solution 
it decomposes at an appreciable rate and loses all 
indicator function within a few days. Though this is 
not a serious problem when Calcein is used to mark 
the end-point of EDTA titrations of metal ions, the 
decomposition complicates direct fluorometric deter- 
minations of metal ions and necessitates frequent 
checks of calibration plots of fluorescence as a func- 
tion of metal ion concentration. Attempts to reduce 
the rate of decomposition have included dissolution 
of Cal&n in an aqueous alkaline medium with 
subsequent pH adjacent to 7,2 freezing and storage 
in the dark,’ and use of propylene glycol* rather than 
water as the solvent. Though these approaches extend 
the life of Cal&n stock solutions, decomposition 
persists and most analysts prefer to prepare stock 
solutions of Calcein daily or to use it in a 1% solid 
mixture with an inert salt such as potassium chloride. 

Because determinations of metal ions are often 
performed in alkaline medium, attack on metal 
ion-indicator complexes by hydroxide ion must also 
be considered. Jaselskis and Hefley’ report that the 
relative fluorescence of the cadmium--Calcein com- 
plex in 0.5M ~~ssiurn hydroxide decreases by 7% 
within 2 hr. Such rapid dete~oration requires that 
fluorescence measurements be made within 15 min of 
solution preparation. 

Schepper@ attempted to solve the problem of 
indicator instability by employing fluorescent com- 
pounds more resistant to alkaline hydrolysis than 
fluorescein, the fluorescent moiety of Cal&n, in 
condensation with iminodiacetic acid and for- 
maldehyde. The compounds he produced were indeed 
more resistant to alkaline hydrolysis than Cal&n, 
but were ins~c~n~y fluorescent to serve as indi- 
cators. A series of 7-hydroxy~~o-4-pyrones differ- 
ing in substituents at positions 2- and 3- of the 
benzo-rl-pyrone ring was subsequently investigated 
by the present author.’ Substitution patterns favour- 

ing both a high degree of fluorescence and resistance 
to alkaline hydrolysis were discovered. This study led 
to selection of 7-hydroxy-2,3-dime~ylchromone for 
condensation with iminodiacetic acid and formalde- 
hyde. The indicator resulting from that condensation 
is described below. 

EXPERIMENTAL 

Respropiophenone was prepared by an adaptation of 
the sy&& of resacetopl&&e fo&d in Or&nic Syn- 
theses.8 To 199 g (202 ml, 2.7 mole) of propionic acid and 
40.4 g (40 ml, 0.3 mole) of propionic anhydride in a l-litre 
beaker was added 163 g ii.2 mole) of anhydrous zinc 
chloride, which was dissolved with the aid of heat. To this 
hot mixture 110 g (1 mole) of resorcinol was added with 
constant stirring. Heating was continued until smaIl bubbles 
appeared. The beaker was removed from the hot-plate and 
left until the reaction was complete, After standing over- 
night, the solution was diluted with 500 ml of hydrochloric 
acid (1 + 1) and the dark reddish brown solution was plaoed 
in an ice-bath. The resulting precipitate was filtered off and 
washed free from zinc salts with five 200~ml portions of 
hydrochloric acid (1 + 3). The solid was dissolved in 1.8 
litres of hot dilute hydrochloric acid (1 + 11) and the hot 
solution was filtered and cooled. The product obtained was 
16 g (9.6% yield) of pale yellow cry&&s, m.p. lOl-102”, and 
105 g (63.3% yield) of oil which solidified on cooling. m.o. 
97-100” (lite~tu~.val~ 101.5”). 

_. - 

7-Hydroxy-2,3~me~ylchromone was synthesized by 
the procedure of Canter et uf? by reacting the respropio- 
phenone with sodium acetate and acetic anhydride at 
170-180”, and treating the resulting acetyl derivative with 
warm dilute potassium hydroxide. 

Standard 3.11 x 10m3M calcium solutions were prepared 
by dissolving primary standard calcium carbonate in hydro- 
chloric acid and diluting with water. 

Stock 3.11 x lo-‘M solutions of Constant Calcein Blue 
were prepared by dissolving the material in O.lM tri- 
ethanolamine, pH = 9.0 

The 0.7M potassium hydroxide used contained sufficient 
EDTA to sequester any potentially interfering metal ions 
present. 

Buffer solutions were prepared by the method of Bates’o 
and were of the same ionic strength. 

All reagents used were of analytical grade. AIJ water was 
distilled and demineralized by passage through Amberlite 
MB-l ion-exchange resin, 
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All glassware was cleaned with alcoholic potassium hy- 
droxide containing EDTA and was rinsed three times with 
distilled water and five times with demineralized water. 

Synthesis of Comtarzt Calcairt Blae 
To 50 ml of water were added 0.06 mole (3.36 g) of 

notassium hydroxide, 0.045 mob (5.99 a) of iminodiacetic 
acid and 0.63 mole. (5.71 g) of .?-hy~oxy-2,3-dime~yi- 
c~omone. The pli was adjusted to 8 by dropwise ad~tion 
of dilute hyd~hlo~c acid (1 + 3). To this mixture was 
added 0.045 mole (4.44 ml) of 37% formaIdeltyde solution. 
The temperature was raised to 60” and the reaction allowed 
to proceed overnight with stirring. The resulting mixture 
was filtered while warm. The filtrate, adjusted to pH 4.0 by 
addition of dilute hydrochloric acid (1 -t- 3), was reduced to 
near dryness by freeze-drying in vacuum. The white precip- 
itate was separated by filtration and the yellow filtrate was 
stirred for IO rain with 200 ml of acetone. The upper liquid 
layer was decanted and discarded, then 200 ml of fresh 
a&tone were added to the lower Iayer and stirred, this 
process being repeated three more times. The white solid 
produced by this procedure was combined with the sohd 
obtained earlier and was recrystallized three times by dis- 
solving it in the min~um amount of water by adding 
potpie hydroxide pellets, fdtering, and ~adjusting the 
pH to 2.8 by dropwise addition of dilute hydrochioric 
acid. AnaIysis by &Ibraith Laboratories, Inc.-yielded C, 
52.0%; H. 5.6%: N, 3.7%. The values caiculated for 
C,,H,r~NOi*ZH,O; molecular weight 371.31 are: C, 51.75%; 
H, 5.10%; N, 3.77%. 

Apparatus and procedures 
Measurements of pH were made with a Corning Model 

IO p&meter equipped with glass and calomel electrodes. 
Pot~~tiomet~c titrations were done in O.lM potassium 
chloride, with 0.10?2~ potassium hydroxide made up in 
O.lM potassium chIoride. Back-titrations were performed 
with 0.076O.W hydro&Ioric acid made up in 0. IM potassium 
chloride. 

A Micrometric Model S32 ~croburette and Model S5Y 
syringes were used to deliver ah mkrolitre vohmtes of 
reagents. 

Absorbance way 
Absorbance spectra of solutions at pH intervafs of 0.5 

over the range 3.5-12 were obtained with a Gary Model 219 
spectrophotometer. The solutions were preliared by deliv- 
erina 375 ul of Constant Calcein Blue stock solution and 15 
~1 o”f 1.46 x 10-2M EDTA into 25-ml standard flasks and 
diluting to the mark with appropriate buffers ah of the same 
ionic strength. Acid dissociation constants were determined 
from the absorbances of additional solutions with pH values 
equal to the estimated p;U, + 0.0,0.2,0.4, and 0.6, by means 
of the equation 

IA, - 4i.d 
P& = PH -log (AA_ _ A,1 

where AHA is the absorbance of the acid form of the 
indicator, A,- is the absorbance of the base form of the 
indicator and A,, is the absorbance of a mixture containing 
both forrm of the indicator. 

Fluorescence study 
PIuorescence excitation and emission spectra of solutions 

at pH intervals of 0.5 over the range 3.5-12 were obtained 
by means of an Aminco-Bowman spedrofluorometer 
equipped with a Mosely XY Becorder. The spectra were 
unc?orrected for variations in the emission characteristics of 
the lamp and response characteristics of the photo- 
muhipher. The solutions were prepared by delivering 50 pl 
of indicator stock solution and 15 gl of 1.46 x lO-*M 
EDTA into 25-ml standard flasks and diluting to the mark 
with appropriate buffers, all of the same ionic strength. 
Acid dissociation constants were determined from the 

fluorescence data by measuring the fluorescence of solutions 
with pH values equal ta the estimated p&L& zt 0.0, 0.2, 0.4, 
and 0.6 and calculating pRI, by using the equation 

tF,x - FHA) pG=-;PH-bit,_ e.. . 

Other measuremeuts of fluorescence were made on 
a Turner Model 110 Auorometer. The filters used were: 
primary, 110-811 (7-60); secondary, lIO-816 {ZA), ptus a 
1% neutral density filter. 

Consta~~t Caiceim Blue stock sofirtion. l%e Ruoreseence 
of 0.7M potassium hydroxide containing Constant Cakein 
Blue and calcium in a molar ratio of I:10 was measured 
approximately 1 hr after preparation. Identical solutions 
were prepared periodically over a seven-month period, with 
the same indicator stack solution. The decrease in 
fluorescence with time was used to determine the rate of 
hydrolysis of the stock solution. The apparent ftrst-order 
rate constant was calculated by the method described in an 
earIier paper.’ The study was repeated three times and at 
different concentrations of indicator. No attempt was made 
to keep the indicator stock solution at instant tem~rat~e 
or to protect it from light. 

Constant Cakein Hue in 0.7M potassrirm h~~o~i~. 
Solutions of Constant Cakein Blue in 0.7M potassium 
hydroxide were prepared and kept in a water-bath at 25.5” 
for 2; months. Aliquots were removed periodically and 
mixed with sufficient calcium stock solution to provide a 
tenfold molar excess of calcium. The fluorescence which 
developed was measured approximately 1 hr after solution 
preparation. The decrease in fluorescence with time was 
used to determine the rate of hydrolysis of Constant Calcein 
BIue in 0.7M potassium hydroxide. The study was repeated 
seven times and at different concentrations of indicator. No 
attempt was made to shield the solutions from tight. The 
data were treated in the same manner as those for the 
s~biljty study on the Constant G&em Blue stock sotution. 

G~~~~~-~o~r~n~ Calcein B&e in 0,7?vI stash hy- 
droxide. Solutions containing indicator and calcium ion 
in 1 :I0 molar ratio were made up in O.?M potassium 
hydroxide and kept in a water-bath at 25.5”. Aliquots were 
removed periodically for fluorescence measurement. The 
decrease in fluorescence with time was used to determine the 
rate of hydrolysis of the calcium-Constant Calcein Blue 
complex. The study was repeated nine times and at different 
concentrations of indicator. The hydrolyses were, in most 
instances, followed for !$ half-lives. 

The fluorescence of solutions containing sufficient calcium 
to provide W.35: I ~lci~: jn~cator molar ratios was 
monitored for 32 hr. The solutions were prepared by adding 
calcium stock solution in 20-rI (6.22 x W8 mole) incre- 
ments to a series of IO8 ml s&d&l flasks and diluting to 
the mark with 1.24 x 10m5M indicator solutions in 0.7M 
potas~um hydroxide. Solutions were made up in Pyrex and 
in pol~ropyIene ffasks. No attempt was made to controI the 
temperature or protect the solutions from Iight. 

RESULTS AND DISCUSSION 

Constant Cal&n Blue, Hr In, is regarded as being 
7-hydroxy-2,3-dimethylchromone-S-m&yleneimino- 
diacotic acid. The methylaneiminodia~tic aoid group 
has heen assigned to position 8- in keeping with 
established s~bs~t~tion patterns found for 7-hy- 
~oxy~~04pyron~~,1’ In titration of the material 
with ~~ssiurn hydroxide, end-points occur at pII 
values of appro~mat~ly 5.02 and 890 and corm- 
spond to formation of H$n- and HI&, respect- 
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ively. The value for pK,,, determined by titration with 
potassium hydroxide and attributed to dissociation 
of the phenolic proton, is 6.75; pK,, , the dissociation 
constant of the carboxylic proton, could not be 
determined by titration with potassium hydroxide, as 
the material did not fully dissolve until just before the 
first end-point. Back-titration with hydrochloric acid 
yielded values of 3.07 and 6.76 for pKp, and pKaz, 
respectively. The first acid dissociation constant 
could be determined by back-titration with hydro- 
chloric acid because the material remained in solution 
until well past the middle of the second half of the 
back-titration curve. 

In weakly acidic solution Constant Calcein Blue 
exhibits maximum absorbance at 298 mn (at pH 4.0, 
CF = 1.50 x lo4 l.mole-‘.cm-‘). On neutralization of 
the phenolic proton the wavelength of maximum 
absorbance shifts to 333.1 nm (at pH 10.0, 
L = 1.39 x lo4 l.mole-‘.cm-I). Absorbance mea- 
surements yield 6.80 f 0.09 for pK**,. 

In acid solution the indicator, present as H,In-, is 
weakly fluorescent. The wavelength of maximum 
excitation at pH 4.0 is 302 nm and the wavelength of 
maximum emission is 475 nm. Above pH 6.0 the 
fluorescence emission increases dramatically, the 
wavelength of maximum excitation shifts to 333 nm, 
and the wavelength of maximum emission shifts to 
450 run. The fluorescence emission reaches a maxi- 
mum at pH 8.90, at which point the material is in the 
form HI& (Fig. 1). Changes in the fluorescence 
intensity at 450 mn are the result of changes in 
absorbance at 333 nm and yield a value of 6.69 + 0.04 
for pkts,, a ground-state constant. This value agrees 
with the pKa, values obtained from potentiomet~c 
titration and absorbance measurement. With addi- 
tional increase in pH, the imino hydrogen atom 
dissociates and the fluorescence is lost, the data 
yielding a value of 11.30 f 0.02 for pK,,. At pH 13 
and higher, addition of calcium and cadmium and, to 

Table 1. Apparent first-order rate constants and 
half-lives for Constant Calcein Blue and its calcium 
comulex in 0.7M ootassium hydroxide at 25.5 f 0.1’ 

Compound 

Ix?- 
Cain- 

k, day-’ 

0.0360 f 0.0012 
0.0743 f 0.0011 

4/21 davs 

19.26 jr 0.66 
9.3oIto.13 

gr 

PH 

Fig. 1. Fluorescence of Constant Calcein Blue as a function 
of pH. Excitation monochromator set at 333 nm, emission 

monochromator set at 450 nm. 

a lesser extent, addition of barium and strontium, 
restores the fluorescence. 

The phenolate ion is responsible for the absorbance 
and fluorescence at pH 6.0 and above. Upon addition 
of a proton, the wavelength of maximum absorb- 
ance shifts from 333.1 nm to 298 nm. This shift to 
shorter wavelength is consistent with protonation of 
a phenolic oxygen atom. Simultaneously, the wave- 
length of maximum emission shifts from 450 run to 
475 nm. This shift to longer emission wavelength with 
increasing acidity suggests that the fluorescent species 
has undergone tautomerization and in the excited 
state it is the carbonyl oxygen atom, not the phenolic 
oxygen atom, that is protonated. 

Hydroxide ion attacks position 2- of the benzo-4- 
pyrone ring,‘2 causing ring opening and ~nco~tant 
loss of the fluorescence of the cal~um~onstant 
Cal&n Blue complex. In 0.7M potassium hydroxide 
and at 25.5”, the fully deprotonated form of the 
indicator, In3-, and its calcium complex, Cain-, 
decompose accordin8 to pseudo-first-order kinetics; 
see Table 1 for the apparent first-order rate constants 
and half-lives. 

In3- decomposes more slowly than Cain-, a 
charge of -3 being more effective than a charge of 
- 1 in retarding nucleophilic attack by hydroxide ion. 
Under the same conditions of solvent and tem- 
perature, 7-hydroxy-2,3-dimethylchromone, the par- 
ent fluorescent molecule, carries a charge of - 1 
and has an apparent first-order rate constant of 
0.0704 + 0.0007 day-’ and a half-life of 9.80 f 0.09 
days,’ values similar to those of Cain-. 

Stock solutions of Constant Calcein Blue made up 
in O.lM triethanolamine, pH = 9.0, decompose with 
a half-life of 73.8 + 1.7 days (apparent first-order 
rate constant, 0.00935 It 0.00009 day-‘). The lower 
hydroxide ion concentration accounts for the slower 
rate of hydrolysis of the stock solutions. 

Before 0.7M potassium hydroxide can be used in 
spectrofluorometric determinations of metal ions, 
sufficient EDTA must be added to sequester any 
~~ntially interfering metal ion imp~ties. These 
impurities are present at a level (3 x 10m6M) equal to 
and higher than the metal-ion levels generally deter- 
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Table 2. Relative fluorescence of calcium-Constant Calcein Blue in 0.7M potassium 
hydroxide as a function of time; concentration of indicator, 1.25 x 10e5M; Pyrex 

flasks 

Time after 
solution 

preparation, [Ca’+], PM 0.00 0.62 1.24 1.87 2.49 3.11 3.73 4.35 
hr [Ca2+]/[In3-] 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

1.0 15.7 22.1 34.0 47.2 59.4 72.! 3 86.3 98.3 
1.5 14.7 22.9 34.3 47.5 60.7 73.7 88.0 98.6 
4.0 14.4 22.1 35.5 48.1 60.2 74.7 87.3 99.2 
5.5 15.9 23.3 35.5 47.8 61.1 74.5 86.3 99.1 
7.0 15.7 24.5 36.4 48.1 60.6 74.1 86.5 98.2 

10.5 14.8 23.2 37.3 48.3 61.6 73.3 86.1 98.1 
32.0 14.7 23.9 34.9 48.3 60.8 72.9 83.9 96.0 

Table 3. Relative fluorescence of calcium-Constant Cal&n Blue in 0.7M 
potassium hydroxide as a function of time; concentration of indicator, 

1.25 x lo-‘M; polypropylene flasks 

Time after 
solution 

preparation, [Ca’+], ptM 0.00 0.62 1.24 1.87 2.49 3.11 3.73 
hr [Caz+]/[In3-] 0.00 0.05 0.10 0.15 0.20 0.25 0.30 

1.0 14.2 23.1 35.8 49.8 62.9 74.3 93.2 
1.5 14.3 23.1 36.1 50.0 63.3 75.1 93.3 
4.0 14.1 22.9 35.9 49.8 62.4 74.8 93.3 
5.5 14.3 23.0 35.8 49.7 62.3 74.0 92.7 
7.0 14.1 22.9 35.8 49.8 62.7 75.2 93.1 

10.5 14.1 22.8 35.7 49.3 61.3 73.8 91.9 
32.0 14.7 23.0 35.2 48.7 61.1 72.1 89.5 

mined fluorometrically. The amount of EDTA re- 
quired is obtained from fluorometric titration of 
0.7M potassium hydroxide containing Constant 
Calcein Blue, the relative fluorescence being plotted 
as a function of the volume of EDTA added. 

Calcium combines with Constant Calcein Blue in 
1: 1 ratio as determined by the mole-ratio method. 
The fluorescence of Cain- in 0.7M potassium hy- 
droxide remains unchanged over a period of 104 hr 
(see Tables 2 and 3). Similar results are obtained in 
both Pyrex and polypropylene flasks provided the 
Pyrex flasks are cleaned with alcoholic potassium 
hydroxide containing EDTA and thoroughly rinsed 
with demineralized water. Without this treatment the 
fluorescence increases dramatically and irregularly 
from flask to flask and with time, and this is attrib- 
uted to calcium contamination from the glass itself. 

Light apparently does not affect the rate of decom- 
position of solid Hr In, O.lM triethanolamine 
solutions of HI&, aqueous solutions of In’-, or 
aqueous solutions of Cain-, as no evidence for this 
was detected. 

Because of its unexcelled resistance to alkaline 
hydrolysis, Constant Calcein Blue is recommended as 
a substitute for Calcein and Calcein-like indicators in 
fluorometric determinations of metal ions at pH 13 
and higher. 
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Barite (B&O,) which is a principal source of barium 
campounds occurs in nature mainly as a gangue 
minoral in hydrothermal vein depaaits, in sedimene 
tary and igneous rocks, and in clay and hot spring 
deposits. Because cehes&ne (Srso,) is isoS~ur~ 
with borne, bar&m k batite can be @aced by 
~o~~~ 0 ySd a e~ntmuous series of s&d s&u= 
tions ~a~~~ from barite to cefestinet,” which expfains 
why the strontium content of bar&s vrtties from 
several hundred to several thousand fag/g Studies on 
the distribution of strontium and variations in the 
*‘S$% ratio have been applied in elucidating the 
genesis of barites.2-5 Besides being a stable natural 
isat0pe, %r is also a decay produr;t of radioactive 
87Bb end, consequently, the measurement of rubid* 
mm and strontium concentrations plays an importa& 
rok in determining the age and rnin~r~l~~o~ pre 
cess of bar&es in various g~h~~~ environ* 
mer~ts>-~ To aid in these stud& r~ab~ rna~~a are 
required for the dete~na~~n of sm&~ am5mts of 

~t~5~~~ and rubidium and majx and minor k%e2s 
uf b&urn in barite sampies. 

Procedures recently recommended for opening out 
bar& involve fusion with sadium carbonate3 or 
hthrium metaborate,“ leaching of the sample with 
sodium carbonate solution,6 and highq%x%ure heat- 
ing tit MOQ’ with graphite.’ However, none of these 
methods was considered suitable for the present 

work. Complete dtxxmqmsitian of barium sulphate is 
not always obtalined with sodium carbonate even 
after a double fusion step, and lithium metaborate 
also decomposes any associated barium feldspar, 
whi& WDUM give ~~~~ resx&s for dete~~n~o~ 
ef barhrm eembmed as ~~~~~~~~ The soditm carben- 
ate 2eaehing method has o&y been bends f& 
5-mg sampIes, whi& w&d not be adeq3M.e fslt tim 
dete~~nat~o~ of pd&jg concentrations of rubidium, 
and the graphite method results in loss of rubidium 
by volatilization. Because disodium EDTA has 
been recommended for the dissolution of traces of 
barium sulphate in diagnostic meals8 and calcium 
carbonate’ its apphwbility for dissolution of barite 
was investigated in this work. 

Apparatus 

A Techtron IWW A&3 spectmnneter, &ted with a 
water-cooled burner and some model AA-3 accessories,‘* 
was used for Ilamb atomic~absorption measurements. 
Nitrous oxide-acNyk@ and air-acetylene flames were em- 
ployed for the deter&&on of barium and strontium, 
reqxxtivefy, and akxbanct peaks were recorded on B 
‘frarian m&e1 9176 st&p&M recorder at a i&art speed of 
-% Sxqknin* 



428 3. G. SW Gum4 

Table 1. Operating parameters and characteristic concentrations for barium, strontium 
and rubidium 

Spectral Lamp 
Wave~n~* bandwidth, current, Characteristic 

Element nJn nm ?n.4 AAS mode ~~n~ation* 

Ba 553.6 0.5 lo? NZO-C,H, Aame 0.57 
Sr 460.1 0.5 5t Air-C, H, flame 0.14 
Rb 780.0 0.2 lofr Graphite furnace 2 

*Concentration of the element, in fig/ml for flame AAS or weight of the element in pg 
for el~t~the~al AAS. which oroduces a change, compared with a pure solvent or 
blank, of 0.0844 absorbance &its. 

7Varian hoiIow~~~e hunp. 
§Cathodeon hoilow-cathode lamp. 

Calibration solutions fitted with IEEE communication, was used for the graphite- 
furnace AAS determination of rubidium. An Epson model 
MX-82 Type III printer with IEEE interface was employed 
for recording absorbances and ternPeratum-absorPtion 
Peak profiles, and py~ly~~y~a~ graphite tubes and 
argon gas (99.999% pure) were used throughout the work. 
The spectrometer was aperated in the single-beam and 
peak-height mode and a I-set integration-time was used in 
setting zero absorbance on the instrument. 

Characteristic concentrations and instrumental operating 
parameters for barium, strontium and rubidium are given 
in Tables l-3. 

Recgenrs 
A standard SOO-/.@nl barium solution was prepared by 

dissolving 0.0850 g of pure barium sulpbate powder as 
described in the procedure, followed by dilution of the 
resulting solution to 100 ml with water. This solution 
contains 30 mg of disodium EDTA Per ml {equivalent to 
3.71 mg of sodium per ml). 

A RKi-&ml strontium solution was prepared by appro- 
priate dilution of a commercial KKlO-gg/ml solution and a 
MO-&ml rubidium solution was prepared by dissolving 
0.1415 g of pure rubidium chloride in water and diluting 
to 1 litre. A l-pg/ml rubidium solution was prepared by 
appropriate dilution of the stock solution with water. 

A lO-mgjml sodium ~s~o~opic buffer) solution was 
prepared by dissoiviag 25.4 g of pure sodium chloride in 
water and diluting to 1 litre. 

Carbonate-free ammonia was prepared by passing 
ammonia gas into a plastic bottle containing -500 ml of 
water (cooled in ice-water) until the volume of the resulting 
solution was -750 ml. 

A I20-mg/ml d&odium e~ylen~i~netetra-a~tate 
(EDTA) solution was prepared by dissolving 68 g of 
the pure. salt in boiling water and diluting at room ternPer- 
ature to 500 ml. This solution contains 14.84 mg of sodium 
per ml. 

Demineralized water was used throughout and the solu- 
tioao were stored in tightly stoppered Nalgene bottles. 

Table 2. Operating parameters for rubid- 
ium in a p~ol~~y~~ graphite 

fUrnaCe 

AWP 
Step Temperature, Time, gas flow, 

number OC set I./min 

1 3 
2 zl : 
3 120 10 : 
4 600 10 
5 850 10 z 
6 
7 ;z ; 8: 

8 2000 1 3 

*Read command initiated. 

Itnriunr. prepare 5O-, MO-, 150- and 200;ugjml barium 
solutions by adding 1,2,3 and 4 ml of 500~.&ml standard 
barium solution to four lo-mf standard ihtskq together 
with s&cient 12~rn~~rnl disodium BDTA soiution and 
IO-mg/ml sodium beer solution in each flask for the final 
salutions to contain 12 mg/ml disodium BDTA and a total 
of -3000 ng/ml sodium, then dilute each solution to 
volume with water. prepare a blank calibration solution 
containing 12 mg/ml disodium EDTA and a total of 
-3OOO p&ml sodium. 

~tr#~t~~ mi n&dime Transfer 3 g of disodium EDTA 
to each of four 50-ml beakers, add 15 ml of water and 
beat to dissolve the salt. Add 2.5, 3.75, 5 and 6.25 ml of 
lflO+g/ml standard strontium solution and 0.25,0.5, 1 and 
1.5 ml of I-pg/ml rubidium solution to give final solutions 
containing 10, 15, 20 and 25 pg/ml strantium and 10, 20, 
40 and 60 n&ml rubidium. If necessary, evaporate the 
solutions to -20 ml, cool to room temperatures then 
transfer them to 2%ml standard Basks and dilute to volume 
with water. Prepare a blank calibration solution containing 
120 mg/ml disodium EDTA (Note 1). 

Procedure 
Transfer 0.1 g of powdered barite sample to a l%ml 

borosilicrtte beaker and add 60 ml of freshly prepared 
carbonate-free ammonia solution and 3 g of disodium 
EDTA. Place a glass rod in the solution, cover the beaker 
with a watch glass and boil the solution on a hot-plate for 
3-4 hr mote 2). Stir the solution periodically and rub the 
solid sample against the bottom of the beaker to aid the 
dissolution. Add suIIlcient carbonate-free ammonia solution 
as required during the boiling step to keep the volume of the 
solution at -60 ml. Wash down the cover and the sides of 
the beaker with water, add 2 ml of carbonate-free ammonia 
solution, cover the beaker, allow it to stand on a steam-bath 
overnight (Note 3), then, if necessary, filter the solution 
(J&cm Whatman No. 40 paper) into a lOO-ml beaker and 
wash the paper thoroughly with hot 5% ammonia solution. 

Table 3. Auto ~p~~is~s~ Parameters for rubidium 

Samples and standards 

Volume, Blank* volume, 

Type Location ti PI 

Blank 
STDl G 

- to 
10 to 

STD2 4’7 19 IO 

zz 
48 10 IO 
49 10 10 

samph%t - 10 10 

*Demineralii water. 
TLocation I was used for disodium EDTA (3 g/25 ml) 

blank, and locations 2-45 were used for samples. 
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Reserve the residue. Evaporate the solution to N 20 ml and, 
if necessary, add several drops of carbonate-free ammonia 
and warm the solution to remove turbidity. Transfer the hot 
solution (Note 4) to a 25-ml standard flask (Note 5), make 
up the volume nearly to the mark with water, cool the flask 
under running cold tap water and dilute to volume with 
water (solution A). 

Transfer the residue to a 30-ml platinum crucible, bum off 
the paper at -450” and ignite the residue at -800”. Cool 
the crucible, add 2 ml of concentrated hydrofluoric acid and 
several drops of 50% v/v sulphuric acid and evaporate the 
solution to dryness on a sand-bath. Cool, add exactly 10 ml 
of solution A to the crucible, then heat the solution gently 
on a sand-bath, stirring periodically with a short glass rod. 
Filter the solution as described above and collect the filtrate 
in a 20-ml beaker. Evaporate the solution to N 8 ml, cool it 
to room temperature, transfer it to a lo-ml standard flask 
and dilute to volume with water (solution B). Carry a blank 
(10 ml of 120-mg/ml disodium EDTA solution) through the 
procedure for treatment of the residue, to obtain a cali- 
bration blank for solution B. 

For the determination of barium, transfer a l-ml ahquot 
of solution A to a lO-ml standard flask, add 1.5 ml of 
IO-mg/ml sodium buffer solution and dilute to volume with 
water. Using the conditions described under Apparatus and 
in Table 1, measure the absorbance at 553.6 nm, when this 
solution is sprayed into an appropriately adjusted nitrous 
oxide-acetylene flame. Determine the barium content of the 
sample solution by reference to a calibration graph obtained 
with standard barium solutions containing approximately 
the same concentrations of EDTA and sodium as the sample 
solution. 

Using the conditions described under Apparatus and in 
Table 1, measure the strontium absorbance of sample 
solutions A and B, at 460.7 nm, in an appropriately adjusted 
air-acetylene flame. Utilixing the conditions given under 
Apparatus and in Tables l-3, and using a lo-p1 aliquot 
(Note 6), measure the rubidium absorbance of both solu- 
tions at 780.0 nm, by graphite-furnace AAS. Determine the 
strontium and rubidium contents (Note 7) of both solutions 
by reference to calibration graphs obtained with standard 
solutions containing the same concentration of disodium 
EDTA as the sample solutions. Calculate the total stron- 
tium and rubidium contents of the sample by adding the 
amounts found in solutions A and B. Correct the rubidium 
result obtained for the sample by subtracting that obtained 
for the blank. 

Notes 
1. This blank is the calibration blank for the deter- 

mination of strontium and rubidium in solution A only. For 
solution B, use the blank carried through the whole pro- 
C&We. 

2. For routine analysis of a large number of samples it is 
convenient to use a hot-plate in the dissolution step. How- 
ever, BaSO, and barite dissolve more rapidly in ammoniacal 
EDTA solution if the beaker is placed on an asbestos- 
covered wire gauze supported by a tripod stand and heated 
directly with a Bunsen burner. In this case the disodium 
EDTA should be added gradually in m l-g portions in the 
presence of an excess of ammonia solution, and the solution 
should be stirred periodically with a glass rod. 

3. Pure barium sulphate and pure barite give ciear 
solutions under these conditions. 

4. This step is to prevent any separation of solid salts on 
the sides of the beaker on cooling. 

5. If only strontium and rubidium are to be determined, 
the final solution obtained after treatment of the residue, 
as described in the next part of the procedure, should be 
combined with the initial solution (solution A). 

6. This volume was found to be optimum; greater 
volumes result in excessive background signals because of 

the longer time necessary to burn off the EDTA. The 
capillary tube of the automatic sample dispenser was rinsed 
with 10~1 of water after injection of each IO-~1 sample 
solution. 

7. If dilution of solution B is necessary; particularly for 
samples containing > 5 pg/g of rubidium, use 120-mg/ml 
disodium EDTA solution for the dilution. 

RESULTS AND DMXJSSION 

Eflectiveness of disodium EDTA for dissolution of 
barite 

Preliminary work showed that pure barium sul- 
phate and pure barite completely dissolved when 
0.1-g samples were heated with a strongly ammo- 
niacal solution containing 3 g of disodium EDTA as 
described in the proposed method. However, some 
insoluble material, which was found from its X-ray 
powder-diffraction pattern to contain quartz, feld- 
spar, pyrite and celsian (BaAl,Si,O,), remained when 
impure barite samples (e.g., from Hemlo, Ontario) 
were treated in the same way. Some additional tests 
with various barium silicate minerals of the feldspar 
group, which may be associated with barite, viz. 
hyalophane (BaNaICAl,Si,O,,), celsian and para- 
celsian, confirmed that only barium sulphate is dis- 
solved under these conditions. 

Because barite does not incorporate rubidium in its 
structure, most of the rubidium in barite is probably 
present as silicate in the associated silicate gangue 
minerals. Although strontium is mostly present as 
SrSO., in solid solution with barite, small amounts 
may also be present as silicate in the gangue minerals, 
particularly as radiogenic 87Sr. Consequently, to 
determine total strontium and rubidium for use in 
geochronological studies, it is necessary to recover 
these two elements from the silicate residue remaining 
after the dissolution of barite with ammoniacal 
EDTA solution. In the proposed method, the 
insoluble residue is decomposed with hydrofluoric 
and sulphuric acids and the resulting strontium and 
rubidium sulphates are leached out of any remaining 
residue by treatment with an aliquot of the initial 
EDTA solution. 

Atomic-absorption finishes 

Flame AAS finishes were chosen for the deter- 
mination of both barium and strontium because of 
the high levels of these elements in barite and because 
of the high sensitivity (particularly for strontium, 
Table 1) at the most sensitive resonance lines. 
Because it was found that sulphate suppresses the 
absorbance of barium in a nitrous oxide-acetylene 
flame at barium concentrations > 150 pg/ml, barium 
sulphate, rather than chloride, was used to prepare 
the standard barium solution to keep the matrix 
approximately the same in both sample and cali- 
bration solutions, although the expected sulphate 
concentration would be below this level. 

Tests showed that up to -30 mg of disodium 
EDTA per ml has no significant effect on the deter- 
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Fig. 1. Temperature-absorbance protiles (video display) 
for rubidium in the presence of disodium EDTA. A, Blank; 
B, IO-ng/ml Rb; C, 20-ng/ml Rb; D, 0.1 g of bar&e./25 ml. 
All solutions contained 120 mg of disodium EDTA per 

ml; lO-~1 aliquots taken. 

mination of barium in a nitrous oxide-acetylene 

flame. However, the absorbance decreases if the 
concentration of sodium, which acts as an ionization 
suppressant, is less than N 2 or more than -4 mg/ml. 
Consequently, the concentration of sodium in the 
sample and calibration solutions was kept at 
-3 mg/ml. In the determination of strontium in an 
air-acetylene flame, any possible interference from 

Table 5. Comparison of 8ame 
AAS and energy-dispersive XRF 

results for strontium in bar&es 

Sr found, pgig 

Sample 

D 
E 

FAAS EDXRF 

900 1036 
4125 3816 
4500 4154 
4450 4426 

Table 6. Determination of rubidium in some international 
reference rocks by graphite-furnace AAS 

Rb found, pg/g 

Sample GFAAS other values” 

Gabbro MRG-1 8 
Basalt BHVO- 1 11 

(Hawaiian) 

Norite NIM-N 6 Basalt BE-N 48 
Basalt BCR-1 48 

*“Usable value” reported by Abbey.” 

8 
10 

4: 
47 

EDTA and sodium was avoided by keeping the 
concentration of disodium EDTA the same 
(N 120 mg/ml) in both the sample and calibration 
solutions. 

Although the characteristic concentration for 
rubidium, at 780.0 nm, in an air-acetylene flame is 
almost the same (0.13 pg/ml for 0.0044 absorbance 
units) as that for strontium, rubidium was determined 
by graphite-furnace AAS because of its low level, 
usually ‘< 10 pg/g, in most barite samples. Figure 
l(ED) shows the instrumental video-display of the 
temperature-absorbance profiles for rubidium in the 
presence of 120 mg of disodium EDTA per ml, with 
use of a pyrolytically-coated graphite tube and argon 
as purge gas. The results show that essentially all the 
EDTA is removed in the ash steps at 600-850” before 
the atomization of rubidium at 2000” and that rubid- 
ium can be readily determined under these conditions 
after correction for a suitable reagent blank (Fig. 1A) 
containing the same concentration of disodium 
EDTA. The disodium EDTA used was found to 
contain -0.2 pg/g rubidium, which is considerably 

Table 4. Comparison of tlame AAS and wavelength-dispersive XRF 
results for barium in barites 

Samvle 

s, % 
Ba found, % 

Calculated Found by 
FAAS* WDXRF from BaSO, combustion method 

A 50.0 49.9 11.7 12.1 
50.0 

B 36.3 36.2 8.5 8.5 
36.3 

C 26.5 26.1 6.2 6.0 

*Results shown are for duplicate determinations. 
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less than the rubidium content of most barite sam- 
ples. 

Applications 

Table 4 shows that the results obtained for barium 
in three barite samples by the proposed method were 
reproducible and agreed well with those obtained for 
the same samples by wavelength-dispersive X-ray 
fluorescence spectrometry. The sulphur values, calcu- 
lated as the amount of sulphur in the sulphate 
equivalent to the barium found by AAS, were also in 
good agreement with the sulphur results obtained by 
a combustion method.‘2.‘3 

Table 5 shows that the results obtained for total 
strontium in four other barite samples were also in 
reasonably good agreement with those obtained for 
the same samples by energy-dispersive X-ray 
guorescence spectrometry, conside~ng that the error 
in the latter method is = 10%. 

Although no barite samples of known rubidium 
content were available, Table 6 shows that the results 
obtained for rubidium in some international refer- 
ence samples by the graphite-furnace method were in 
excellent agreement with previously reported values. I4 
Samples A, B and C in Table 4 were found to contain 
4, 9 and 60 pg/g of rubidium, respectively. Twenty- 
five other barite samples were found to contain from 
1 to 6hg/g rubidium. 
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ANION-EXCHANGE ENRICHME~ AND SPECTROPHOTOMETRIC 
DETERMrNATION OF URANIUM IN SEA-WATER 
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Laboratory for Analytical Chemistry, Faculty of Engineering, University of Chiba, Yayoi-cho, 

Chiba, Japan 
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Summary-A method is proposed for the determination of uranium in sea-water. The uranium is strongly 
sorbed on a strongly basic anion-exchange resin (Cl- form) from acidified sea-water containing sodium 
azide (0.3M) and is easily eluted with 1M hydrochbric acid. Uranium in the effluent can be determined 
s~trophotornet~~y with Arsena~o III. The combined method allows easy and selective ~te~nation 
of uranium in sea-water without using a sophisticated adsorbent. The overall recovery and precision are 
satisfactory at the 3 p&l. level. 

The determination of uranium in sea-water generally 
entails a concentration step, even when the highly 
sensitive fluorometric and neutron-activation meth- 
ods are used, almost the only exception being the 
direct determination by stripping voltammetry.‘” A 
number of preconcentration techniques, including 
co-precipitation,3 co-crystallization,4 extraction,**6 
froth flotation,7-9 and sorption on cheiatingl”,” or 
anion-exch~ge resins’2r’3 or of a ail chelate on 
lipophilized silica gel, I4 have been used. Use of ex- 
changers based on cellulose and polystyrene contain- 
ing 2-hydroxyphenyl-(2)~azonaphthol (Hyphan) as 
anchor group’s*16 and of an anion-exchange resin with 
thiourea groups on a polystyrene-divinylbenzene 
matrix” has also been reported for the precon- 
centration of uranium in sea-water. 

Conventional ion-exchange has seldom been used, 
since the high concentration of sodium chloride in 
sea-water usually makes it difficult to achieve quan- 
titative recovery of the ura~um. We have found that 
u~nium is strongly sorbed from saline water by a 
strongly basic anion-exchange resin in the presence of 
azide ion (Ng). This behaviour of uranium prompted 
us to deveIop a simple enrichment and spec- 
trophotometric procedure for traces of uranium in 
sea-water. 

EXPERIMENTAL 

Reagents 
A stock solution (5.7 m&l) of uranium was prepared by 

converting uranyl nitrate into the chloride, dissolving it in 
demineralii water and standardizing by back-titration 
with thorium nitrate after addition of excess of EDTA. 
Unless otherwise mentioned, reagents of analytical grade 
were used throu~out. The strongly basic anion-exchange 
resin Bio-Rad ACi 1, X-8 (100-200 mesh), in the chloride 
form was used. A slurry of 3.0 g of the resin in water was 

poured into a conventional ion-exchange tube (1.5 cm 
diameter) to make a bed 3.2 cm long. 

Measurements of distribution coeficients 
The distribution coefficients of uranium(V) were deter- 

mined by the batch equilibrium method. Weighed portions 
of dried resin (1.0 g each) were mixed with 40-ml portions 
of O.lM hydrochloric acid-O/& sodium chloride solution 
containing various concentrations of sodium azide and 4.2 
pmole of umbra). The mixtures were shaken for 5 hr 
at 25” and the weight distribution coefficients determined as 
described earlier.18 

Procedure 
Ion-exchange enrichment. Filter the sea-water sample 

(previously acidified to O.lM in hydrochloric acid to sta- 
bilize it) through a membrane filter (0.45 pm Millipore 
filter). Take a l-l&n: fraction of the filtrate and add 19.5 g 
of sodium azide to it. Pass the mixture through the ion- 
exchange column at a flow-rate of 5 ml/min. Wash the 
column with a total of 30 ml of O.lM hydrochloric 
acid-O.3M sodium azide solution. Discard the effluent. Strip 
the uranium with 50ml of 1M hydrochloric acid. 

Spectrophotometric determbration.lq Evaporate the strip- 
pings to dryness on a hot-plate. Take up the residue with 5 
ml of %M hydr~~o~c acid and 0.6 ml of 1% ascorbic acid 
solution. Aad 0.7 g of metallic zinc and let stand for 15 min. 
Transfer the solution to a 25.ml standard flask, add 1.0 ml 
of 0.1% Arsenazo III solution and dilute to the mark with 
8M hydrochloric acid. Measure the absorbance at 665 nm 
against a reagent blank, using 2-cm cells. 

RESULTS AND DISCUSSION 

Hydrazoic acid is a weak acid (plu, = 4.77 at 25”), 
which can form complexes with uranium and has 
been used for its spectrophotometric determination,20 
though with low sensitivity. Oguma et ~1.~) have 
already reported the sorption behaviour of uranium 
on the anion-exchanger Bio-Rad AG 1 (azide form) 
in hydrazoic acid solutions ranging 0.05 to OS&i in 
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Table 1. Distribution coefficients of 
U(VI) on Bio-Rad AG 1 (Cl- form) 
in 0.1M HCl-XM NaN,-O.SM NaCl 

NaN,, M PH Kd 

0 1.05 2~3* 
0.10 2.80 14 
0.15 4.06 2160 
0.20 4.35 8110 
0.25 4.55 15,800 
0.30 4.70 14,900 
0.40 4.88 12,200 
0.50 5.00 6220 

*Estimated by column method. 

Table 2. Determination of uranium in sea- 
water (I litre samples) 

U added, U found, 
Sample pg /% 

A 0 3.18, 3.07, 2.94 
B 0 3.26, 3.39, 3.24 

3.43 6.93, 6.85, 6.87 
C 0 3.13, 3.16, 3.13 

A: collected at Inage Yacht Harbour, Tokyo 
Bay, Japan, on 28 November 1985, sal- 
inity 30.19%0. B: collected at 1.5 km off the 
shore of Amatsukominato, Chiba, Japan, 
on 31 January 1986, salinity 34.51%0. C: 
collected on the shore at Tokawa, Choshi, 
Japan, 31 January 1986, salinity 33.57%. 

concentration. However, there is little information 
about the sorption of uranium from saline azide 
media. The distribution coefficients of uranium(V1) 
on Bio-Rad AG 1 (chloride form) in acidified OSM 
sodium chloride (O.lM in hydrochloric acid) are 
listed in Table 1 as a function of azide concentration. 
The distribution coefficient increases rapidly with 
increasing concentration of azide, reaching a max- 
imum at 0.25M concentration. In a solution of hydra- 
zoic acid alone, the distribution coefficient increases 
sharply with increasing concentration of the acid, 
reaching about lo4 at 0.5M concentration. The pres- 
ence of OSM sodium chloride apparently favours the 
sorption of uranium, the distribution coefficient being 
much higher than that with hydrazoic acid alone over 
the azide concentration range from 0.2 to 0.4M. This 
behaviour is favourable for the determination of 
uranium in highly saline water such as sea-water. 

It is, in fact, very difficult to recover uranium from 
saline solutions which contain simple ligands. For 
example, we have found that the presence of sodium 
chloride (0.5M) greatly decreases sorption of ura- 
nium(V1) on AG 1 in bicarbonate (0. l-l .OM), sulph- 
uric acid (0.01-0.50M), and 0.01-0.05M oxalic acid/ 
O.Ol-O.SM hydrochloric acid media. The high degree 
of sorption of uranium from the azide-chloride me- 
dia is probably due to the formation of mixed-ligand 
complexes, as is the case for thiocyanate-chloride 
media.” The sorbed uranium can be very easily 
stripped by elution with 1M hydrochloric acid. 

To test application of the anion-exchange azide 
system for the determination of uranium in water 

samples, an artificial sea-water (28 g of NaCl, 5.5 g 
of MgCl,. 6Hr0,6.9 g of MgSO,. 7H,O and 1.5 g of 
CaCl, per litre) was prepared, spiked with 3.4 pg of 
uranium per litre, and analysed according to the 
procedure above. Recoveries were satisfactory, being 
98.3 and 99.6% for duplicate analyses. 

Sorption of uranium on AG 1 from hydrazoic acid 
media is comparatively selective; Be, Mg, Al, Ca, Sc, 
Cr(III), Mn(II), Co(II), Ni, Ge, As(III), Sr, Y, Zr, 
Te(IV), Ba, La, Sm, Yb, Hf and Th are not retained 
on the AG 1 column from 0.5M hydrazoic acid. V(V), 
Fe(III), Cu(II), Zn, Mo(VI), Pd(II), In(III), W(VI), 
Re(VII), Ir(IV), Pt(IV), Au(III), and Hg(I1) are sor- 
bed more or less firmly from hydrazoic acid media, 
but even when these metals behave the same as 
uranium in the anion-exchange concentration and 
elution steps, they do not interfere with the spec- 
trophotometric determination of uranium with Arse- 
nazo III. The metals that interfere seriously with that 
determination are zirconium and thorium, but these 
are not retained on the column from sea-water, and 
therefore do not affect the determination. The results 
of repeated determination of uranium in three sea- 
water samples are given in Table 2 together with 
those for some spiking tests. The overall recoveries 
and precision (r.s.d. 0.74%) are satisfactory. 
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!&munary-A new ligand-loaded anion-exchange resin has been developed which allows determination of 
Se(W) and Se(W) in mixtures of the two. The ligand is a sulphonic acid derivative of bismuthiol-II. 

We have developed a versatile method for the prep- 
aration of functional resins by a simple treatment of 
an ion-exchange resin with appropriate reagents.‘-’ 
These reagents should have three functional proper- 
ties, namely selective reaction with the determinant of 
interest, an ion-exchange reaction with the resin and 
strong physical sorption on the ion-exchange resin 
matrix. Selenium, which has become of interest be- 
cause of the small difference between its essential and 
toxic levels, has been selectively collected with some 
functional resins made in this way. Ion-exchange 
resins loaded with azothiopyrine sulphonic acid or 
bismuthiol-II (abbreviated as bis-II), which bear a 
thiol group, have been found useful for collection of 
selenium(IV), through formation of stable seleno- 
trisulphide, which forms an -S-Se-S- linkage 
with the resin.ti 

Determination of both selenium(V1) and sele- 
nium(IV) is necessary for elucidation of the distribu- 
tion of the oxidation states of selenium in environ- 
mental waters.’ Selenium(V1) can be determined as 
selenium(IV) after reduction by refluxing with con- 
centrated hydrochloric* or hydrobromic acid,’ but in 
practice this is inconvenient for determination of 
the trace amount of selenium(V1) in environmental 
samples. Several methods based on reduction to 
selenium(IV) have been proposed for the pre- 
concentration of selenium(IV) and (VI),‘“i5 but the 
amount of selenium(V1) has to be estimated indirectly 

by determination of the selenium(IV). These methods 
are also unsatisfactory for treatment of large volumes 
of environmental samples. A method for direct iso- 
lation and determination of selenium(V1) is highly 
desirable. 

In an attempt to develop a simple method for the 
separation and selective collection of selenium(V1) 
and (IV), we have examined the use of sulphonated 
bismuthiol II (bis-IIS, Fig. 1) loaded on an anion- 
exchange resin. We have synthesized bis-IIS from 
4-hydrazinobenzenesulphonic acid and carbon disul- 
phide with high yield. The anion-exchange resin can 
be loaded simply by mixing it with an aqueous 
solution of bis-IIS. There is practically no release of 
bis-IIS from the resin, even with O.lM sodium chlor- 
ide or 2.OM hydrochloric acid. In these electrolyte 
solutions the resin loaded with bis-IIS is more stable 
than that loaded with bis-II. The sorption of sele- 
nium(IV) by the bis-IIS resin is complete from 

S03K 

N-N 

KSAA 
Fig. 1. Bismuthiol-II sulphonic acid, potassium salt 

(his-IIS). 
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Fig. 2. Collection of selenium(IV) and (VI) on bis-IIS 
loaded resin. Batch method (shaking time 8 hr; temperature 
30”). Bis-IIS loaded resin (0.2 mmole/g), 0.1 g. 0 Se(N), 

1Opg. l Se(VI), 1Opg. Total volume 50ml. 

0.3-2.OM hydrochloric acid medium, as shown in 
Fig. 2, the ratio of selenium(IV) to bis-IIS on the resin 
being approximately 1: 4, as in the case of the bis-II 
resin,5 but selenium(V1) is hardly sorbed on the 
bis-IIS resin from 0.3-1.8M hydrochloric acid. The 
selenium can be eluted from the resin with cysteine or 
penicillamine solution and subsequently determined 
by spectrofluorimetry. An attempt was then made to 
find a reagent able to form the selenotrisulphide of 
bis-IIS from selenium(V1) under mild conditions. 
Various reagents, including thiols, were examined. As 
shown in Fig. 3, only the addition of thiourea gave 
satisfactory collection of selenium(V1) on the bis-IIS 
resin. It seems likely that selenium(V1) is reduced to 
a lower oxidation state by thiourea and forms a 
selenotrisulphide first with thiourea, and then with 
bis-IIS, the latter being the more stable. In this 
reaction, the function of thiourea may not simply be 
the reduction of selenium(V1). The mechanism of this 
reaction is now under study. Sorption equilibrium 
was reached after shaking for 12 hr in 2M hydro- 
chloric acid. As shown in Fig. 4, the degree of 
selenium(VI) collection increased (up to 98%) with 
an increase in the amount of bis-IIS loaded on 
the resin. These results indicate that the method is 
reasonably effective for preconcentration of sele- 
nium(VI), when a large volume of environmental 
water sample is treated. Similar use of the bis-II resin 
did not give satisfactory results, because oxidation of 
the thiol group to disulphide in the acid solution took 
place too rapidly. We have developed a procedure, 
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l&L / 0 
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0 

si 
e 

2 
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0 .-.-A i 

05 1000 05 10 
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Fig. 3. Collectipn of selenium(W). Bis-IIS loaded resin 
(0.2 mmole/g), 0.1 g, Se(W) 10 pg (50 ml). Reagents (0.W): 
0 NaBH,, A ascorbic acid, 0 (NH2)2H2S04, 0 thiourea, 

0 thiosemicarbazide, l cysteine. 

Amount of his-IIS toaded 
( mmole/g-resin 1 

Fig. 4. Effect of amount of bis-IIS loaded, on the collection 
of selenium(W). Bis-IIS resin 0.1 g. Se(W) 10 pg. Thiourea 

O.lM. HCl 2M. Shaking time 15 hr. 

described below, for the separation and deter- 
mination of selenium(IV) and (VI), based on use of 
the bis-IIS resin. 

A mixture of selenium(IV) and (VI) in 0.3-0.5M 
hydrochloric acid was applied to a column packed 
with bis-IIS resin, and selenium(IV) was collected on 
the resin (resin 1). The effluent, containing the sele- 
nium(VI), was made O.lM in thiourea, bis-IIS resin 
(100-200 mesh) was added and the acidity of the 
‘solution was adjusted to 2M hydrochloric acid. The 
mixture was stirred very vigorously for 15 hr at 30”. 
The bis-IIS resin with selenium(V1) sorbed on it (resin 
2) was collected and packed in a minicolumn. The 
selenium sorbed on the two resins was eluted with 
0.02M cysteine or penicillamine, and determined 
spectrofluorimetrically after digestion with nitric acid 
and perchloric acid. The amounts of selenium recov- 
ered from resins 1 and 2 respectively correspond to 
the selenium(IV) and (VI) in the sample. The method 
was found to be applicable to the determination of 
selenium at levels of about 10-20 pg/ml. The method 
should be useful for field work, because the sele- 
nium(N) and (VI) can be collected from the water 
immediately after sampling, and the selenium sorbed 
on the resin is stable and can be determined later at 
any convenient time. 
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Summary-A new method is presented for fluorescent detection of amino-acids separated on silica gel R 
plates, by spraying with a 0.1% solution of 9-isothi~yanatoac~~ne derivatives in dic~orome~ane or 
benzene, heating and examining in ultraviolet light at 254 and 336 nm. This method is useful for routine 
analysis owing to its setectivity and sensitivity. 

Isothiocyanates react easily with amino-acids and 
amines,ls3 and fluorescein isothiocyanate,4 phenyl iso- 
thiocyanate,5 the trifluoroacetate salt of 
nitrofluorescein isothiocyanate6 and optically-active 
fluorescent isothiocyanates’.* have been used as re- 
agents for amino groups of amino-acids. 

For detection of primary and secondary amines, 
the isothiocyanates of acridine”’ or of polycyclic 
aromatic de~vatives’~” have been successfully used. 

In the work described here we used various 
9-isothi~yanatoac~dine derivatives as spray reagent 
for fluorescent detection of amino-acids separated by 
TLC. The method is simple, rapid and much more 
selective than other procedures, allowing visual de- 
tection of amino-acids separated on silica gel R 
plates, with a detection limit of 0.1 pg/spot at 254 and 
366 nm wavelengths. 

EXPERIMENTAL 
Glass plates 20 x 204x11, covered with a 0.5-mm thick 

layer of silica gel R containing a 1: 1 starch:agar-agar 
mixture as binder were used. Standard amino-acid solutions 
(I mg/ml) were applied to the plates by micropipette. 

Ascending development over a distance of 1Ocm was 
done in an unsaturated N-chamber with n-butanol-acetic 
acid-water (4 : I : 5). 

After development, the plates were dried first in an air 
stream and then in an oven at IOO” for 15 min, and finally 
sprayed with a 0.1% solution of 9-isothiocyanatoacridine 
derivative in dichloromethane or benzene. They were then 
heated in an oven at different temperatures for various times 
and examined in ultraviolet light of 254 and 336 nm wave- 
length (Camag type lamp). - 

The 9Gsothiocyanatoacridine derivatives were prepared 
by a phase-transfer catalysis method,r3 

RESULTS AND DISCUSSION 

Because the fluorescence of the spots appears only 
on heating, the influence of temperature and heating 
time on fluorescence intensity were examined by 

visual inspection after the plates had been heated at 
80, 100, 120, 150 and 180” for 15 or 30 min. The 
heating temperature did not influence the 
fluorescence, but increasing the temperature reduced 
the heating time needed. Heating the plates at 
100-120” for 15 min is enough to produce maximum 
fluorescence. 

The colours obtained under ultraviolet light differ 
according to the particular amino-acid and iso- 
thi~yanatoac~dine derivative used, and are listed in 
Table 1. 

The 2-methoxy-9Asothiocyanatoacridine deriva- 
tive gives a green fluorescence on the plate before 
heating and a blue fluorescence after it. The amino- 
acid spots show up more distinctly against a 
blue background. 2-Methyl-9Asothiocyanatoacridine 
gives a greenish-yellow fluorescence on the plate 
whereas the halogenated derivatives give a blue 
fluorescence before and after heating. 

It is known that fluorescein isothiocyanate deriva- 
tives react with amino-acids to yield, under acid 
conditions, ~iohyd~toin derivatives, which can be 
separated by TLC” or by high-speed liquid chro- 
matography$ 

If the heating time is too short or the temperature 
not high enough dark spots are observed against the 
brightness of the plate. Presumably, under these 
conditions analogous thiohydantoin derivatives are 
not formed. With proper selection of experimental 
conditions (heating time and/or temperature) the 
thiohydantoin derivatives are formed and the 
fluorescence appears under ultraviolet light. This 
postulate is supported by the fact that cyclization 
reactions with formation of hydantoin derivatives 
have been observed to occur at room tem~rature on 
neutral alumina.r6 Spraying with hydrochtoric acid 
has no influence on the fluorescence of the spot. 
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Triethanolamine solution in 2-propanol, which has 
been used to intensify fluorescence,” had no effect 
except for the yellow fluorescence of the t-asparagine 
spot. 

The most efficient of the 94sothiocyanatoacridine 
derivatives studied, judged in terms of colour contrast 
and brightness of ~uore~n~, are the IL-methoxy and 
the halogenated (especially the 2-chloro) compounds. 

CONCLUSIONS 

Because its selectivity is greater than that of other 
detection methods (the 2-methoxy derivative is highly 
selective for aspartic acid, cystine and L-tryptophan, 
which give blue spots, in contrast to the other amino- 
acids) this new method can be very useful for routine 
analyses. A further advantage is that as amino-acids 
are not soluble in dichloromethane or benzene, the 
shape of the spots is not changed, thus affording 
extension of the method to quantitative analysis in 
situ. 
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Summary-Two new derivatives arc proposed for determination of nitrosamines by GLC. One is formed 
by reaction with di(2-chlorcethyl) phosphochloridate and the other by reaction with m-trifluorotoluene 
sulphonyl chloride. 

Considerable interest in the determination of 
N-nitrosamines has been generated since Magee and 
Barnes’ first discovered that ~ethylnitro~~ne 
caused rn~~ant tumours in the rat, and the sub- 
sequent reports by other workers of the presence of 
N-~tros~imethyI~ne and many other earcino- 
genie N-nitrosamines in various foodstuff, biological 
and environmental ~amples.~~ 

An IARC review of methods” for the deter- 
mination of N-nitrosamines states that basic 
methodology now exists for determining volatile 
N-uitrosamines in a variety of substrates at the 
l-10 pg/kg level but there is still a need for the 

development of methods which can be used in labo- 
ratories where expensive equipment is not available. 

Gas c~omatog~p~c methods based on the mea- 
surement of derivatives of N-nitro~~nes with an 
electron-capture detector can be used when 
sufficiently clean extracts can be achieved. In general 
there have been two approaches to making deriva- 
tives of N-nitrosamines. The less attractive and more 
time-consuming approach involves a two-stage pro- 
cedure in which either the nitrosamine is denitrosated 
and the resulting amine is reacted with a 
polyfluorinated anhydride’1~12 or the nitrosamine is 
reduced to the hydra&e, which may then be reacted 
with a poIyfluorinated 2,4-diketone.” The alternative 
one-step procedures involve either the oxidation of 
N-nitros~nes to the nitramines with 
~rox~~fluoroa~eti~ acid’4,‘5 or direct reaction with 
fluorinated anhydrides in presence of pyridine as 
catalyst.‘“‘* Preparation of the peroxy acid requires 
the use of concentrated hydrogen peroxide (50-90% 
aqueous solution) which is not readily available and 
may be hazardous to handle. The reaction with 
polyfluorinated anhydrides with pyridine as catalyst 
is unpredictable, different types of product being 
obtained for different N-nitrosamines. Furthermore, 
even when both are highly purified, the pyridine and 
the anhydride often react to give an unidentified 
compound, which makes the subsequent gas chro- 
matograp~c work probl~atic. 

Because of the inadequacies of the existing 
derivatives, simple reactions of N-nitrosamines are 

required, yielding products which may serve as the 
basis for the routine determination of N-nitrosamines 
not only by gas chromatography but also by other 
methods such as liquid chromatography (with ultra- 
violet or f3uorimetric detection) and spectro- 
fluorimetry. The following is a report on two such 
reactions. 

Following a study of the mechanism of 
denitrosation of N-nitrosoureas in buffers containing 
acetic acid,j9 it was thought that treatment of nitro- 
soureas and nitrosamines with acid chlorides or 
other compounds in which a labile chlorine atom is 
attached to an electrophilic centre, as in sulphonyl 
chlorides, chloroformates and dialkyphosphoro- 
chloridates, should result in the liberation of the 
nitroso group as nitrosyl chloride and formation of 
the corresponding amide from the defrosted 
amine. 

EXPRRIMENTAL 

N-Nitrosodibutylamine and N-nitrosodiphenylamine 
were chosen for the present study as representatives of 
aliphatic and aromatic uitrosamines respectively. Di(2- 
chloroethyl) phosphorochloridate was prepared according 
to the method of McCombie et ai.2o for the preparation 
of diethyl phosphorochloridate, and was purified by dis- 
tillation twice under reduced pressure. m-Trifluorotoluene 
sulphonyl chloride (m.p. 120-121”) was prepared from 
c~or~pho~c acid and ~~uorotol~ne at 5” and re- 
crystalliz& from chloroform. o-C~oro~~oyl chloride was 
prepared from o-chlorobenzoic acid, and ethyl chloro- 
formate was obtained from British Drug Houses Ltd. The 
usual handling precautions for work with nitrosamines were 
taken throughout. 

The N-nitrosamine was warmed with di(2chloroethyl) 
phosphorochloridate on a water-bath in a well-ventilated 
fume cupboard for 1 hr. The excess of reagent was removed 
by warming the reaction mixture briefly with 1M sodium 
hydroxide. The mixture was then extracted with chloroform 
and the chloroform removed after drying over anhydrous 
sodium sulphate. A light yellow viscous liquid was obtained 
from the reaction involving N-nitrosodibutylamine. A black 
viscous liquid with a nauseating smell was the initial product 
from the reaction involving N-~~osodiohenv~ne. A 
yellow semi-solid was, howe;er, obtained from-the chloro- 
form extract. Thin-layer chromato~phy (TLC) of the 
reaction products was performed on silica gel with hex- 
ane:ether (1: 1 v/v) as solvent. 
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(i) R-N- 

R’ 

(ii) R-N - 

- 

- 

NO + (CLCH CH 0) -i-Cl- 2 I2 

NO + 

R=n-butyt or phenyl 

Scheme 1 

The reaction of the N-nitrosamines with m- 
trifluorotoluene sulphonyl chloride was done by warming 
(water-bath) a mixture of the N-nitrosamine and the reagent 
in chloroform for 1 hr. Excess of reagent was removed as 
before and the product extracted into chloroform. TLC 
examination of the product was Performed on silica gel with 
hexane:chloroform (5 : 2 v/v) as solvent. 

A similar procedure was adopted for reaction of the 
N-nitrosamines with o-chlorobenxoyl chloride and ethyl 
chlorofonnate. 

Ail the products were examined by gas chromatography 
with a Varian model 3700 gas chromatograph equipped 
with an 8-mCi 63Ni electron-capture detector and a 2-m 
glass column packed with 1% OV-1 on Chromosorb W 
(80-lOOmesh). The nitrogen carrier-gas flow-rate was 
40 ml/mm and the column, injection port and detector 
temperatures were 150, 290 and 300” respectively. The 
substances were dissolved in ethyl acetate for chro- 
matography. 

All the reaction products were subjected to microanalysis 
for carbon, nitrogen and hydrogen. 

RESULTS AND DISCUSSION 

Thin-layer and gas chromatographic analysis 
confirmed the formation of new compounds in the 
reaction between the N-nitrosamines and the phos- 
phorochloridate and between the N-nitrosamines and 
m -trifluorotoluene sulphonyl chloride. The retention 
time for the product of the reaction between 
N-nitrosodibutylamine and the phosphorochloridate 
was 3.5 min and that for the product of the reaction 
between N-nitrosodiphenylamine and the same 
reagent was 4 min. The retention times for the prod- 
ucts of the reaction of N-nitrosodibutylamine and 
N-nitrosodiphenylamine with m-trifluorotoluene 
sulphonyl chloride were 2.0 and 2.5 min respectively. 
The reagents and the N-nitrosamines were eluted 
with the solvent front. 

The results of microanalysis for carbon, nitrogen 
and hydrogen are consistent with the expectation that 
the products of the reactions were the respective 
phosphoramides and sulphonamides. Thus the reac- 
tion of the N-nitrosamines with these two reagents 
may be represented as shown in Scheme 1. 

No reaction was observed between the 

N-nitrosamines and chlorobenzoyl chloride. The 
results of microanalysis showed that the white solid 
obtained in each case was o-chlorobenzoic acid, 
resulting from the hydrolysis of the acid chloride. The 
lack of reaction between the N-nitrosamines and 
o-chlorobenzoyl chloride is contrary to an earlier 
observation in a separate but related study in 
which 1-N-nitroso-4diethylcarbamylpiperazine was 
found to react readily with chloroacetyl chloride to 
give the amide derivative. The lack of reaction 
between o-chlorobenzoyl chloride and the nitros- 
amines may have been due to the facile hydrolysis 
of the acid chloride before it could react with the 
N-nitrosamines. 

There was no reaction between the N-nitrosamines 
and ethyl chloroformate, the N-nitrosamines being 
recovered unchanged. 

From this study we consider the reactions of 
N-nitrosamines with phosphorochloridates and with 
sulphonyl chlorides may provide suitable derivatives 
of N-nitrosamines for routine analysis. 
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ANALYTICAL DATA 

STABILITY ORDER OF THE LA~HA~~~ CHELATES 
QF TWO ~TSU~STIT~E~ 3-HY~R~XY~~-PY~N-4-UNES 

IN AQUEOUS SOLUTION 

RAUA PETROLA and PAULA LAM&N 
Division of Analytical Chemistry, University of Helsinki, Vuorikatu 20, SF-00100 Helsinki, Finland 

&WPO LINDROOS 

Division of Inorganic Chemistry, University of Helsinki, Vuorikatu 20, SF-00100 Helsinki, Finland 

(gecekwd 2 April 1986. &V&T? 12 S’epre&er 1986. Accepted 28 Neoember 1986) 

-The stab&y constants of the 1:I chelates formed by tervalent lantbanides with 
Z=brom~3=hydro~~~~ox~e~yl~~-p~n4one and 3=hy~oxy~~rox~eth~~2=~~~~= 
pyran=4=one were determined by spectrophotometric titration in aqueous potassium chloride solution at 
25*. The determinations were done at two different ionic strengths near 0.I and the value at I = 0.1 was 
interpolated. The log &et values of both complex series exhibit the same trend, the stability increases 
gradually with decrease in the ionic radius and shows a break at Gd and Lu. 

Complex formation between 3-hydroxy-4H-pyran-4. 
ones (maltol, kojic acid and chlorokojic acid) and 
rare earth(III) ions has been studied by several 
authors.‘-4 Also there are a Few publications de- 
scribing the isolation and characterization of these 
complexes.5=6 

In the present work the cheiate formation between 
two hal~s~~titut~ kojic acid analogues [2-bromo- 
3-hydroxy-~(hydrox~e~y~)~~=pyra~~-onea~d 3= 
hydroxy-6-(hydroxymethyl)=2-iodo=4H=pyran-4-one] 
and lanthanide(II1) ions was examined under condi- 
tions where metal ions were present in large excess. 
The measurements were made by the spectrophoto- 
metric titration technique in aqueous solutian at 25”. 
The main objectives were to determine the stability 
sequence of the chelates and to observe the changes 
in the ultraviolet absorption spectra of the hgand 
anions, caused by the ianthanide co=ordination. 

Reagents 

3%~ preparation and purification of the 6=bromo and 
cLiodo derivatives of kojic acid have been reported else- 
where7 The cerium salt was Ce(N0,),~6Hz0 (Fluka, 
pur&~.). All the other lanthanide salts were the metal(II1) 
percltlorates prepared from the corresponding oxides (Fluka 
or B.D.H., labelled 99.9% purity). The stock solutions were 
analysed for total cation concentrations (Lt@ and H+) by 
running aliquots through a column of Amber&e IR-120 
resin in the hydrogen form and titrating the eiuted hydrogen 
ions with standard sodium h~ro~de. Tbe exact lanthanide 
ion concentrations were determined by EISIA titrations 
with Xylenol Orange as indicator. 

The ionic strength was maintained by addition of s&able 
amounts of potassium chloride. 

Apparatus and metho& 

The absorptiometric titrations were done with a Radio- 
meter PRIM 64 Research PI&meter equipped with a Beckman 
N40495 glass electrode and an open liquid-junction 
saturated calomei reference electrode sy&em &ne&I by a 
Master&x peristaltic pump and Tygon tubmg to a Perkm- 
Elmer Model 554 recording and printing double=beam 
s~t~photometer= During tbe rn~su~ents~ the titration 
vessel was immersed in a water thermostat (25.0 f O.l*) and 
the flow-through cell holder in the spcctrophotometer was 
kept at the same temperature by an external thermostatic 
circulator. The solutions were protected by an atmosphere 
of purified nitrogen. 

The initial volume of the solution to be titrated was 107 
ml. The total concentration of the ligand (C,) was 
1.0 x IO-‘M and the ratio C,: C, (C, = the total wncen- 
tration of lanthanide) wag about 10. 

The emf and absorbance measurements were performed 
for N-20 different sohrtions of each ligand-lanthanide(II1) 
system at two different ionic strengths near @.I. 

The program SQUAD8 was used in cakzdating the overall 
stability constants of the compiexes, M,H&,: 

&r = [M~~~L,~/~~~~~~~ (1) 

The ~e~~~a~c stability constant at 25” for the 1: I 
samarium complex of &bromokojic acid was resolved by 
application of 8 least-squares calculation to the following 
DcbycHiickel equation: 

log BlOl x log fly,,, - 0.509z2Z”*/(1 + uZ”*) + BZ (2) 

RESULTS AND DISCUSSION 

The effects on the ultraviolet absorption and proto- 
lysis of kojic acid when bromo and iodo substituents 
are introduced in the position W&O to the hydroxyl 
group have been described in a reoent report from our 
~a~rato~~ The studies on proto@sis suggested that 
bromine and iodine, as ~i~on-w~~draw~n~ substit- 
uents, increase the acid strength OF kojic acid. The 
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Table 1. The log jlO, values of the lanthanide complexes of 2-bromo-3-hydroxy-6- 
(hydroxymethyl)-4H-pyran-4-one at two different ionic strengths and interpolated to 
ionic strength 0.1 at 25°C; standard deviations are given in parentheses; 

Bun, = K(Ln’+ + L- = LnL2+), K, = K(Ln’+ + HL = LnL2+ + H+) 

Metal 
log BlOl PK, 

I lo&c Bllll I loi I% (Z=O.l) (Z=O.l) 

La 0.085 4.703(0.002) 0.105 4.671(0.001) 4.68 1.64 
Ce 0.086 4.935(0.002) 0.106 4.889(0.003) 4.90 1.42 
Pr 0.086 5.051(0.002) 0.106 5.005(0.002) 5.02 1.30 
Nd 0.085 5.114(0.001) 0.105 5.062(0.002) 5.08 1.24 
Sm 0.085 5.291(0.002) 0.105 5.260(0.002) 5.27 I .05 
Eu 0.086 5.325(0.001) 0.106 5.283(0.002) 5.30 1.02 
Gd 0.085 5.289(0.002) 0.105 5.271(0.002) 5.27 1.05 
Tb 0.084 5.440(0.001) 0.104 5.392(0.002) 5.40 0.92 
DY 0.085 5.496(0.002) 0.105 5.459(0.001) 5.47 0.85 
Ho 0.084 5.516(0.001) 0.104 5.484(0.001) 5.49 0.83 
Er 0.087 5.539(0.005) 0.107 5.491(0.002) 5.51 0.81 
Tm 0.087 5.619(0.002) 0.107 5.596(0.002) 5.60 0.72 
Yb 0.087 5.717(0.002) 0.107 5.658(0.005) 5.68 0.64 
LU 0.093 5.668(0.001) 0.113 5.596(0.004) 5.64 0.68 

&bye-Hiickel equations describing the dependence 
of the protonation constants on ionic strength 

log Ki = 6.54 - 1.0181”*/(1 + 1.33Z”2) + 0.161 (3) 

and 

log K, = 6.73 - 1.0181”*/(1 + 1.381”*) + 0.131 (4) 

showed the logarithm of the thermodynamic pro- 
tonation constant of kojic acid (log KY = 7.91) to 
decrease by 1.37 for substitution with bromine and 
1.18 for substitution with iodine. Both equations are 
valid in the ionic strength range 0 4 Z s 1.6. 

In the present work we have determined the 
stability constants for the reactions between tervalent 
lanthanides (except promethium) and the ligand 
anions 

Ld+(aq) + L-(aq) = LnLZ+(aq) (5) 

Since the measurements were performed under ex- 
perimental conditions where metal ions were present 
in large excess, it could be assumed that only 1: 1 
chelates were formed. The stability constants at two 
different ionic strengths are given, together with the 

standard deviations in Tables 1 and 2. As could 
be expected from the protonation constants of the 
ligands, the chelates of the iodo derivatives exhibit 
slightly higher stability. The stability constants of the 
LnL*+ chelates are plotted as a function of atomic 
number in Fig. 1, and, as can be seen, the stability 
sequence is reasonably similar in the two series. The 
orders obtained here are also more or less parallel 
with the sequences reported for the lanthanide 
chelates with kojic acid, chlorokojic acid and 
maltol.14 

It is generally agreed that the bonding in lan- 
thanide(II1) chelates between the lanthanide and 
oxygen donor atoms is mainly electrostatic in nature. 
This being so, according to Moeller et ~1.~ there 
should be a linear increase in the log &,, values with 
l/r (r = ionic radius of the lanthanide ion). In the 
present case the stability does indeed increase with 
decrease in ionic size, but not linearly: the slope of the 
plot of log &,, vs. the reciprocal of the ionic radius 
is distinctly greater for the elements at the beginning 
of the series (up to Eu) than for the heavier lan- 

Table 2. The log /Jo, values of the lanthanide complexes of 3-hydroxy-6-(hydroxymethyl)- 
2-iodo-4H-pyran-4-one at two different ionic strengths and interpolated to ionic strength 

0.1 at 25°C 

log BlOl PK, 
Metal I log BlOl I lois BlOl (I=O.l) (I=O.l) 

La 0.085 4.725(0.002) 0.105 4.701(0.002) 4.71 1.79 
Ce 0.086 4.969(0.002) 0.106 4.908(0.003) 4.92 1.58 
Pr 0.086 5.072(0.003) 0.106 5.036(0.003) 5.05 1.45 
Nd 0.085 5.120(0.003) 0.105 5.090(0.003) 5.10 1.40 
Sm 
EU 
Gd 
Tb 
DY 
Ho 
Er 
Tm 
Yb 
Lu 

0.085 5.349(0.002j 0.105 
0.086 5.41 l(O.004) 0.106 
0.086 5.403(0.004) 0.106 
0.086 5.536(0.00-r) 0.106 
0.086 5.625(0.002) 0.106 
0.086 5.628(0.001) 0.106 
0.086 5.638(0.002) 0.106 
0.086 5.712(0.002) 0.106 
0.086 5.752(0.002) 0.106 
0.086 5.751(0.002) 0.106 

5.297(0.003) 5.31 1.19 
5.372(0.006) 5.38 1.12 
5.357(0.003) 5.37 1.13 
5.497(0.007) 5.51 0.99 
5.576(0.002) 5.59 0.91 
5.573(0.004) 5.59 0.91 
5.601(0.002) 5.61 0.89 
5.664(0.002) 5.68 0.82 
5.71 l(O.003) 5.72 0.78 
5.690(0.002) 5.71 0.79 
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I I I 

60 65 70 
Rg. 1. The log &,, values of the lanthanide chelates of 
6-bromokojic acid (0) and 6-iodokojic acid (A) as a 

function of atomic number, at Z = 0.1 and 25°C. 

thanides. This implies that there are also other factors 
influencing the stability. One factor could be a small 
amount of interaction between the well-shielded 
4f-orbitals of the lanthanides and the ligand orbitalss 

A trend of this type, with a break at Gd, and often 
also at Lu, is not uncommon among the lanthanide 
chelates. A perusal of the literature reveals that 
perhaps more than half of the ligands investigated to 
date yield a stability sequence approximately like this. 
Such ligands include EDTA,” NTA,” Tiron,” 
tropolone” and acetylacetone,14 though no obvious 
similarities exist between all of these. 

Figure 2 shows the ultraviolet absorption spectra 
of the different species of 6-bromokojic acid (HL and 
L-) and the spectrum of the holmium chelate 
(HoL*+) of the same ligand in the wavelength range 
230-380nm. Table 3 contains spectral data for the 
chelates formed with the lightest (La) and the heav- 
iest (Lu) member of the lanthanide series. The blue- 
shifts caused by the metal co-ordination (3-6 nm for 
the chelates of the bromo derivative and 5-8 nm for 
those of the iodo derivative) vary over the same range 
(3 nm) in the two series, the values for the Lu chelate 
being the greatest. Accordingly, the weaker the 
chelate the less its absorption maximum differs from 
that of the corresponding ligand anion. The wave- 
length of the very well defined isosbestic point re- 
mained nearly invariable along the series, differing by 
not more than 2 nm for any pair of chelates. 

The effect of ionic strength on the stability was 
examined for the SmL*+ chelate of 6-bromokojic 
acid. The data in Table 4 were fitted to equation (2), 
with the results (+ standard deviation) log 
/3~o,=5.91 f0.01, a = 1.52+0.10, B=O.16+0.12. 

Fig. 2. The ultraviolet absorption spectra of the ligand 
species (I-IL and L- ) and the hohnium chelate (HoLz+ ) of 
6-bromokojic acid in aqueous solution at 25°C. Z = 0.104, 

C, = 1.00 x 10-4M, CM = 9.72 x 10-4M. 

Recalculation of log fllol with these parameters re- 
produced the observed values within k 0.01 in all 
cases. 

Stability constants for the lanthanide chelates 
formed with the two ligands examined are not avail- 
able in the literature. However, a few values for other 
metal chelates of these ligands can be found. Kotani 
et a1.‘5 have reported the values log Blo, 
(CuL+)= 5.71 and log Blol(CdL+)= 3.61 for the 
chelates of 6-bromokojic acid at ionic strength 0.1 
(NaCl) and 25”. The constants log Blo, (NiL+) = 4.48 
and log Blol(ZnL+) = 4.59 at I = 0.1 (KCl) and 25” 
for the chelates of the same ligand and log 
Blol (NiL+) = 4.61 and log Blo,(ZnL+) = 4.67 for the 
chelates of 6-iodokojic acid were determined earlier 

Table 4. The log Blo, values (and standard 
deviations) at different ionic strengths for the 
samarium chelate of 6-bromokojic acid at 

25°C 

log BlOl log BIOl 
Z (observed) (calculated) 

0.0053 5.723 (0.003) 5.71 
0.0452 5.419 (0.001) 5.42 
0.0852 5.291 (0.002) 5.30 

1 0.105 5.260 (0.002) 5.26 
0.197 5.128 (0.001) 5.13 
0.381 5.008 (0.002) 5.00 
0.941 4.856 (0.001) 4.86 

Table 3. Spectral data (wavelengths, nm) for the ligand species (HL and L-) and for the 
lanthanum and lutetium chelates of the same ligands at 25°C 

Isosbestic points 

Ligand 

6-Bromokojic acid 
6-Iodokojic acid 

IHL 

2; 
285 

a& 

326 
334 

ALILl+ 
mu 

J_LuU+ 
MI HL/LaL2+ HL/LuL2+ 

323 320 241,300 241,299 
329 326 242.306 240.304 
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in our laboratory. “J As can bc seen, all these 6. N. K. Dutt and U. U. M. Sharma, ibid., 1975,37, 1801. 

chelates except that of copper are slightly weaker 7. R. Petrola, Finn. Chem. Left., 1985, 201. 

than the corresponding lanthanide chelates under 8. D. Leggctt and W. McBryde, Anal. Chem., 1975, 47, 

similar conditions. 
1065. 

9. T. Mocller, D. F. Martin, L. C. Thompson, R. Fen-us, 

1. 

2. 

3. 

4. 

5. 
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,Smmary-The stability constants of the silver(I) complexes of five axe dyes have been determined by 
means of potentiometric equilibrium measurements with silver electrodes in 75% v/v acetonewater 
solution. Each azo dye molecule was shown to co-ordinate at most three silver ions. The sequence of the 
stepwise stability constants indicated an effect stabilizing complexes with high silver content. 

In spite of the fact that azo dyes are widely used in 
analytical chemistry and chemical technology, where 
the reactions of their metal complexes are of consid- 
erable importance, little is known about their com- 
plexation characteristics. 

Complex formation between azo dyes and 
copper(H), nickel(II), zinc(II), cadmium(II), alumi- 
num(III), iron(III), magnesium(II), gallium(III), 
chromium(II1) and lanthanides has been studied by 
spectrochemical’~’ and electroanalytical” methods. 
Equilibrium studies have revealed that azo dyes form 
metal complexes with l:l, 1:2 and 2: 1 metal-to- 
ligand ratios. In the last case, both nitrogen atoms 
of the azo group act as donor atoms. 

Some of the complexes serve as the basis for the 
spectrometric’~’ or polarographic’,’ determination of 
the metal ions. They are also used in separations 
involving solvent extraction.8 

Despite the lack of any quantitative information 
about their interaction with silver ions, azo dyes have 
been used as indicators in argentometric titrations.’ 

The present paper reports the results of an equi- 
librium study of complex formation between silver 
ions and five azo dyes. The work was done to obtain 
additional information on the donor ability of azo 
nitrogen atoms, and to investigate the role of the 
N=N double bond in the interaction with the typi- 
cally “soft” silver ion. lo The results may contribute to 
the theory of the use of azo dyes as argentometric 
indicators. 

The equilibrium study utilized potentiometric mea- 
surements with a silver electrode of the first kind. Azo 
dyes free from contamination were required for this 
investigation, and this limited the number of model 
compounds available and consequently the sele&ion 
of a coherent series (Fig. 1). 

Reagents 
EXPERIMENTAL 

All reagents used were of analytical purity. For prepara- 
tion of the solutions, doubly distilled water and acetone 
dried with Klinosorb 4 molecular sieve were used. 

The azo dyes were checked for purity by standard chro- 
matograpbic methods”*12 and were found to be homoge- 
neous compounds. Solutions were freshly prepared for each 
experiment. 

Standard 0.05OOM silver(I) solution was prepared by 
dissolving silver nitrate in a 75% v/v acetonewater mixture 
and standardized by potentiometric titration with potassium 
chloride. 

Preparation of chloride-free Variamine Blue 

For comparison, the indicator Variamine Blue was stud- 
ied analogously. Since the commercial form of this dye is a 
chloride salt, the indicator was converted into its nitrate salt 
by dissolving it in distilled water and adding an excess of 
ammonia solution to precipitate the free base. This was 
filtered off, and washed free from chloride with distilled 
water. Subsequently, it was dissolved in dilute nitric acid 
and recrystallized. 

Potentiometric equilibrium measurements 

Because of the low water-solubility of azo dyes, the 
equilibrium studies were performed with solutions in a 75% 
v/v acetone-water mixture. Azo dye solutions with concen- 
trations of 5 x 10-4-10-3M were titrated with standard 
0.05OOM silver nitrate until a silver excess of 2.5 x lo-*M 
was achieved. The ionic strength of all solutions used was 
adjusted with potassium nitrate to 0.15M. During the 
measurements, the temperature of each system was kept 
constant at 20*0.1”. In every case, measurements were 
made on three solutions with different concentrations, in the 
concentration range mentioned above. 

Both indicator and reference electrodes were silver elec- 
trodes of the 6rst kind, uremued bv electrolvtic deoosition 
of silver on platinum el&&les. The electrodes Were cali- 
brated before each experiment. To decrease the diffusion 
potential and keep it at a constant small vahte, the reference 
silver electrode was placed in a Wilhelm salt bridge. Titrant 
was added from a computer-operated Radelkis OP-930 
automatic burette (reproducibility f 0.001 ml). The emf 
values were recorded with a I&l&is OP-208/l precision 
digital DH-meter (remoducibilitv f 0.1 rnV). The exwri- 
m&al data were &&ated by c&p&r; 3b experim&l 
points per titration were used in the calculations. 

Both the calibration and titration curves showed that 
although the silver electrodes were being used in solutions 
with a high organic solvent content, the silver-ion activity 
could be measured potentiometrically with high accuracy. 

The potentiometric data were evaluated by computer on 
the basis of Bjerrum’s complex formation function, by a 
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-OH 
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Varramme Blue CH,O --@NH-@ NH, 

Fig. 1. Structural formulae of five azo dyes and of Variamine Blue. 

non-linear least-squares method. The reciprocal values of 
the squares of the experimental data served as statistical 
weights in the sums of squares. The reproducibility of the 
complex stability constants calculated from the results of 
three or more titrations is illustrated in Table 1. The 
precision of the stability constants is seen to correspond to 
that of the experimental procedure, indicating the reliability 
of the constants. 

RESULTS AND DISCUSSION 

The five azo dyes investigated are presented in 
Fig. 1. The average number (fi) of silver ions bound 
by one dye molecule was determined in each system 
from the data from the potentiometric titrations. The 
curves of fivs. log[Ag+] demonstrate that, in solu- 
tions containing excess of silver, polynuclear com- 
plexes are formed. Figure 2 shows a typical curve of 
Avs. log[Ag+] for Methyl Orange. Similar curves 
were obtained for the other four ligands, indicating 
that the maximum number of silver ions bound by 

one dye molecule is 3.0 in each system. Table 1 shows 
the logarithms of the stability constants determined 
from the experimental data by computer. The data 
show that there is an anomalous sequence in the 
successive stepwise stability constants: K, > Kl in all 
cases, and KS > K2 for Methyl Orange, Tropeolin 00 
and Tropeolin 000. 

This indicates that there must be some effect 
stabilizing the complexes with high silver content. 

Table 1. Stepwise stability constants of the silver complexes 
of axe dyes 

Azo dve loa K, loaK, loaK, _ . _ _ _ _ 

Methyl Orange 1.73 f 0.02 0.47 f 0.14 3.66 f 0.09 
Methyl Red 1.31 &0.09 1.96kO.16 1.81 kO.07 
Tropeolin 0 0.77 f 0.04 2.76 f 0.07 1.89 f 0.04 
Tropeolin 00 1.78 f 0.04 0.50 f 0.12 4.69 f 0.03 
Tropeolin 000 3.31 f 0.15 0.04 f 0.20 4.47 f 0.07 
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-3.0 -2.5 . -2.0 -1.5 

Log CAg+ 3 

Fig. 2. Complex formation curve for Methyl Grange; circles 
denote experimental Aus. log[Ag+] values, while full lines 
are computer-calculated formation curves assuming (a) 

maximum < = 3, (b) maximum A = 2. 

As a check on the evaluation method, the computer 
was used to calculate simulated Z vs. log[Ag+] curves 
and the data of the original potentiometric titrations, 
and compare them with the corresponding experi- 
mental plots. The good agreement points to the 
reliability of the equilibrium constants. 

The results of the equilibrium studies did not reveal 
the exact binding sites of the silver ions in the 
complexation process. 

Figure 1 shows that, besides the azo group, each 
dye molecule contains two potential donor atoms: 
either an amino nitrogen atom and a sulphonate or 
carboxylate oxygen atom, or sulphonate and hy- 
droxyl oxygens atoms together (the co-ordination of 
silver by hydroxyl is, however, improbable). 

The ligands examined can be divided into two 
groups: (a) those with K, > K2, and (b) those with 
K3 < K2. Ligands in group (a) (Methyl Orange, 
Tropeolin 00 and Tropeolin 000) do not contain any 
substituents orrho to the azo moiety, while those in 
group (b) (Methyl Red and Tropeolin 0) have a 
carboxyl or a hydroxyl group in this position. This 
indicates that both nitrogen atoms of the azo group 
co-ordinate silver ions, as found for the copper and 
nickel’ complexes. The equilibrium data suggest that, 
in ligands not containing o&o substituents, silver 
ions are co-ordinated to the two azo nitrogen atoms 
practically simultaneously, the two equilibrium reac- 
tions not being distinguishable. Thus, K, > K2. 

In Methyl Red and Tropeolin 0, one of the azo 
nitrogen atoms is sterically hindered by the ortho 
substituent, which hinders co-ordination of the third 
silver ion, and accordingly, K2 > 4. In this respect, 
complex formation for silver differs from that for 

transition metals, which do form chelates with azo 
dyes containing ortho donor groups, resulting in an 
increased stability. Silver complexes have linear co- 
ordination, so substituents which could lead to five or 
six-membered chelate rings do not co-ordinate to 
silver, but rather sterically hinder the co-ordination 
of one of the azo nitrogen atoms. 

For the unambiguous assignment of the three 
binding sites, structural study of the complexes in 
solution is necessary. This could also lead to 
clarification of the factor stabilizing the complexes 
with maximum silver content. At present, we have no 
obvious explanation for the results; rt back-donation 
to low-energy n * orbitals is frequently assumed to be 
the reason for anomalous stabilization effects, but 
such a hypothesis is hard to reconcile with a model 
involving the co-ordination of silver by sp2-type 
orbitals of the azo-group nitrogen atoms, since in this 
case the coalescence of the metal filled d-orbitals with 
the azo group IC* orbitals is not favoured. 

For comparison, an analogous equilibrium study 
was performed on co-ordination of silver by Vari- 
amine Blue. This dye is a diphenylamine derivative 
and does not contain an azo group. Its structure is 
shown in the last row of Fig. 1. In accordance with 
expectations, the measurements revealed that only 
two silver ions are co-ordinated by one Variamine 
Blue molecule, which contains two donor nitrogen 
atoms. The values log K, = 2.23 + 0.06 and 
log K2 = 1.95 If: 0.07 demonstrate the usual sequence 
of the stepwise stability constants, K, > K2. Thus, the 
stabilization effect assumed to be due to II back- 
donation does not appear in the system not contain- 
ing the azo group. 

The affinity of azo nitrogen atoms for silver ions 
seems to explain the applicability of compounds of 
this type as argentometric indicators.’ 
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Summary-Sulphur-containing gases are converted by non-catalytic reductive pyrolysis into an equivalent 
amount of H,S, which is determined by electrochemical oxidation at a gold-plated porous membrane 
electrode. The calibration for H,S is linear up to 18 ml/m3 with a slope of 1.12 pA.m’.ml-‘. The relative 
standard deviation for the determination of 3.7 ml/m’ H,S was 1.0% and the detection limit 4 pl/m3. 
About 60 samples can be determined per hour. The method has been employed for the determination of 
total sulphur and individual gases after separation on a chromato~ap~~ column. 

The determination of the sulphur content of various 
media is important in a number of technological and 
en~ro~ental applications. The dete~ination of 
sulphur compounds in technological gases (e.g., fuel 
gases) and in the atmosphere is especially important. 

In addition to methods employing flame photo- 
metric detectors (FPD), electrochemical methods arc 
useful in these determinations; coulometry has been 
extensively employed,‘-3 but ~tentiomet~ with 
ISEs4 and polarography (differential pulse, 
differential pulse cathodic stripping voltammetry)5 
have been used less often. In all these methods, the 
sulphur-containing compounds are converted by ox- 
idative or reductive pyrolysis into electrochemically 
determinable SO, or HzS. After pyrolysis the gaseous 
sample is absorbed in a suitable electrolyte solution 
in which the pyrolysis products are determined. 

Both SO2 and I&S can be determined directly in the 
gas phase by amperometry with a metallized mem- 
brane electrode.6 The gas leaving the pyrolyser is led 
directly to the unmetallized side of the membrane, 
through which it permeates (for non-porous mem- 
branes) or diffuses through the pores (for porous 
membranes) to the metallic layer, which acts as the 
working electrode of the amperometric system. This 
approach prevents vaporization loss of the com- 
ponent to be determined, and in the case of H,S it 
also avoids losses through reaction with traces of 
heavy metals in the electrolyte. The use of a porous 
membrane electrode usually greatly decreases the 
response time of the system, as would be expected 
from a comparison of the diffusion coefficients of 

substances in solution (x 10vs cm*/sec) and of gases 
in the gaseous phase filling the membrane pores 
(z IO-’ cm+ec). 

Metallized porous membrane electrodes have so 
far been used primarily for the determination of 
substances in solution after these have been trans- 
ferred into the gaseous phase (pneumato- 
amperometry),’ or after subsequent separation of the 
mixture of el~tr~hemi~lly active gases on a chro- 
matographic c&mm.8*9 

This paper describes a method employing a gold- 
plated porous membrane electrode (AuPME) for the 
determination of gaseous sulphur-containing com- 
pounds after their conversion by reductive pyrolysis 
into hydrogen sulphide. The rapid response of the 
AuPME permits determination not only of the total 
sulphur content but also of the individual com- 
ponents of the mixture, after separation on a column, 
followed by pyrolysis. Reductive pyrolysis is em- 
ployed because the conversion is stoichiometric under 
suitable conditions for most sulphur compounds’ and 
because only one gas is ~~~-hydrogen, which 
acts as both reagent and carrier gas. In principle, 
oxidative pyrolysis could also be employed, as the 
required electrochemical data for the oxidation of 
SO2 at an AuPME are also available.‘O 

Apparatws 
The apparatus employed (Fig. 1) consists of three basic 

parts-the input system, the pyrolyser and the detection 
system. 
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PU 

Fil g. 1. Schematic diagram of the experimental apparatus: NV-needle valves, C-calibrator, F- 
flo~eters, V--six-way valves, S--sample loop, GC~hromatographic column, PU-pyrolysis unit, 
EC+lectrochemical cell (see Fig, 2), P-potentiostat and current measurement, R-recorder, T-tube 

with a meniscus of concentrated H,SO,. 

The input system consists of two PTFE six-way valves. 
The first (V,) controls the filling of the sample loop (S) with 
either the sample gas (position depicted) or a ~Iibration 
mixture of hydrogen and H,S from the calibrator (C). The 
second valve (v,) feeds the content of the sample loop into 
the hydrogen stream and thus to the other parts of the 
apparatus. Pure hydrogen passes through the apparatus 
during filling of the sample loop (depicted position for V,). 
Hydrogen was taken from a cylinder and its flow-rate was 
controlled by needle valves (NV) and measured by 
flowmeters (F). The working flow-rate of hydrogen as a 
carrier and reagent gas was 2 ml/set; the hydrogen flow-rate 
through the calibration apparatus was set so as to give the 
required H,S concentration in the calibration mixture. 

The H,S source for calibration (C) was a tempered H,S 
permeation tube (Dynacal Permeation Tubes, Metronic 
Assoc., Palo Alto, USA), producing 27.2 ng of H,S per set 
(42%) at 35”. 

Periodic calibration was employed to verify the fimc- 
tioning of the pyrolysis unit and detection apparatus. Other 
gases employed to test the method were also obtained from 
permeation tubes from the same company-the gases tested 
are listed in Table 1. The required concentrations of these 
gases were attained by suitable choice of the temperature 
and diluent gas flow-rate. 

Sample loop (S) consisted of a PTFE tube with a bore of 
3 mm and a volume of I.57 ml. 

The pyrolysis unit (PU) was a silica tube 300mm long, 
bore 4 mm, fitted with a helical resistance heating wire over 
a length of 150 mm. The tube was fitted coaxially in a steel 
casing (220mm long, 50mm internal diameter) filled with 
heat-resistant aluminosilicate wool (“Termovit”, Vitkovice 
Iron and Machine Works, Czechoslovakia). The tem- 
perature was adjusted by varying the heating current by a 
regulating transformer and was measured with a Pt-Pt/Rh 
thermocouple. The zone with a working temperature of 800” 
was about 100 mm long. The tube did not contain any 
packing and there was no need for activation. A fused silica 
tube was selected as the basis for the pyrolysis system.“~‘* 

It, and other parts of the apparatus, were connected by 
careful fitting of PTFE fitted joints into the narrowed ends 
of the tubes, and casing in thick-walled silicone rubber 
tubing. 

The total sulphur content was determined by passing the 
sample directly into the pyrolysis unit. The individual 
components in the mixture were determined after passage 
through a chromatographic column (GC) consisting of a 
PTFE tube 700 mm long, 2.5 mm bore, packed with Por- 
apak QS 100-120mesh (Waters Associates, Inc., U.S.A.), 
heated to I80 + 1”. 

The detection system consisted of an electrochemical cell 
(Fig. 2), with a working electrode consisting of an AuPME 
(3) constructed from a sheet of porous PTFE membrane, 
Gore Tex No. S 10363 (W. L. Gore and Assoc., Inc., 
U.S.A.) vacuum-plated with gold. The membrane was fixed 
between the polished ends of the two Plexiglas parts of the 
cell, (1) and (2), and seaied with OS-mm thick ~lyethylene 
foil (4). The sample gas from the pyrolysis unit was fed to 
the unmetallized side of the AuPME by a PTFE tube (5), 
the length of which (500 mm) also ensured cooling of the 
gas. The metallized side of the membrane was immersed in 
a supporting electrolyte solution (6) containing the auxiliary 
electrode-a gold wire (7)-and the reference electrode 
(SCE) (8). The geometric active surface area of the AuPME 
was 0.2cm2. Contact to the AuPME was made through a 
strip of alumini~ foil (9). The two parts of the cell were 
held together by four screws (not shown). 

The newly prepared AuPME was cyclically polarized in 
O.lM sulphuric acid in the potential range from + 1.6 to 
-0.4 V (scan-rate 100 mV/sec, hydrogen flow-rate to the 
unmetallized side, 4 m&c) for a period of about 20 min. 
This electrode required no activation over severai months of 
use. After urination of the me~urement, the AuPME was 
rinsed with water and stored dry, in air. 

The supporting electrolyte was aqueous IOTZM potassium 
sulphate. The electrochemical determination of H,S is more 
often done with use of a solution of alkali to prevent losses 
of H,S from solution$ it was found here, however, that the 
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Fig. 2. Scheme of the electrochemical cell: 1, 2-body of the cell, 3-AuPME, 4-polyethylene seal, 
5-PTFE inlet tube, belectrolyte compartment, ~--AU auxiliary electrode, I-SCE, 9-contact to the 

AuPME. 

responses of the AuPME in 10-2icI sodium hydroxide and 
10-2M potassium sulphate are similar. A lower background 
current was obtained with the latter (c SOnA) and the 
response was not dependent on electrolyte concentration in 
the range lo-‘-lo-‘M. Oxygen need not be removed from 
the supporting electrolyte. 

It was found from the polarization curve of the AuPME 
in lO_rM potassium sulphate + lo-‘M sodium sulphide 
that inorganic sulphides are oxidized at potentials more 
positive than -0.35 V. A potential of +O.l V was chosen 
as the working potential.9 

All connections in the apparatus were made of PTFE 
tubing with a bore of 0.5 mm. The connections between the 
source of the sample gas, the column and the pyrolysis unit 
should be as short as possible. 

The chemicals employed were of analytical grade purity 
and water was doubly distilled in a silica apparatus. 

Working procedure 
The hydrogen flow-rate was adjusted to 2 ml/set with 

valve NV,. The cell was filled with the supporting electrolyte 
solution; the background current attained a constant value 
after about 5 min. The sample loop was filled with a mixture 
of H,S and hydrogen from the calibration apparatus (cu. 
4 ml/m3 H,S) and the mixture passed through the cell. The 
AuPME response became reproducible after passage of 
about five sample volumes. 

Determination of total sulphur content. The chro- 
matographic column was disconnected and the sample gas 
fed into the pyrolysis unit at regular intervals of about 
3Osec, alternating as required with the H,S calibration 
mixture from the calibration unit. A calibration graph was 
prepared; in the linear region (see below) the sample re- 
sponse can he compared directly with that for the standard 
sample from the calibration unit. The analysis time 
(sample + standard) is not greater than 1 min. 

Determination of individual components of a mixture. The 
chromatographic column is connected between the sample 
loop and the pyrolysis unit. 

IWSULIS AND DISCUSSION 

Pyrolysis conditions 

Utilization of the dynamic properties of the Au- 
PME requires that the pyrolysis be quantitative dur- 
ing the residence time of the substance in the pyroly- 
sis tube, which is controlled by the flow-rate of the 
carrier gas (without flow interruption). The silica tube 
was found to be quite satisfactory for this purpose 
provided that certain experimental conditions were 
fulfilled. 

(i) The dependence of the pyrolysis efficiency on 
temperature was tested in the range 20-1000”. The 
response of the AuPME to a known H2S concen- 
tration (6.6 ml/m)) fed directly to the AuPME with- 
out passage through the pyrolysis unit was compared 
with that for the same concentration of H,S passing 
through the pyrolysis unit. The concentrations of 
other test gases passing through the pyrolysis unit 
were recalculated to yield the equivalent Hz!3 content. 

Figure 3 depicts this dependence for electroactive 
H,S and 2-propanethiol and electro-inactive dimethyl 
sulphide. In Fig. 3, it can be seen that in the 
temperature range 300400” H,S is lost by decom- 
position, sulphur being deposited on the walls of the 
connecting tube. Nonetheless, reductive pyrolysis be- 
gins to take place at these temperatures and is 
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Fig. 3. Dependence of the pyrolysis efficiency on tem- 
perature: O-6.6 ml/m’ hydrogen sulphide, A-3.9 ml/m’ 
2-propanethiol, x -13.2 ml/m’ dimethylsulphide. H, flow- 
rate 2ml/sec, pyrolysis tube bore 4mm, length of heated 

zone. 1OOmm. 
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practically complete above 700”. A temperature of 
800” was employed for subsequent measurements. 
Thus pyrolysis occurs at lower temperatures than 
that reported by Drushel’* (1125”), probably because 
gaseous compounds are being pyrolysed, whereas 
liquid samples were analysed by Drushel. The use of 
a lower working temperature prolongs the lifetime of 
the pyrolysis tube. 

(ii) The effect of the geometry of the silica tube 
and of the hydrogen flow-rate on the pyrolysis 
efficiency was studied for tubes with various internal 
diameters (1, 1.75 and 4 mm) at various flow-rates of 
hydrogen gas (0.5-2ml/sec). Figure 4 shows the 
effect for dimethyl sulphide. The pyrolysis efficiency 
decreases with decreasing flow-rate and decreasing 
internal diameter of the tube. This is because the 
silica tube has zones at a transition temperature of 
300-600” before and after the zone that is at the 
working temperature of 800”, and the H,S can be 
decomposed in the first of these (see Fig. 3). If the 
tube diameter is decreased and the hydrogen 
flow-rate kept constant, the area of the transition 
region per unit volume of gas passed increases and 
the overall conversion efficiency decreases. If the 
hydrogen flow-rate is increased at a given tube di- 
ameter, the contact time in the transition band de- 
creases and the overall efficiency increases. Sub- 
sequent measurements were made with use of a tube 
of 4 mm bore and a hydrogen flow-rate of 2 ml/set. 
The low flow-rate (compared to that used by 
others,“.‘* viz. 24 and 10 ml/set respectively) was 

I I 

0 1 2 

Flow-rata ml/set 

Fig. 4. Dependence of the pyrolysis efficiency on the hydro- 
gen flow-rate and internal diameter of the pyrolysis tube: 
1-I mm, 2-1.75 mm, M mm; 12 ml/m3 dimethyl- 

sulphide, pyrolysis temperature 800”. 

chosen because of the presence of the chro- 
matographic column in front of the pyrolysis unit. 

The effect of the length of the heated zone on the 
pyrolysis efficiency was studied for 2-propanethiol 
(20ml/m’). The decrease in efficiency on shortening 
the zone from 100 to 20 mm was only 5%; the length 
of the pyrolysis zone is thus not critical for complete 
conversion. 

(iii) The pyrolysis efficiency for the individual 
sulphur compounds was determined in two ways. 
The method described in (i) was employed, both 
for dosage of discrete samples, and also for con- 
tinuous monitoring, in which the test gas was passed 
continuously through the pyrolysis unit over a period 
of 30 min and the pyrolysis products were absorbed 
in 10 ml of O.lM sodium hydroxide. The amount 
of H,S absorbed was determined pneumato- 
amperometrically.9 The pyrolysis efficiency deter- 
mined by the two methods was comparable and 
values are listed in Table 1. 

The pyrolysis efficiency for 2-propanethiol was 
tested as a function of concentration in the range 
0.44-17 ml/m3 according to the procedure for the 
determination of total sulphur. In this range the 
AuPME response is linear with a slope of 
l.10~A.m3.ml-‘; comparison with the concen- 
tration dependence for H2S (see below) thus indicates 
98% conversion. The relative standard deviation 
for 10 measurements of 3.7 ml/m’ 2-propanethiol 
was 1.0%. 

Detection of hydrogen sulphide 

The conversion of sulphur-containing gases into 
H2S renders the dependence of the AuPME response 
(peak height) on H,S concentration the only cali- 
bration necessary. 

The concentration dependence was determined 
without a chromatographic column by adding vari- 
ous concentrations of H,S to the hydrogen. The 
concentration range from 0.44 to 65 ml/m3 was tested 
(i.e., volumes of 1.57 ml in the sulphur concentration 
range 0.57-85.0 ng/ml were employed). In the range 
from 0.44 to cu. 18 ml/m3 this dependence is linear; 
the regression straight line Z = ac + b was determined 
from 20 points in this interval, where Z is the peak 
height in PA, a =(l.12+0.02)~A.m3.ml-‘, c is 
the H,S concentration in ml/m3 and b = (0.07 f 
O.lO)pA: the standard deviation was 0.18yA and 
the correlation coefficient 0.9993. The dependence 
of the peak area on the concentration is also linear 
in this concentration range, the factor being 
1.4 PC .m3 .ml-‘. At higher H2S concentrations this 
dependence becomes non-linear (Fig. 5). Twelve 
determinations of 3.7 ml/m3 H,S yielded a relative 
standard deviation of 1 .O% . The detection limit for 
H,S, 4pl/m3, was taken as the concentration corre- 
sponding to three times the peak-to-peak background 
noise (3 x 1.5 nA). The linear dynamic range thus 
extends over more than 4 orders of magnitude. 

The peak height increases linearly with increasing 
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Fig. 5. Dependence of the AuPME on the HsS 
concentration-curve I. Inset-dependence of the AuPME 
response on concentration for lower thiols: 2- 
methylmercaptan, Wthylmercaptan, 4-2-propanethiol; 
the curvature for Zpropanethiol is a resuit of condensation 

on the wahs of the apparatus. 

flow-rate of the carrier gas (in the range tested, 
OS-2ml/sec), and the peak area (electrolysis 
efficiency) is inversely proportional to the square root 
of the flow-rate. Electrolysis efficiency values of 2 1.5 
and 11.2% were found for flow-rates of 0.5 and 
2 mljsec respectively. 

The response rate of the AuPME was evaluated by 
measuring the time of the exponential AuPME re- 
sponse for direct injection of the H,S sample into the 
detector. Time-constant values of 250 and 80 msec, 
respectively, were found for hydrogen flow-rates of 
0.5 and 2 ml/set. The AuPME peak disappears after 
about 10 sec. 

In addition to hydrogen as diluent gas for samples 
to be analysed, nitrogen and, to increase the safety 
(the pyrolysis unit was placed in a wire mantle), air 
were also employed. The AuPME response to H2S in 
nitrogen was about 4% higher and, in air about 8% 
higher, than that for the sample in hydrogen. When 
the total sulphur was determined for samples in air, 
the sulphur compounds produced were separated 
from oxygen on a column (PTFE tube, bore 3 mm, 
packed with Porapak QS to a length of about 5 mm), 
placed between the sampling valve and the pyrolysis 
unit. The water formed was collected in the meniscus 
of concentrated H2S04 formed in a T-tube (bore 
3 mm) placed after the pyrolysis unit (see Fig. 1, T). 
If the water is not removed, it absorbs H,S, leading 

to a dramatic decrease in the AuPME response. This 
removal of water becomes unnecessary in the deter- 
mination of the individual components of a mixture 
on a chromatographic column, where the oxygen is 
completely separated from the sulphur-intoning 
components. 

Direct detection of thiols without conversion into 
H,S is possible only for the lowest members of the 
series. However, the AuPME response is much lower 
and decreases with increasing thiol molecular size (see 
Fig. 5 and Table 2). Direct detection could be im- 
portant for the identification of substances leaving 
the chromatographic column. Conversion into H,S is 
preferable for quantitative determination. 

The problem of interferences in reductive pyrolysis 
has been discussed by Wallace et al.’ Because of the 
nature of the detection system and the experimental 
conditions employed in this work, HCN is the only 
potential interferent; this substance is formed in the 
reductive pyrolysis of nitrogen-containing sub- 
stances. At a potential of +O.l V, the AuPME has 
the same sensitivity for HCN as for H,S. According 
to Cedergren and Sunden,13 HCN is formed at a 
temperature of about 1125” from about 2-3% of the 
nitrogen content and the conversion decreases with 
decreasing temperature. The platinum catalysts com- 
monly used in reductive pyrolysis participate in HCN 
formation.’ It was assumed that the amount of HCN 
formed under conditions of uncatalysed pyrolysis at 
the temperatures employed in the proposed method 
would be minimal. The effect of nitrogen~ont~ning 
substances was not studied. Hydrogen halides formed 
from halogen-containing gases do not interfere as 
they undergo an electrochemical reaction at the 
AuPME at a more positive potential. 

The proposed method for determining total suiphur 
was tested on a model mixture of 6.6 ml/m3 H,S + 
12.9 ml/m’ (CH,),S + 2.5 ml/m3 (CH,),CHSH + 2.4 
ml/m3 (CH,)& in hydrogen. The theoretical sulphur 
content was 55.1 ng per injection; 52.8 ng of 
sulphur was found by use of a calibration graph 
(Fig. 5). 

Table 1. Experimentally determined efficiency of reductive 
pyrolysis 

Concentration pyrolysis 
added, 

Compound 
efficiency, 

ml/m 3 % * 

WV 6.7 96+2 
CH,SH 0.5 92+2 
C,H,SH 0.6 92*4 
(CH,),CHSH 8.7 96+6 
(CH,),S 7.0 98&4 
C,H,SCH, 8.4 98 f 2 
(CH& 2.3 96+4 
SO, 0.4 105&2 
CS, 1.2 94+3 
Tetmhyd~t~ophene 6.3 103+3 

*Mean and s.d. from 6 measurements. 
tLess than 100% efficiency as a result of decomposition of 

H,S in the silica tube in the first transition temperature 
region. 
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Table 2. Direct detection of thiols at the AuPME 

Concentration Relative sensitivity 
range, Sensitivity, compared to H,S, 

Compound ml/m’ pA.m-‘.ml-l % 

CH,SH 4.1-13.5 0.48 43 
C,H,SH 2.1-9.1 0.33 30 
@H;),CHSH 1.4-4.5 0.28 25 
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Fig. 6. AuPME detection of sulphur~ontaining compounds 
after separation on a column of Porapak QS (see Table 3). 
H, flow-rate 2 ml/set, pyrolysis tube bore 4 mm, length of 

heated zone 100 mm, 800”. 

Detection after separation on a column 

A chromatographic column was placed between 
the sampling valve and the pyrolysis unit and the 
AuPME was tested as a gas chromatographic de- 
tector. The AuPME response to the individual gases 
in the model mixture (the same as that used for the 
determination of total sulphur) is depicted in Fig. 6; 

see also Table 3. It is obvious from the results that 
the AuPME with post-column reductive pyrolysis can 
be used as a detector for the dete~ination of 
sulphur-containing compounds. Separation of the 
individual components can be improved by opti- 
mization of the chromatographic process.14 

Conclusions 

The AuPME can be used in ~mbination with 
reductive pyrolysis for the sensitive dete~ination of 
the total sulphur content in gases. The detection limit 
of 4 pl/m3 for H2S (S N 5 pg/ml) is only one order of 
magnitude higher than that given for the FPD deter- 
mination of sulphur (0.5 pg/ml).‘* Because of the 
character of the ~libration graph, the AuPME is 
more suitable for the determination of low concen- 
trations up to cu. 20 ml/m3, where the concentration 
dependence is linear. 

The response rate and sensitivity permit use of the 
AuPME as a detector of sulphur-containing com- 
pounds in gas chromatography. The different electro- 
chemical behaviour of various sulphur-containing 
compounds permits combination of direct detection 
and detection after pyrolysis to obtain information 
for identification of substances separated on the 
column, 

The AuPME can thus be used as a universal 
detection system that can be combined with reductive 
pyrolysis for the determination of sulphur in liquid 
samples as well as in the air. As in differential pulse 
polarography,5 the sensitivity of the determination of 
total sulphur can be increased by using the cathodic 
stripping voltammetry method with a silver-plated 
membrane electrode.16 

,&knowledgements-The authors wish to thank Dr J. Miz- 
era and Dr 2,. LukG (Transgas Control Laboratory of Gas 
Quality, Prague) for providing most of the Permeation 
tubes. 

Table 3. Detection of individual sulphur-containing gases after separation on the column (see 
Fia. 6) 

Peak 
No. 

Uncorrected Amount Conversion 
retention of Peak efficiency 

time, Concentration, sulphur, area, relative to 
Compound see mI~m3 w PC H,S, % 

1 6 6.6 13.6 9.2 100 
2 20 12.9 26.5 17.3 97 
3 (CH,),CHSH 30 2.5 5.1 3.3 96 
4 (CH,), S, 85 2.4 9.9 6.2 93 
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Summary-A simple sub-microlitre two-photon ionization detector for high-performance liquid chro- 
matography has been constructed; it basically consists of a pulsed laser, a falling-jet cell, and a boxcar 
detection system. The performance of the cell has been evaluated; the cell is windowless and its volume 
is about 14 nl. A dye laser is applicable as excitation light-source. 

The development of sensitive, selective and widely 
applicable detectors for high-performance liquid 
chromatography (HPLC) is of great interest in clin- 
ical, environmental and biological analysis. Lasers 
have opened up new frontiers in spectroscopy be- 
cause of their high photon flux, monochromaticity, 
and excellent spatial and temporal coherence. Re- 
cently, laser two-photon ionization spectrometry has 
proved to be a sensitive and practical technique for 
the determination of various kinds of organic mole- 
cules in solution.‘-* Its application for detection in 
HPLC has also received substantial attention.‘-I3 

A few different photoionization cells for detecting 
components of HPLC effluents have been developed. 
Voigtman and Winefordner constructed a flowing 
droplet cell (cell volume 6 ~l)*.~ and a crystalline 
quartz cell (9 ~1). lo For use of an excimer laser 
(wavelength 308 nm), they reported a detection limit 
of 80 ng/ml (S/N = 3) for N-ethylcarbazole in 70 : 30 
v/v acetonitrile/water mixture.” We constructed a 
cuvette cell (5 pl),” with which a double-beam 
method using a nitrogen laser (337.1 nm) achieved a 
detection limit of 0.2 ng/ml (S/N = 2) for pyrene in 
hexane;12 it is as sensitive as a laser-induced 
fluorescence detectorI and is superior to a commer- 
cial ultraviolet absorbance detector” or a one-photon 
ionization detector.15 

The cell volume of an HPLC detector should be 
kept small in order to minimize band broadening. 
Two-photon ionization is a non-linear process and 
tight focusing of the laser beam is desirable for higher 
efficiency. In such a case, the limit of the cell volume 
arises from the flow design and not from the light 
source.16 Thus, there is still considerable scope for 
reducing the cell volume in this technique. Quite 
recently, we reported a sub-microlitre windowless 

*Present address: Laboratory of Chemistry, College of 
General Education, Kyushu University, Ropponrhatsu, 
Fukuoka 810, Japan. 

TAuthor to whom correspondence should be addressed. 

flow-cell (14 nl) for two-photon ionization de- 
tection,17 which was based on the free-falling jet 
principle.‘* 

Although the nitrogen laser is compact, reliable, 
reasonable in price, and convenient in operation, its 
wavelength is not tunable. Thus, a tunable dye laser 
may enhance the practical analytical utility in the 
two-photon ionization technique. An excimer laser- 
pumped dye laser would offer a higher sensitivity 
because of its higher power. 

In this paper, we have modified the falling-jet cellI 
for detecting HPLC effluents and have applied it with 
a dye laser as well as a nitrogen laser as excitation 
light-source. 

EXPERIMENTAL 

Instrumentation 

The schematic diagram of the experimental system is 
shown in Fig. 1. Excitation illumination was provided either 
by a nitrogen laser (Mole&on UV-12, pulse duration 10 
nsec, repetition rate 10 Hz) or by a dye laser (Molectron 
DL-14P, 6-8 nsec, 10 Hz) pumped by a nitrogen laser 
(Molectron UV-24). A quartz lens (focal length 10 cm) 
focused the laser beam into a photoionization cell. The 
resultant photoionization current was converted into a 
voltage by a current-to-voltage converter (IO’ V/A).7*8 

The converter output was fed into a high-pass filter with 
a cut-off frequency of 3 kHz.” The output signal was 
averaged by a boxcar integrator and recorded by a strip- 
chart recorder. 

Photoionization cell 

The effluent from an HPLC column was arranged as a 
free-falling jet, which was produced by a small-bore capil- 
lary (Fig. I). The capillary consisted of two tubes; one end 
of a stainless-steel tube (outer diameter 1.6 mm, bore 0.25 
mm, length 150 mm; a in Fig. 1) was drilled out to take 
another stainless-steel tube (outer diameter 0.33 mm, bore 
0.15 mm, length 7 mm; b in Fig. 1). This device gave a fine 
free-falling jet of HPLC effluent at flow-rates down to 1.1 
ml/min. A fine liquid column was formed between the 
capillary end and a conical brass electrode placed just below 
the capillary end (c in Fig. 1). The capillary also served as 
an electrode and was electrically grounded. The conical 
electrode was attached to a high-voltage BNC connector 
which was fixed to a micrometer-driven carrier to adjust the 
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Fig. 1. Schematic diagram of the experimental system. The 
falling jet stream was formed from a capillary consisting of 
wide (a) and narrow (b) stainless-steel tubes. The fine liquid 
column was produced between the two electrodes (b, c): b, 

narrow tubing; c, conical electrode. 

electrode spacing between the conical electrode and the 
capillary end; the spacing could be varied in the range O-12 
mm. The conical electrode carried a current-limiting resistor 
(10 MR) and a capacitor (1 nF, 3 kV). A stabilized dc power 
supply (Kikusui 1041) gave a voltage of 1.5 kV across the 
electrodes. 

Chromatography 
The chromatographic system consisted of a pump 

(Hitachi 655A-11) an injector (Hitachi, 20-~1 loop), and 
a column (4.6 x 150 mm, packed with S-pm Shodex 
Silikapack E-41 1). The effluent from the column was mon- 
itored with a commercial ultraviolet absorbance detector or 
the falling-jet cell. The injected volume was 10 ~1 and the 
flow-rate was in the l-2 ml/min range. Since our purpose 
was to demonstrate the feasibility of the present system as 
a detector for HPLC, no attempt was made to optimize the 
chromatographic conditions. 

Reagents 
Pyrene (Nakarai Chemicals) was purified as described 

previously.’ Other analytes (reagent grade) were commer- 
cially obtained and used without further purification. Laser 
dyes (Exciton), BBQ for 374 nm and coumarin 440 for 434 
nm, were used as received. Ho-octane (Kishida Chemicals, 
special reagent grade for HPLC) was deaerated by ultra- 
sonic irradiation for S-10 min. Sample solutions were 
prepared from stock solutions (10-2-10-3M) in iso-octane. 

RESULTS AND DISCUSSION 

Formation of the fine liquid column 

The present photoionization cell is based on the 
free-falling jet principle. I8 Formation of the liquid 
column between the electrodes depended both on the 
electrode spacing and on the flow-rate, as shown in 
Fig. 2. A fine liquid column of iso-octane solution 
was formed down to a flow-rate of 1.1 ml/min. 
Turbulence or droplet formation appeared under 

conditions corresponding to the unshaded area in 
Fig. 2. The liquid column was more stable at higher 
flow-rate, and this allowed use of a closer electrode 
spacing. In photoionization detection, the electrode 
spacing should be made as narrow as possible, but 
avoiding direct illumination of the electrodes and 
electrical breakdown.3~6 In this study, the electrode 
spacing and the flow-rate were set at 0.8 mm and 1.5 
ml/min, respectively. 

Sensitivity 

To compare the new detector with previous ones, 
the chromatographic detection limit for anthracene 
was evaluated as before; ” the results are summarized 
in Table 1. The new system is slightly worse than the 
ultraviolet detector and substantially worse than the 
previous cell, if the comparison is made in terms of 
concentration and the same excitation wavelength 
(337.1 nm). However, the cell volume of the new 
detector (14 nl) is more than two orders of magnitude 
smaller than that of the ultraviolet detector cell (17.7 
~1) or the previous cell (5 PI), and the new system is 
more sensitive than the others if the comparison is 
made in terms of detectable amount in the cell. Thus, 
the detectability with the new system is better than 
that with the others. The method is as sensitive as 
laser fluorimetry and is superior to the laser photo- 
acoustic method. With photoionization detection, the 
sensitivity is better for non-polar solvents, owing to 
the lower leakage currents.2.7*13 

Chromatographic measurements 

Figure 3 shows photoionization and ultraviolet 
detection chromatograms of an equimolar 
(1.4 x 10e6M) mixture of seven aromatic molecules 
(anthracene, pyrene, 2_methylanthracene, 9-methyl- 
anthracene, 9,10-dimethylanthracene, benz(a)an- 
thracene, and perylene) measured at an excitation 
wavelength of 337.1 nm. The photoionization de- 
tection gave five peaks, assigned as (a) anthracene, 

10 

z 
.E 
; 
z5 

0 
1.0 1.5 2.0 

Flow-rate (ml/min) 

Fig. 2. Formation of the falling jet. The fine liquid column 
was formed when the distance between the two electrodes 

and the flow-rate were in the shaded region. 
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Table I. Chromatographic detection limits (S/N = 3) for anthracene 

Detection limit 
Excitation Cell 

wavelength, volume, Concn., Amount. 
Method 

UV absorption 

Laser photoionization 

nm 

337. I 
254 
337. I 
337.1 
308 

Laser fluorometry 

Laser photoacoustic 
spectrometry 

308 

308 

Solvent 

iso-octane 
hexane 
iso-octane 
hexane 
acetonitrile/ 
water, 70/30 
acetonitrile/ 
water, 70130 
acetonitrile/ 
water, 70/30 

The sensitivity of the ultraviolet detector should be 
approximately proportional to the molar absorptivity 
of the analyte. The sensitivity of photoionization 
detection tends to increase with increasing molar 
absorptivity of the analyte at the excitation wave- 
1ength,“s so both chromatograms should be similar. 
However, Fig. 3 indicates that the photoionization 
signals of anthracene, 9,10-dimethylanthracene and 
perylene are relatively larger than those exoected 
fron 1 their molar absor&ities at 337.1_ nm.’ 
The t’ wo-photon ionization spectra of pyrene,” 

‘a) b 

I 0.4nA 

(b) 

PI 
17.7 
17.7 
0.014 
5 
9 

6 

6 

wlml P&T Reference 

50 880 This work 
2.6 45 11 

81 1.1 This work 
0.8 4 11 

100 900 IO 

40 

3.0 x 10’ 

240 9 

1.80 x IO4 9 

(b) overlap of pyrene and 2- and 9_methylanthracene, 
(c) 9,10-dimethylanthracene, (d) benz(a)anthracene, 
and (e) perylene. In contrast, the ultraviolet detection 
showed only two peaks. 

0 

I 0.00025 Abs 

I I I I I 
2 4 6 0 10 

Retention time (min) 

Fig. 3. Photoionization (a) and ultraviolet (b) chro- 
matograms of an equimolar (1.4 x 10e6M) mixture of seven 
aromatic molecules eluted with iso-octane. Peaks: (a) an- 
thracene, (b) pyrene, 2- and 9-methylanthracene, (c) 
9,10-dimethylanthracene, (d) benz(a)anthracene. (e) per- 

ylene. Excitation at 337.1 nm. 

fluoranthenezo and N,N,N’,N’-tetramethyl-p-phenyl- 
enediamine,*O which were obtained by monitoring the 
photoionization current as a function of the ex- 
citation wavelength, showed deviations from their 
one-photon absorption spectra; the photoionization 
spectra are broader at each peak and more intense in 
the shorter wavelength region than the absorption 
spectra. These findings show that the efficiency of 
photoionization depends not only on the efficiency of 
one-photon excitation from the ground state but also 
on other physical properties of the molecule such as 
the molar absorptivity of the intermediate state(s), 
the ionization potential, and the deactivation path- 
ways of photoexcited states. 

Figure 4 shows photoionization chromatograms of 
an equimolar (1.4 x IO-‘M) mixture of the seven 
aromatic molecules, with excitation at 337.1, 374 and 

337.,nm 

h 374nm 

434nm Xl 

2 4 6 6 

Retention time (min) 
10 12 

Fig. 4. Photoionization chromatograms of an equimolar 
(1.4 x 10mJM) mixture of the seven aromatic molecules 
(excitation at 337.1, 374 and 434 nm), eluted with iso- 

octane. See Fig. 3 for identity of peaks. 
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434 nm. The photoionization signal was strongest 
and the S/N ratio was best for excitation at 337.1 nm, 
mainly because the nitrogen laser had higher power 
than the dye laser. Anthracene, 9,10-dimethyl- 
anthracene and ~nz(Q)anthracene showed relatively 
more intense signals than perylene in the shorter 
wavelength region. Only perylene showed a peak on 
excitation at 434 nm, mainly because it had the 
largest molar absorptivity. 

The use of the free-falling jet principle” has sub- 
stantially reduced the cell volume compared with that 
of previously reported cells.‘-” In the present cell, the 
shape of the liquid column is almost independent of 
the physical properties of the solvent. A cell with 
windows and/or walls is inconvenient for optical ad- 
justment. The laser power should be kept low in order 
to avoid damage at a quartz/liquid interface in such 
a photoionization cell,‘O although high laser power 
gives a high photoionization signal. The present cell 
has no such drawbacks, since it has neither windows 
nor walls; it is also free from possible contamination 
and memory effects from windows and walls. 
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Summary-Analyses have been made for trace metals in surface waters from lakes known to be sensitive 
to inputs of acidic deposition. Electrothermal atomic-absorption spectrometry was used for direct 
measurement of the low metal concentrations. The studies revealed non-spectral interferences resulting 
from small amounts of inorganic material in the sample matrix that prevent accurate measurements of 
Mn and Pb. Several types of interferences were identified by means of a computer coupled to the 
atomic-absorption spectrometer and procedures to overcome them were evaluated. Matrix modification 
with nitric acid is required for the determination of Mn. Atomization from a platform inserted within 
the graphite tube is necessary for interference-free Pb determination. 

The determination of trace metals in environmental trations. These matrix effects can either increase or 
samples such as natural waters, rain and airborne decrease the measured ETAAS response and the 
particulates is an important component in studies interferences differ for each element and matrix. The 
assessing the impact of energy-related pollutants on effect of the sample matrix on ETAAS analyses of 
natural ecosystems. Mn, Fe, Pb and Cd are among environmental samples has not been considered in 
the many trace elements of interest. The Pb and Cd depth. The aim of our study was to examine this 
present are recognized as being anthropogenic; Mn problem. Without such information, the values ob- 
has both natural and man-made sources; and Fe is of tained for trace metals in environmental samples, 
interest since it can be used to measure the input from e.g., atmospheric deposits and natural waters, may be 
crustal sources.’ These metals are utilized to evaluate erroneous, resulting in misleading conclusions being 
temporal trends in deposition and the extent of drawn for significant environmental questions such 
transport of materials from distant sources. Accurate as the impact of acidic precipitation on natural 
measurements are vital to such interpretations. ecosystems. 

There are several analytical techniques that can be 
used to determine the trace metal content in environ- 
mental samples. The most commonly applied is 
atomic-absorption spectrometry (AAS). Since the 
concentrations of metals such as Mn, Fe, Cd and Pb 
in natural water samples are often below 10 ng/ml, 
flame AAS does not provide adequate limits of 
detection. Electrothermal AAS (ETAAS), which is 
100-1000 times more sensitive than the flame tech- 
nique, has become a widely used alternative. 

Chemical interferences resulting from the inter- 
action of the analyte and the inorganic sample matrix 
have minimal effects on the flame AAS response of 
trace metals. These interferences are well understood 
and can be easily controlled. In contrast, the ETAAS 
signals for several metals can be dramatically affected 
by small amounts of inorganic salts that compose the 
sample matrix.2 The mechanisms of interaction be- 
tween the analyte and matrix are not completely 
understood, and have been studied only for individ- 

ual elements or compounds at high salt concen- 

These interferences can alter the magnitude, shape 
and temporal position of an ETAAS response that is 
only several seconds in duration. To characterize 
these rapid signals fully, it is necessary to acquire the 
data at high speed, while ensuring that they are 
unaffected by signal damping, and to store, present 
and manipulate this information as the analyst re- 
quires. These objectives have been accomplished by 
interfacing a computer with the AA spectrometer and 
developing the software necessary to process the 
data. The information obtained can be used to 
assess the effects of the interferences and evaluate 
techniques to overcome them. 

*Author for correspondence. Present address: Witco 
Chemical Corporation, 633 Court St., Brooklyn, 
NY 11231-2193, U.S.A. 

A variety of methods are available to correct for 
these interferences. One is to prepare the standards 
with the same matrix as the samples, but is not useful 
when diverse sample types must be analysed. Another 
is the method of standard additions, which requires 
the preparation of numerous spiked solutions and 
can result in contamination, especially at low metal 
concentrations. Procedures for chemical separation 
of the analytes from the matrix are time-consuming, 
prone to contamination and often not quantitative. 
Techniques that require minimal sample handling 
and/or chemical treatment are better able to provide 
accurate data at ng/ml concentration levels. 
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We have used ETAAS to measure Mn, Fe, Cd and 
Pb in atmospheric deposition and natural surface- 
water samples, including samples from several lakes 
and reservoirs in the Adirondack region of New York 
State, an area known to be sensitive to inputs of 
acidic precipitation. Data obtained from our AAS- 
computer system have been used to identify inter- 
ferences that seriously affect these measurements, and 
have enabled us to determine their possible causes 
and the analytical conditions required to compensate 
for their effect and obtain accurate results. 

EXPERIMENTAL 

Apparatus 

AAS analyses were made with a Perkin-Elmer (PE) 
Model 5000 spectrometer. Flame measurements were per- 
formed with a IO.5cm single-slot burner head and an 
air-acetylene flame. ETAAS measurements were made with 
a PE Model 500 heated graphite atomizer and a PE Model 
AS-1 autosampler; pyrolytically-coated graphite tubes and 
solid pyrolytic graphite platforms were used throughout. 
The AAScomputer system used to acquire and process the 
ETAAS data has already been described in detail.’ 

Measurements of chloride, nitrate and sulphate were 
made by ion-chromatography on a Dionex Model 2020 unit 
equipped with a 50-~1 sample loop, an HPIC AG-4 anion 
guard-column, HPIC AS-4 separator column and a fibre 
suppressor-unit. The results were used along with the Na, 
Mg, Ca and K values determined by flame AAS to deter- 
mine the composition of the major-ion matrix. 

Reagents 

“Ultrex” nitric acid (J. T. Baker Chemical Co.) and 
doubly-demineralized water (DDW, 2 MQ resistance) were 
used exclusively for all cleaning procedures and preparation 
of standards. Standard solutions (1000 pg/ml) of the metals 
were obtained from the Fisher Scientific Company. The salts 
used to prepare the major cation and anion standards were 
Fisher ACS reagent grade. 

Procedures 

To minimize problems associated with the sampling 
and manipulation of natural water samples containing 
low concentrations of trace metals, plasticware was used 
throughout. Conventional polyethylene vessels are practical 
containers, since they are inexpensive, can be easily cleaned, 
have a low rate of loss of water vapour, and low levels of 
trace metal contamination.4 

In addition to its role in preventing loss of trace metals 
from aqueous samples by adsorption on the container, nitric 
acid has been shown to have a major effect on the ETAAS 
response of many trace metals.s To study this factor, 
duplicate samples were collected at each location. One 
duplicate was acidified with 10 ml of concentrated nitric acid 
per litre, and the other (which was also to be used for 
major-ion analyses), was left unacidified. Comparison of the 
positions of the ETAAS peaks for the acidified and 
unacidified fractions under various analytical conditions can 
be used to identify the causes of the non-spectral inter- 
ferences and determine what corrective measures need to be 
applied. 

Bottles for trace-metal analysis samples were cleaned by 
first rinsing and then leaving filled with 1% v/v nitric acid 
for 48 hr. They were then rinsed with DDW and left filled 
with DDW for 48 hr. This cleaning cycle was repeated three 
times. 

The bottles for major-ion analysis samples were submit- 
ted to three cycles of rinsing and then left standing for 48 hr 
filled with DDW. All bottles were filled with DDW for 
transport to the field. 

Sampling 

Grab samples were collected at two sites at each lake or 
reservoir. At each site, a conventional polyethylene bottle 
was rinsed thoroughly with demineralized water. The bottle 
was then filled with lake material about 0.5 m below the 
surface and emptied, this rinsing being repeated three times. 
The sample was then collected at the same depth. 

The sample was immediately filtered by use of a poly- 
styrene filter funnel containing a 0.45pm Millipore filter, a 
polystyrene filter flask, and a polyvinyl hand-operated 
vacuum pump equipped with Tygon tubing. 

Two set of filtration apparatus were used. The set used for 
trace metal samples was cleaned by rinsing the filter funnel 
and flask three times with 1% v/v nitric acid, followed by 
DDW, and that for major-ion samples was rinsed only with 
water. After filtration, 2-5 ml of concentrated nitric acid 
was added to each sample for trace metal analyses. Field 
blanks were filtered identically to the samples. 

Analysis 

Standard solutions covering the concentration range of 
the samples were prepared daily by serial dilution from the 
1000 ng/ml stock solutions. The trace metal concentrations 
were calculated by use of calibration graphs generated by 
measurement of these standard solutions. Both laboratory 
reagent blanks and field blanks were processed identically. 
The analytical conditions used for the AAS measurements 
have been listed elsewhere.6 

Two types of reference materials were concurrently ana- 
lysed. Trace metal standards were obtained from the 
Environmental Protection Agency (EPA) Environmental 
Monitoring and Support Laboratory and prepared accord- 
ing to their instructions.’ These solutions contain ng/ml 
concentrations of various trace metal nitrates in dilute nitric 
acid, with no other alkali or alkaline-earth metals or anions 
present. Also analysed was National Bureau of Standards 
standard reference material 1643, “Trace Elements in 
Water.” This solution contains ng/ml concentrations of 
trace metals in a major-ion matrix that simulates fresh 
water. 

RESULTS AND DISCUSSION 

There are several types of interference that hinder 
ETAAS analysis of environmental samples. Non- 
spectral interferences directly affect the analyte signal 
by altering the time-dependent concentrations of 
metal atoms. There are two types of non-spectral 
interference. Solute-volatilization or condensed- 
phase interferences result from interactions between 
the analyte, matrix and/or sample tube prior to 
atomization. This type of interference is indicated by 
the atomization time of the analyte being different for 
the sample from that for an aqueous solution. 
Vapour-phase interferences result from interactions 
between the metal and matrix in the gas phase after 
vaporization.’ 

If the sample is vaporized after being deposited on 
the wall of the graphite tube, the metal vapour is 
introduced into an environment where the tem- 
perature is rapidly changing. If condensed-phase 
matrix interferences then cause the temperature of 
atomization of an analyte in the samples to differ 
from that for the aqueous standards of the same 
metal, calculations based upon calibration graphs 
will give incorrect results. These interferences can be 
identified by comparing peak parameters such as 



appearance time and peak time for samples with 
those of standards, as measured by the AAS- 
computer system. 

There are several direct approaches to alleviating 
these effects. One is matrix modification,’ by addition 
of chemical reagents that interact with the matrix to 
render it incapable of interfering with the analyte 
atomization. This interaction may enable the modi- 
fied matrix material to be removed during the char 
state. Its success in correcting for condensed-phase 
interferences can be demonstrated by comparing 
standard and sample peak parameters before and 
after modification. 

Another approach, suggested by L’vov,” is to 
atomize the sample at constant temperature, by 
putting it on a graphite platform inserted in the 
graphite tube. Under these conditions, the tube 
reaches maximum temperature before the platform 
reaches the volatilization temperature of the analyte, 
and changes in atomization time due to condensed- 
phase interferences will have no effect on the cal- 
culated metal concentrations because the effective 
atomization temperatures of samples and standards 
will be the same. Also, the atomization occurs at 
higher temperatures, so vapour-phase interference 
effects are minimized because of more complete dis- 
sociation of analyte-matrix species that would other- 
wise be non-absorbing and would deplete the amount 
of metal available for atomic absorption. 
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shown to be. diluted sea-spray aerosol, with the 
major-ion concentrations in the samples varying over 
more than three orders of magnitude.‘* The most 
desirable analytical approach is one that avoids such 
procedures as the method of additions, matrix- 
matching or removal of the major-ion salts. Pro- 
cedures such as matrix modification were therefore 
evaluated to see whether they would permit sample 
measurement by use of similarly treated aqueous 
standards. 

As shown in Fig. la, for 0.2 ng of manganese in 
artificial sea-water solutions the response increases 
asymptotically with salinity, whereas for sodium 
chloride solutions of corresponding concentrations 
(Fig. 1 b) there is a very broad and shallow maximum 
in manganese response. 

We have demonstrated the importance of the effect 
of small amounts of sample matrix on the ETAAS 
response of trace metals in wet, dry and bulk deposi- 
tions, collected at American Samoa.” The major 
ionic matrix for all samples at this site has been 

We believe that with the sea-water matrix the 
manganese is entrained at the charring stage in a 
magnesium oxide matrix arising from the magnesium 
in the sea-water.13 Since wall-sampling is used, the 
manganese is placed in a non-isothermal environment 
where the rapidly changing atomization temperature 
results in changes in observed response. The results 
for the sodium chloride solutions, where no mag- 
nesium is present, support this conclusion. The mean 
peak-times for the two types of solution are shown in 
Table 1. The decrease in response for both types of 
solution at higher salt concentrations is attributed to 
vapour-phase binding of some of the manganese by 
the increasingly large amount of chloride present, 
resulting in lower atomic manganese concentration. 

These effects can be eliminated by matrix modifi- 
cation with nitric acid. The acid treatment results in 
volatilization of hydrogen chloride from the sample 
matrix, leaving the more readily decomposed nitrate 
species, which are therefore converted into the oxides 

SEA-WATER MATRIX NoCl ONLY 

, 
lOO[-Ij 

(a) I 

PEAK AREA PEAK AREA 

Fig. 1 Mn-wall atomization, 0.2 ng. Each value is the mean of duplicate measurements. 



468 STUART J. NAGOURNEY et al. 

Table 1. Mean peak times for 0.2 peg of Mn in sea-water 
matrix and pure sodium chloride solutions, set 

Na concentration Sea-water NaCl 
in solution, pg/ml matrix solution 

0 1.99 + 0.05 1.98 +O.Ol 
0.2 2.04 * 0.01 - 
0.4 2.07 + 0.01 2.03 + 0.01 
1.0 2.15+0.03 2.06 k 0.01 
2.0 2.20 + 0.03 2.02 * 0.01 
4.0 2.29 k 0.02 2.01 + 0.01 

10.0 2.32 k 0.06 2.04 + 0.01 
40.0 2.07 & 0.05 

100.0 2.45 + 0.03 2.12 + 0.04 

in the char stage, irrespective of the medium, pre- 
sumably without entrainment by magnesium. After 
this treatment, we can measure any of the modified 
samples directly against similarly acidified aqueous 
standards by using wall sampling. Atomization from 
a platform is not required. 

In our analyses of lake waters we have used these 
concepts to identify matrix interferences and explore 
corrective measures. Separate samples from each 
lake site were analysed, one acidified with 1Oml of 
concentrated nitric acid per litre and the other not. 
Analyses of these samples by flame AAS and ion- 
chromatography showed that except for nitrate the 
major-ion matrix in the two samples was the same. 
Comparison of trace metal concentrations in the two 
fractions was not meaningful, because of differences 
in the leaching or adsorption patterns for these 
elements. However, the ETAAS peak parameters 
for the two sets of samples could be compared to 
evaluate matrix interferences. This is illustrated for 
manganese in Table 2. 

A condensed-phase interference similar to that for 
manganese in saline samples is evident for the lake 
water samples. Since the same interference occurs in 
analyses performed with and without maximum 
power heating, this shows that an increased rate of 
analyte volatilization provides no analytical advan- 
tage in this instance. No vapour-phase effects are 
evident, confirming earlier conclusions for the deter- 
mination of manganese in natural solutions contain- 
ing chloride concentrations below 20 pgg/ml.’ 

Various corrective measures were studied. As 
shown in Table 2, atomization from a platform 
delays the peak as expected, but the large difference 
in mean peak time between standards and samples 
without acidification shows that use of the platform 
alone does not provide the complete remedy; matrix 
modification with nitric acid is sufficient to eliminate 

Table 2. Mean peak times, XC, for ETAAS analyses for Mn 
in lake waters, maximum power heating 

Method of 
Matrix atomization Standards Lake waters 

Hz0 Wall 0.21 + 0.01 0.33 * 0.02 
Hz0 Platform 0.92 &- 0.03 1.22 + 0.04 
1% HNO, Wall 0.30 f 0.01 0.30 * 0.01 
1% HNO, Platform 1.30 f 0.05 1.35 + 0.06 

Table 3. Mean peak times, see, for ETAAS analyses for Fe 
in lake waters maximum power heating 

Method of 
Matrix atomization Standards Lake waters 

Hz0 Wall 0.41 + 0.02 0.41 f 0.03 
Hz0 Platform 1.67 +0.12 1.66kO.12 
1% HNO, Wall 0.55 f 0.02 0.54 + 0.02 
1% HNO, Platform 1.05 f 0.05 1.00 * 0.07 

the condensed-phase interferences, and use of a plat- 
form is then not necessary. 

Iron 

Our previous experience with the determination of 
iron in rain-water samples indicated the use of 
ascorbic acid as a matrix modifier. The role of the 
ascorbic acid is not clear; by some it is believed to act 
as a flux, improving the thermal contact between the 
sample and the graphite tube, thus aiding in the 
decomposition of the matrix, whereas others may 
regard it as reducing iron(II1) to iron(II), facilitating 
further reduction by the graphite. In any case, it has 
been used successfully for determination of iron in 
sea-water.14 We found there were no matrix inter- 
ferences in the determination of iron in the lake water 
samples, as shown in Table 3. 

Lead 

The determination of lead by ETAAS has been 
studied extensively. ” The primary cause of halide- 
rich matrix interference is vapour-phase formation of 
lead halides, resulting in incomplete atomization.16 
The magnitude of this effect has been shown to vary 
greatly, depending on the quantity and composition 
of the matrix and on the atomization temperature.” 
Another factor is that halide from the sample matrix 
may lead to shorter atomization times for the lead.‘* 
The matrix may also convert the lead into a com- 
pound that is atomized at a slightly lower tem- 
perature than Pb0.19 The presence of anions, such as 
sulphate, has also been shown to suppress the re- 
sponse for lead when it is atomized from the tube 
wa11.20 The anion measurements made on the 
unacidified fractions of the lake water samples show 
mg/l. concentrations of both chloride and sulphate to 
be present. 

Many of these investigations were originally con- 
cerned with analyses by wall sampling and matrix 
modification. Ammonium nitrate was generally used 
as the matrix modifier, to remove chloride from the 
matrix by volatilization of hydrogen chloride in the 
char cycle, and the interior surface of the graphite 
tube was generally coated with molybdenum to in- 
crease the precision of the response.*’ We have suc- 
cessfully used this method to determine lead in 
Samoan rainfall.22 However, this procedure involves 
the addition of several chemicals that can complicate 
analyses at low concentrations. The platform ap- 
proach is an attractive alternative since the higher 
and constant temperature environment that it pro- 
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WALL ATOMIZATION 

PEAK AREA 

PLATFORM ATOMIZATION 

PEAK AREA 

Fig. 2. Pb-sea-water matrix, 0.8 ng. Each value is the mean of duplicate measurements. 

vides for analyte atomization will serve to dissociate 
the Pb-Cl species that would otherwise decrease the 
measured Pb response. 

After our measurements of lead in Samoan rainfall, 
we examined the response of lead at the 40 rig/l.. level 
in a series of saline solutions that corresponded to the 
major-ion matrix of the samples. The results from the 
AAS-computer system for analyses with atomization 
from the tube wall are shown in Fig. 2a. The ex- 
tremely rapid decrease in response at higher salinities 
is due to vapour-phase binding of a portion of the 
lead by the increasing quantity of chloride in the 
matrix. We observed no significant change in the lead 
peak-signal time or appearance time with increasing 
amounts of sea-salt matrix. Similar results were ob- 
served for solutions containing only sodium chloride 
as matrix component. 23 When these solutions are 
atomized from the platform, the results (shown in Fig. 
2b) indicate that the higher temperature environment 
provided by the platform eliminates the chemical 
vapour-phase interference by dissociating the Pb-Cl 
species. This implies that use of platform analysis 
alone without any matrix modification would have 
been a useful method for the determination of lead in 

these samples, permitting use of aqueous standards 
without chemical modifiers. Platform techniques are 
also effective in minimizing sulphate and phosphate 
interferences in ETAAS analyses.24 

With these results as a guide, we measured the 
response for lead in the acidified and unacidified 
fractions of the lake-water samples, with test aliquots 
placed on the wall and on the platform. The mean 
values for the appearance and peak times for both 
fractions, with atomization at both normal and 
maximum heating rates, are shown in Table 4. These 
results suggest that for wall analysis the presence of 
the matrix in lake-water samples results in faster 
atomization, i.e., atomization at a lower temperature 
than for the standards. Nitric acid has been reported 
to be an ineffective matrix modifier for the deter- 
mination of lead in complex sample matrices that 
include sulphate.25 Our results in Table 4 agree with 
this observation. 

Table 4 also shows that with maximum-power 
heating there is a delay in response when the platform 
is used, indicating the time needed for the platform 
to reach the volatilization temperatures for the lead 
compounds on it. The higher constant temperature 

Table 4. Mean appearance times and peak times for ETAAS analysis for Pb in 
lake waters. set 

Matrix 
Method of Atomization 

atomization ramn Standards Lake waters 

Hz0 
1% HNO, 

Hz0 
1% HNO, 
1% HNO, 

Wall 
Wall 

Wall 
Wall 

Platform 

Appearance times 
I 1.30+0.16 
0 0.20 & 0.03 

Peak rimes 
1 2.43 k 0.05 
0 0.33 * 0.02 
0 1.24 + 0.02 

1.21 f 0.10 
0.13 + 0.03 

2.09 + 0.15 
0.29 f 0.04 
1.17*0.04 
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Table 5. Mean appearance times and peak times for ETAAS analysis for Cd in 
lake waters, set 

Method of Atomization 
Matrix atomization ramp Standards Lake waters 

Appearance times 
Hz0 Wall 1 0.87 f 0.08 0.87 + 0.06 
1% HNO, Wall 1 0.91 + 0.07 0.98 + 0.09 
1% HNO, Platform 0 0.46 f 0.04 0.41 f 0.06 

Peak times 
H,O Wall I 1.43 f 0.08 I .48 f 0.03 
1% HNO, Wall 1 1.8OkO.13 1.71 kO.17 
1% HN09 Platform 0 1.26 k 0.06 1.17 kO.07 

environment provided by use of the platform serves 
to reduce the analytical interferences from the anions 
in the sample matrix, as discussed by Hageman et ~1.~~ 
The use of a platform for the analysis of these lake 
waters is necessary for direct analysis without matrix 
modification. 

Cadmium 

The mean ETAAS peak parameters for deter- 
mination of cadmium in both aqueous and acidified 
solutions by atomization from wall and platform are 
presented in Table 5. No matrix interferences are 
observed, demonstrating that nitric acid acts only as 
a preservative and not as a matrix modifier, and that 
wall analysis gives accurate cadmium results for these 
samples. 

Results 

The values for the acidified samples range from 3 
to 65 pg/l. for Mn, 10 to lSOpg/l. for Fe, 0.5 to 
8.Opg/l for Pb, and 0.05 to 7Oyg/l. for Cd, and are 
shown in Tables 6-9. Since 80% of the Mn and Fe 
values are more than 10 times the detection limits of 
flame AAS, the flame AAS and ETAAS results for 
these elements can be compared. No comparisons 
between flame and ETAAS data can be made for Pb 
and Cd since their values are below the flame AAS 
detection limits. 

The values for Mn, Fe, Pb and Cd in the field 
blanks and laboratory reagent blanks, measured by 
ETAAS, are at the limit of detection. 

The mean values for the data obtained by flame 

Table 6. Mn-all values in pg/l.* 

ETAAS ETAAS Flame 
Lake (wall) (platform) AAS 

Sacandaga 3.9 * 1.0 3.7 * 1.1 <IS 
Dart 78 k 3 79+11 78 k 3 
Big Moose 71 f 1 71*7 68 + 3 
Moss 12+ 1 It+1 <I5 
Hinkley 14* 1 16k 1 <15 
Cranberry 34 k 6 33 * 1 35 &2 
Sagamore 51 * 1 49 * 6 53 + 3 
Carry Falls 4.1 kO.1 4.5 & 0.4 <15 
Stillwater 55 + 1 53 k6 53 + 3 
North 62k 1 63 + 3 63 k 3 
South 60_+ 1 62& 13 65+ 1 

*Limits of detection: flame AAS 15 pg/l., ETAAS 0.1 pg/l. 

Lake 

Table 7. Fe-all values in fig/l.* 

ETAAS ETAAS 
(wall) (platform) 

Flame 
AAS 

Sacandaga 43 f 5 43 + 5 40*5 
Dart 36& 1 32+2 35 * 5 
Big Moose 26 k 2 25 + 1 25 f 5 
Moss 16+ 1 17* 1 15+8 
Hinkley 43+11 38k I 45 + 5 
Cranberry 55*6 53 + 2 55 & 5 
Sagamore 108 k 1 115k6 115*5 
Carry Falls 105 * 12 105+3 110+5 
Stillwater 101 + 14 107* 1 102 + 5 
North 56 + 8 53 + 6 55 + 5 
South 33 * 5 34 * 3 30 * 5 

*Limits of detection: flame AAS 10 pg/l., ETAAS 0.2 pg/l. 

Table 8. P&all values in ~cg/l. 

Lake 
ETAAS ETAAS 
(wall) (platform) 

Sacandaga 
Dart 
Big Moose 
Moss 
Hinkley 
Cranberry 
Sagamore 
Carry Fall 
Stillwater 
North 
South 

0.8 kO.1 
1.1 + 0.1 
1.4kO.l 
1.6kO.l 
0.5 * 0.2 
0.7 * 0. I 
0.9 kO.1 
0.6+0.1 
1.0+0.1 
0.9 kO.1 
0.9 * 0.1 

0.9 +0.1 
1.5 kO.1 
1.6 + 0.2 
2.3 k 0.2 
0.8 +O.l 
1.4kO.l 
1.5 kO.1 
1.4kO.3 
1.3 kO.1 
1.8 k 0.3 
1.8 + 0.3 

AAS, and wall and platform ETAAS for manganese 
and iron are compared in Table 10. As discussed 
above, small amounts of matrix do not affect 
flame AAS. For manganese there is little difference 

Table 9. Cd-all values in pg/l. 

ETAAS ETAAS 
Lake (wall) 

Sacandaga 
Dart 
Big Moose 
Moss 
Hinkley 
Cranberry 
Sagamore 
Carry Falls 
Stillwater 
North 

0.18 + 0.01 
0.26 + 0.01 
0.42 + 0.08 
0.61 k 0.06 
0.16 + 0.01 

1.4kO.4 
0.28 k 0.09 
0.13 + 0.01 
0.25 5 0.07 
0.70 &- 0.06 

(platform) 

0.22 & 0.02 
0.27 + 0.04 
0.41 * 0.10 
0.55 * 0.01 
0.16 k 0.02 

1.2kO.4 
0.34 k 0.08 
0.20 * 0.01 
0.27 + 0.02 
0.85 k 0.10 

South 69 f I 68 + 1 
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Table 10. Comparison of analytical methods for the ETAAS 
determination of Mn and Fe in lake waters @g/l.) 

Element Wall/platform Flame/wall Flame/platform 

Mn 1.02 f 0.08 1.03 *0.10 1.07 kO.10 
Fe 1.03 + 0.07 0.98 k 0.10 1.02 kO.13 

between the results from the three techniques, sup- 
porting the conclusions that nitric acid is an effective 
matrix modifier for ETAAS, and that the platform 
offers no additional analytical advantage for these 
samples. All three techniques give similar values for 
iron, and, as shown in Table 3, nitric acid is not 
needed as a matrix modifier. 

The results for lead show that the platform method 
is required if accurate values are to be obtained. The 
mean wall/platform ratio for Pb is 0.66 + 0.18. This 
lower response for volatilization from the tube wall 
suggests that two different interference mechanisms 
may be affecting these data. There is clearly a vapour- 
phase interference, indicating that the chloride in the 
matrix is binding some of the available Pb, resulting 
in lower responses. Since the wall analyses are being 
conducted in a non-isothermal environment, the shift 
to lower temperatures suggested in Table 4 may also 
contribute to the lower results for the set of data 
obtained by wall sampling. The higher values for the 
platform measurements are due to isothermal higher- 
temperature atomization resulting in dissociation of 
the Pb-CI species. Equivalent atomization tempera- 
tures are indicated for both sample and standard 
measurements. 

The Cd sample data show a wall/platform ratio of 
0.9 1 f 0.07, demonstrating that sample analyses from 
the tube wall are sufficient to generate accurate data 
for this element in these samples. 

Analysis of standards 

The results for determination of Mn, Fe, Pb and 
Cd in the EPA and NBS reference materials by both 
wall and platform ETAAS are shown in Table 11. 
The EPA reference values and our results show good 
agreement for both the wall and platform methods 
for all four metals, as expected since the EPA sol- 

utions contain no matrix to cause interferences. The 
comparison is complicated, however, by the large 
standard deviations associated with some of the EPA 
values. Comparison of our results (obtained by use of 
acidified aqueous standards) with the certified values 
for NBS SRM 1643 (which contains matrix material) 
supports the conclusions drawn above from the inter- 
ference studies. Mn, Fe, and Cd can also be measured 
successfully by both the wall and platform tech- 
niques, whereas the wall method produces low values 
for Pb, indicating interference. The platform tech- 
nique gives good agreement with the NBS certified 
value for lead, indicating that the higher temperature 
environment obtained by use of the platform elimi- 
nates the interference. 

CONCLUSIONS 

The ETAAS determination of Mn and Pb in 
environmental samples such as lake water and rain- 
water is complicated by non-spectral interference by 
relatively small amounts of inorganic matrix material 
in these samples. These interferences are element- 
specific and due to particular components, and unless 
corrected for can result in positive or negative errors. 
For Mn, matrix modification with nitric acid, and for 
Pb, constant-temperature atomization by use of a 
graphite platform, can eliminate these interferences. 
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Summary-The analytical properties of two compounds from a class of new complexing reagents for 
uranium have been investigated. The compounds, diacetylpyridine bis(furoylhydrazone) (Hrdapf) and 
diacetylpyridine bis(pyridylhydrazone) (Hrdapp), were synthesized and the extraction, resin sorption, and 
calorimetric properties of their metal complexes examined. The uranium-H,dapf complex forms in 
solutions at pH >/ 3 and can be used to determine uranium calorimetrically. The system obeys the 
Lambert-Beer law between 0.72 and 10.8 ppm ~nium with a molar absorptivity of l.5 x lo4 
l.mole-‘.cm-i at 400 nm and 3.5 x 104 I.mole-‘.cm-’ at 350 nm between pH 3 and 8. Interferences are 
masked with EDTA. 

The reactivity of the uranyl ion with quinquedentate 
chelating hydrazone derivatives has been studied by 
research groups in Italy. ‘-9 These studies have shown 
that bis(arylhydrazones) of 2,6-diacetylpyridine 
form stable chelates with UO:+ which have 
four Smembered rings. 2,6_Diacetylpyridine bis(4- 
methoxy~nzoyihydrazone) (H,dapmb) forms 
UO*(Hdapmb)NO~ and UO*(H*dapmb)(NO~)~; 
these can be deprotonated to form UO,(dapmb).’ 
Manganese(H), cobalt (II), nickel(II), copper(I1) 
and zinc(I1) derivatives of 2,ddiacetylpyridine 
bis(benzoylhydrazone) (H,dapb) have been prepared 
and their structures characterized by X-ray and spec- 
troscopic studies2 

Casoh et aA3 published a short paper on the 
chromatographic separation of uranyl and copper(H) 
complexes of Hrdapb, but no other analytical use has 
been made of these interesting chelating reagents. In 
the present work two hydrazones, 2,6-diacetyl- 
pyridine bis(furoylhydr~one) (Hrdapf) and 2,6- 

W 
\ 

N 

Fig. 1. Structure of H,dapf and Hrdapp. 

dia~etylpy~dine bis(py~dylhydr~one) (H,dapp), 
which form more water-soluble complexes with metal 
ions, have been prepared and characterized. Figure 1 
gives the structure of the two hydrazones in- 
vestigated. These are shown to be useful for the 
spectrophotometric determination of uranium(V1) 
and for the concentration of uranium~1) by sorption 
of the hydrazone cheiate on a small resin column. 

EXPERIMENTAL 

Synthesis of H,dapf 
To a 250-ml round-bottoms flask were added 0.05 mole 

of 2-furoic acid hydra&de and 0.025 mole of 
2,6-diacetyIpyridine (Aldrich) in 100 ml of absolute meth- 
anol. The mixture was heated for 3 hr at 40”, cooled and 
filtered. The precipitate collected was recrystallized from 
methanol as small white crystals. H,dapp was synthesized 
by the method previously described, from 
2,ddiacetylpyridine and nicotinic acid hydrazide (Aldrich). 
The compound 2,fbutanedione bi~furoylhydmzone) 
(H,bdf) was synthesized from 2,3-butane&one and furoic 
acid (Aldrich) by a procedure analogous to that for H,dapf. 

The following procedures were used to characterize 
H,dapf. The infrared spectrum was taken (KBr pellets). The 
mass spectrum was obtained on a Hewlett Packard 5995A 
GC/MS at 70 eV with direct insertion. The NMR spectrum 
of the sample dissolved in CDCl, containing TMS as 
internal standard was taken with a Jeol FX9OQ FT-NMR 
spectrometer. 

Complex formation studies 

Two ml of 1 x IO-‘M metal ion solution, 2 ml of 
2 x 10T3M reagent in methanol and 2 ml of buffer solution 
were mixed together and diluted to volume. The pH was 
varied from 0 to 8. The intensity of the colour was used to 
determine the maximum fo~ation of the complexes. 

Spectra of selected complexes were taken with a Perkin- 
Elmer 552 UV-VIS Spectrophotometer at the pH corre- 
sponding to maximum complex formation. Solutions used 
in the measurement of molar absorptivity contained a 
two-fold molar excess of reagent. 

473 
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Solvent extraction and sorption studies of metal complexes 
For the solvent extraction experiments H,dapf was used 

because it was less soluble in aqueous media. The metal 
complex was formed in a IO:90 v/v methanol-water solu- 
tion, which was buffered to give maximum complex for- 
mation The solution, containing 8 x 10m5M metal ion and 
1.6 x 10e4M H,dapf, was extracted once with an equal 
volume of methylene chloride. The metal content of the two 
phases was then determined by established calorimetric 
methods.’ 

Sorption studies were done with H,dapp because of its 
greater solubility in acidic aqueous solutions. A 25-ml 
volume of solution with a final concentration of 8 x 10m5M 
metal ion, 8 x 10m4M H,dapp and buffer solution was made 
up. Ten-ml aliquots were passed through a conditioned 
gravitational-flow mini-column of 15&200 mesh XAD4 
resin which had been slurry-packed. The metal ion content 
of the eluates was determined calorimetrically. 

Calorimetric determination of uranium 

A sample aliquot containing between 18 and 270 peg of 
uranium was placed in a 30-ml beaker. To the sample were 
added 1 .O ml of O.lOM EDTA, 10.0 ml of methanol, 4.0 ml 
of 2 x IO-‘M methanolic H,dapf, and I ml of l.OM tri- 
ethanolamine (TEA) buffer. The apparent pH was adjusted 
to 6.0 (pH-meter) and the solution diluted with water to 25 
ml. For the solutions analysed at a pH of 3.3, 2.5 ml of 
O.lOM formate buffer were used. The absorbance of the 
uranium complex was measured at 400 nm. 

For the sorption experiments, the mini-column was 
washed with demineralized water adjusted to pH 6.0 with 
the TEA buffer. A IO-ml aliquot of the sample solution 
containing I x IO-‘M uranium and H,dapf in 56% meth- 
anol, with an apparent pH of 6.0, was passed through the 
column. The column was washed with 5 ml of water, and 
the complex eluted with 10 ml of 100% methanol. The 
eluate was collected in a lo-ml standard flask and the 
absorbance measured at 400 nm. 

In the concentration experiment 200 ml of 2.0 x lo-‘A4 
uranium solution was placed in a 500-ml beaker containing 
10 ml of methanol. Then 4.0 ml of 2 x 10m3M methanolic 
H,dapf and 3 ml of the TEA buffer were added. The pH was 
adjusted to 6.0 and the solution was passed through the 
XAD4 column. Five ml of demineralized water was passed 
through the column, and the uranium complex was eluted 
with 10 ml of methanol. The methanolic eluate was collected 
in a 25-ml standard flask, buffer was added, the solution was 
diluted to volume with methanol, and the absorbance 
measured and compared with that of a UO,-H,dapf solu- 
tion of equivalent concentration. 

RESULTS 

Physical properties of the liganh and metal complexes 

The syntheses of Hzdapf and Hzdapp gave more 
than 90% yields. The solids and their solutions were 

stable to light and could be kept for several months 
without discernible degradation. The physical char- 
acteristics for H,dapf are given in Table 1. At pH 
>9, the ultraviolet spectrum of H,dapf shifts to 
longer wavelengths. The physical properties of 
H,dapp were given in a previous paper.3 These 
compounds, particularly H,dapp, are much more 
soluble in aqueous solutions than H,dapb. H,dapp is 
very soluble in acidic solutions (PH < 1.7) owing to 
protonation of the pyridyl groups. 

The metal complexes of H,dapf and H,dapp are 
yellow or yellow green. Table 2 shows the pH of 
maximum complex formation for the various metals 
tested. The stucture of H,dapf and H,dapp allows for 
the formation of up to four chelate rings for each 
chelate molecule bound to the metal ion. Paolucci et 
al.’ proved by X-ray crystallography that H,dapp 
forms a quinquedentate complex with UOi+. The 
large number of chelate rings gives greater complex 
stability than that observed for other ligands. 

By Job’s method, the ligand to metal ratio for the 
UO:+ and Tb3+ complexes was determined to be 1: 1 
for H,dapf. This ratio agreed with the results ob- 
tained from X-ray crystallographic studies on the 
HzdappUO:+ complex.3,4 In general, H,dapf 
formed more stable complexes than did H,dapp with 
most of the metals tested, as evidenced by the lower 
pH required for maximum colour formation. The 
H,dapf complexes generally have higher molar ab- 
sorptivity than the H,dapp complexes. The low pH 
for the maximum formation of the uranium com- 
plexes with both ligands shows a selectivity for 
uranium relative to the lanthanide ions and bivalent 
ions such as those of Ni, Mn, Pb, Ag, Hg and Co. 
In studying the Ti(IV) complex of H,dapf, it was 
found that the colour faded with time, making this 
complexing agent unsuitable for spectrophotometric 
determination of titanium. 

Finally, the compound 2,3-butanedione bis(furoyl- 
hydrazone) (H,bdf) was synthesized in order to 
investigate the effect of the pyridyl ring on the 
formation of the uranium complex. The uranyl- 
H,bdf complex was more water-soluble than the 
complexes of H,dapf of H,dapp, being soluble in a 
16: 84 v/v methanol-water mixture. The uranium 
complex reached maximum formation at approxi- 
mately pH 4.0. A higher pH was also needed for 

Table I. Characterization data of H,danf 

Melting UV IR Major mass ‘H NMR 
Molecular range, maxima, maxima, spectral lines, in CDCl, 

weight “C nm cm-’ m/z (%) (no. of H) 

319 238-24 1 304 3310 ?I (18) 8.4-8.2 (1H) 
258 3080 95 (100) 7.6(1H) 

1660 104 (66.7) 7.4(lH) 
1580 105 (15.7) 6.6(1H) 
1550 132 (25.4) 2.5 (3H) 
1490 145 (15.4) 1.6(1H) 
1435 188 (16.3) 
1330 284 (14.5) 

319 (1) 
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Table 2. pH of maximum formation and molar absorptivity at peak maxima of the metal 
complexes of H,dapf and Hrdapp* 

Hrdapf H,dapp 

LX, G LX, 6, 
Metal ion pH,, nm l.mole-‘.cm-’ pH,, nm l.mole-‘.cm-’ 

Fe)+ 1 334 3.0 x 104 
Ti’+ 
Zr4+ 
uo:+ 

CU2+ 
Th4+ 

Tm3+ 
Ni2+ 
Tb3+ 
Y3+ 
Hg2+ 
Mn2+ 

2 378 2.2 x 104 
2 358 1.0 x 104 
3 354 3.5 x l(r 

400 1.5 x IO’ 
4 350 2.0 x lo4 
4 350 3.2 x IO4 

397 1.7 x 104 
5 349 2.8 x IO4 
6 373 3.2 x IO4 
6 350 2.5 x IO4 
6 352 2.8 x IO4 
7 353 2.0 x lo4 
7 348 2.2 x lo4 

382 1.3 x lo4 
8 354 0.4 x lo4 
8 352 3.5 x 104 
8 360 1.1 x Iti 

408 1.0 x 104 
9 351 2.1 x 104 

4 346 2.1 x 104 
390 1.2 x 104 

5 341 1.5 x 104 
2 353 2.7 x lo4 

8 342 < 1.0 x 104 
7 363 <I.0 x 104 

8 341 < 1.0 x 104 
7 349 <l.O x 104 
8 338 < I .o x IO4 

t 
7 331 1.1 x IO4 

*The samples were made up in 60% methanol and 40% water with an excess of 
complexing agent. The pH measured was the apparent pH. 

tAg+ was reduced by H,dapp. 

complete complex formation with Cu2+, Fe)+, Tm3+ 
and La’+. The formation of the uranyl-H,bdf com- 
plex was slow, maximum absorbance being reached 
in 24 hr. For practical use, the absorbance should be 
measured after 60 min reaction time. The absorption 
spectrum of the uranium-H,bdf complex showed a 
strong absorbance band with a molar absorptivity of 
2.2 x 104 l.mole-‘.cm-r at 415 nm. A comparison of 
the molar absorptivities of the uranium complexes 
of H,dapf and H2bdf indicates that the pyridyl group 
of H2dapf contributes little to the colour formation, 
and in fact causes a decrease in molar absorptivity 
and a blue shift. 

Extraction and sorption properties of the metal com- 
plexes 

Figure 2 gives the results of the solvent extraction 
experiments for the UO:+ , Cu2 + and La3 + complexes. 
For efficient extraction the complex must be formed 
in lo:90 v/v methanol-water medium; extraction 

oL._*...LL,~~ I 
4.0’ 

md I I 
1.0 2.0 3.0 5.0 6.0 7.0 6.0 

PH 

Fig. 2. Graph of % extraction of some Hrdapf complexes 
at different pH values. 0, U(W), A. Cu(II), n , La(II1). 

with organic phases containing H,dapf had poor 
efficiency. A 2 : 1 ratio of H,dapf to metal ion gave an 
efficient extraction (>99%) of the UO:+ and Cu2+ 
complexes. For 98% extraction of La at pH 7.6, a 
10: 1 molar ratio of H,dapf to La3+ was required. 

In the sorption of metal complexes onto an XAD 
resin from water, H,dapp was used because of its 
higher solubility in water. A 10: 1 H,dapp to metal 
ion molar ratio was required for quantitative sorp- 
tion of the metal complexes. Figure 3 shows the 
degree of sorption of the UO:+, Th4’, Cu2+ and La’+ 
complexes, as a function of pH. The order of sorption 
efficiency is the same as the order of complex sta- 
bility. 

Uranium calorimetric determination and interference 
study. 

The yellow uranyl-H,dapf complex formed instan- 
taneously and remained stable for several hours. 

.a, , , , , 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 

PH 

Fig. 3. Graph of % adsorption of some H,dapp complexes 
on XAD-4 resin at different pH values. 0, U(VI), 

+, Th(IV), A, Cu(II), W, La(II1). 
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Fig. 4. UV-VIS spectra of: l-Reagent, H,dapf 2.5 x 
10e5M; 2-UO,-H,dapf 1.0 x IO-‘M OS. H,O, 3-UO,- 
H,dapf 1.0 x 10-5M us. reagent. Methanol content 24%, 

pH 2.8. 

Figure 4 gives the spectra of H,dapf and its uranyl 
complex at pH 2.8. The spectrum of the complex had 
two maxima, one at 340 nm and the other at 400 nm 
with molar absorptivities of 2.9 x lo4 and 1.57 x lo4 
1. mole-‘. cm-’ respectively. At 341 nm there was still 
considerable absorbance by the H,dapf ligand. In 
addition, as the percentage of methanol in the solu- 
tion was increased, the band at 341 nm shifted, 
causing an increase in absorbance at 341 nm. How- 
ever, at 400 nm the absorptivity remained constant. 
Because of the dependence of molar absorptivity on 

Table 3. Maximum allowable concentration of metal ions 
present in the determination of a 2.0 x 10e5M uranium 

solution* using EDTA as masking agent. 

Metal ion 
Max. allowable 

cont., M 
Mole ratio 

metal/U 

Al’+ 
Ca2+ 
Cd2+ 
co2+ 
cuz+ 
Fe)+ 

Hg’+ 
La3+ 
MnZ+ 
Na+ 
Ni2+ 
Pb4+ 
Th4+ 
Ti4+ 
Y’+ 
Zn2+ 
Zr4+ 1.2 x IO-4 6.0 

*Determinations were made at pH 6.0 (TEA buffer). 
Each solution contained 0.004M EDTA. The maximum 
allowable concentrations of metals gave a 3% or less 
deviation in the uranium analysis. 

turanium determined at pH 3.3 (formic acid buffer). The Fe 
interference was corrected for by the preparation of a 
second blank. 

1.8 x 1O-3 91 
2.4 x lO-4 12 
4.0 x IO-’ 200 
4.9 x lo-4 25 
3.0 x 10-r 150 
1.2 x 10-S 0.60 
4.0 x 10-47 20 
2.0 x IO-’ 100 
3.3 x 10-r 166 
2.0 x 10-l 100 
1.2 x 10-r 60 
4.8 x lO-4 24 
1.4 x 10-j 72 
6.0 x lO-4 30 
2.0 x 10-d 10 
2.0 x 10-3 100 
3.4 x 1o-4 168 

the percentage of methanol in solution and the higher 
background at 341 nm, 400 nm was the preferred 
wavelength for analysis. At least 20% methanol is 
required to keep the uranyl-H,dapf complex from 
precipitating. To maintain maximum absorptivity, 
the pH must be between 3.3 and 8.0. A pH between 
3.3 and 4.0 was preferred for analysis to minimize 
interference from other elements which form com- 
plexes with H,dapf at higher pH values. 

Because H,dapf forms complexes with many 
metals, there was considerable interference in the 
uranium determination from several other metal ions. 
At low pH values, Th4+, Zr4+, Fe3+, Cu*+ and Ti4+ 
severely interfere with uranium when present in low 
concentrations. Many masking agents for these 
metals are either not particularly effective or they 
precipitate at low pH values. Low concentrations of 
lanthanide metals in solution are tolerated to a 
greater extent because at low pH values, only very 
slight complexation occurs between H,dapf and lan- 
thanides. The masking effect of EDTA on possible 
interferents was then tested at pH 6.0 to minimize 
precipitation of the EDTA in solution. Addition of 
EDTA to the solution eliminated interference from 
other metals with the exception of Fe3+, Zr4+ and 
Ti4+. Table 3 gives the maximum allowable concen- 
trations of metal ions which can be present in sol- 
ution at pH 6.0 without interference. EDTA masked 
Zr“‘+ and Ti4+ at low concentration, but was in- 
effective at higher interferent levels. The interference 
from Fe3+ after the addition of EDTA was due 
primarily to the absorption of the EDTA metal 
complex at the same wavelength. A method used to 
correct for Fe3+ interference required the preparation 
of two blanks, one containing sample and EDTA 
only, and the other the standard containing EDTA. 
Above a concentration of 4 x 10W4M Fe’+, the iron 
began to form a complex with the H,dapf and a 
second blank could no longer be used. 

Resin sorption experiments were carried out to 
determine if the uranyl-H,dapf complex could be 
concentrated from solution by using a resin column. 
A solution containing 2 x 10m5M uranium was 
passed through a resin column, and the complex was 
then eluted from the column with 100% methanol. 
The uranyl complex was sorbed with a 97.5% average 
recovery, which was within experimental error. A 
concentration experiment was then performed fol- 
lowing the previous procedures. A 250-ml volume of 
solution of uranium was concentrated by a factor of 
10, and an average recovery of 97% was attained. 
This experiment shows that H,dapf is an effective 
chelating agent in analysis procedures requiring the 
preconcentration and determination of ultra-trace 
levels of uranium. 

CONCLUSION 

H,dapf has some use as a calorimetric reagent for 
the determination of uranium. Other reagents such as 
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Arsenazo compounds8 and Br-PADAP9 are more 
sensitive for uranium than Hrdapf. With the addition 
of masking agents, these reagents are also selective 
for uranium. Because H,dapf forms complexes with 
uranium at lower pH values than with the rare earths 
and many bivalent metal ions, some natural select- 
ivity occurs. At higher pH values uranium can be 
determined without interference, by use of H,dapf 
and EDTA. This complex is most useful, however, 
when preconcentration and determination of the 
uranium needs to be carried out. H,dapf and its 
uranium complex can be concentrated and then 
eluted from a resin column. Many calorimetric re- 
agents, such as the Arsenazo compounds, are irre- 
versibly adsorbed on hydrophobic resins, making 
them useless for preconcentration procedures. The 
preconcentration of uranium with resin columns is 
preferable to solvent extraction, because the latter 
method can be time consuming. The masking of 
other metal ions present in a solution by EDTA in 
conjunction with the addition of Hrdapf to the 
sample, followed by sorption of the complex onto a 
resin, would allow selective preconcentration and 
determination of uranium. 

Acknowledgements-This reasearch was supported by the 
Institutional Supporting Research and Development Pro- 

gram at Los Alamos National Laboratory which is operated 
by the University of California. The research was performed 
at Ames Laboratory which is operated by Iowa State 
University for the U.S. Department of Energy under Con- 
tract No. W-740%Eng-82. We wish to thank Chin-Hsing 
Chou for his help in synthesis and characterization of the 
complexing agents and Robert Bachman and the University 
of Puerto Rico for the use of their equipment. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

REFERENCES 

G. Paolucci, G. Marangoni, G. Bandoli and D. 
Clemente, J. Chem. Sot., Dalton Trans., 1980, 1304. 
C. Lorenzini, C. Pelizzi, G. Peliui and G. Predieri, ibid., 
1983, 721. 
G. Paolucci, G. Marangoni, G. Bandoli and D. 
Clemente, ibid., 1980, 459. 
G. Paolucci and G. Marangoni, Inorg. Chim. Acfa, 
1977, 24, L5. 
A. Casoli, A. Mangia and G. Predieri, Anal. Chem., 
1985, 57. 563. 
J. Curry: M. Robinson and D. Busch. Inorg. Chem., 
1967, 6, 1570. 
R. Phillips, Ph.D. Dissertation, Iowa State University, 
Ames, IA, 142. 
Gmelin Handbook of Inorganic Chemistry, Uranium 
Supplement Vol. A7, Springer-Verlag, Berlin, 1982. 
D. Johnson and T. Florence, Tulanta, 1975, 22, 253. 



Talanta, Vol. 34. No. 5, pp. 479-482, 1987 0039-9140/87 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1987 Pergamon Journals Ltd 

CHEMICAL REDUCTION AND SPECTROPHOTOMETRIC 
DETERMINATION OF SILVER, COPPER 

AND NICKEL 

GHAZI AL-JABARI and BRUNO JASEISKIS 

Department of Chemistry, Loyola University of Chicago, 6525 N. Sheridan Road, Chicago, 
Illinois 60626, U.S.A. 

(Received 12 March 1986. Revised 3 December 1986. Accepted 12 December 1986) 

Summary-Silver(I), copper(H) and nickel(H) can be reduced to the metallic state by formaldehyde at pH 
11, chromium(I1) in 2.5M sulphuric acid, and borohydride at pH 5.56.0, respectively. Reoxidation of 
these metals with iron(II1) in the presence of Ferrozine enables their determination at concentration below 
1 pg/ml by measurement of the absorbance of the iron(IIkFerrozine complex at 562 nm, with a precision 
better than 3%. The apparent molar absorptivities for silver, copper and nickel are 2.78 x 104, 5.56 x IO4 
and 5.58 x 10“ 1. mole-’ .cm-‘, respectively. The average thickness of silver films on glass surfaces can be 
determined in the way. 

Ferrozine, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine- 
p,p’-disulphonic acid, monosodium salt mono- 
hydrate (FZ), is one of the most sensitive water- 
soluble iron chromogens currently available. It was 
first introduced by Stookey for trace analysis of 
ultrapure water.’ Ferrozine has found wide accept- 
anceZ by clinical analysts in the determination of 
serum iron, iron-binding capacity,‘-‘* and of iron in 
seawater,13 plant nutrient solutions,‘4 plant materi- 
als,15 and in high-purity chemicals.‘6 It has also been 
used for the determination of cobalt(H),” ruthe- 
nium(III), osmium(VIII),‘* gold(II1) and silver(I).” 

In addition, iron(II1) in the presence of Ferrozine 
has been used for the determination of chemical 
species able to reduce iron(III), such as ascorbic 
acid,*’ sulphur dioxide,*’ nitrate and nitrite,** 
sulphate,23 tiron and substituted catechols,24 
molybdenum, vanadium, and arsenic2’ and silver(I), 
gold(II1) and mercury(II).26 

In this paper we describe a spectrophotometric 
method for the determination of micro amounts of 
silver(I), copper(I1) and nickel(II), alone and in mix- 
tures, after the reduction of these ions to the metallic 
state and reoxidation by iron(II1) in the presence of 
Ferrozine. 

EXPERIMENTAL 

Apparatus 

A Cary 14 spectrophotometer and Corning Model XII 
pH-meter were used. The amalgamated zinc reductor was 
prepared by treating analytical-grade 20-mesh metallic zinc 
with acidified mercuric chloride as described by Kolthoff.27 
A shortened 50-ml burette was filled with enough zinc to 
produce a column 15cm long. The reductor was washed 
copiously with demineralized water. Cation- and anion- 
exchange columns were prepared by filling approximately 
8 cm of shortened burettes with ion-exchange resins: 
AG-l-X8,50-100 mesh, chloride-form anion-exchanger and 
AG-50W-X8, 20-50 mesh, sodium-form cation-exchanger. 

All glassware was washed with 6M hydrochloric acid, and 
then demineralized water. 

Redgents 

All chemicals were analytical or primary standard grade. 
Ferrozine, 3-(2-pyridyl)-5,6-diphyenyl-1,2,4-triazine-p,p’- 
disulphonic acid, monosodium salt monohydrate (Aldrich), 
was used to prepare an approximately O.OlM solution by 
dissolution of 1.42 g in 250 ml of demineralized water. 
Approximately 0.004M iron(II1) solution was prepared by 
dissolving 0.484 g of ammonium ferric sulphate dodeca- 
hydrate in O.lM sulphuric acid and diluted to 250 ml. 
Standard solutions (500 ml) of silver(I), nickel(I1) and cop 
per(I1) were prepared by dissolving 0.4212 g of silver nitrate 
and 0.3715 g of nickel chloride hexahydrate in demin- 
eralized water and 0.1163 g of pure copper wire in dilute 
nitric acid; in the case of the silver and copper solutions, the 
nitrate was removed by evaporation till fuming, after addi- 
tion of sulphuric acid, and the cooled residue was taken up 
in demineralized water and diluted to volume. The copper 
solution was standardized by iodimetric titration and the 
nickel solution gravimetrically by the dimethylglyoxime 
method. 

Chromium(I1) solution was prepared by passing approx- 
imately 0.02M chromium(II1) sulphate through the 
amalgamated zinc reductor. Approximately O.OlM sodium 
borohydride was prepared by dissolving 40 mg of reagent in 
100 ml of O.OSM sodium hydroxide. Chloroacetate buffer 
solution of pH 3.5 was prepared by dissolving 25 g of 
monochloroacetic acid in 900 ml of demineralized water and 
adjusting the pH to 3.5 by adding concentrated sodium 
hydroxide solution dropwise. An acetate buffer solution 
of pH 5.5 was prepared by adding concentrated sodium 
hydroxide solution dropwise to 0.5M acetic acid. 

Procedures 

Determination of elemental silver, copper and nickel. The 
silver, copper or nickel metal resulting from reduction of the 
corresponding metal ions is determined by adding 2 ml of 
0.004M iron(III), 3 ml of O.OlM Ferrbzine aid 10ml 
of chloroacetate buffer of uH 3.5, dilutinz to volume in a 
50-ml standard flask and measuring the ibsorbancc, after 
5-10 min. at 562 nm against a blank prepared by using all 
the reagents except the ion being tested. 

Determination of silver. For calibration, 0.050-0.500 ml 
aliquots of the 4.7 x IO-‘M standard silver solution are 
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placed in SO-ml standard flasks, and the reagents are added approximately 15 mg of ammonium ferric sulphate, 
in the following order: approximately 0.1 ml of 36X)% 40 mg of Ferrozine and 100 ml of 0.3M acetate buffer. The 
formaldehyde solution, a few drops of 0.1M sodium hydrox- solution is diluted to volume in a 250-ml standard flask 
ide and, after 2 min, 2 ml of 0.004M iron(III), 3 ml of O.OlM and the absorbance is measured against a blank prepared 
Ferrozine and 10 ml of chloroacetate buffer. The solution is in a similar manner. The amount of silver in the sample 
diluted to volume and the absorbance measured at 562 nm. is calculated by the equation Ag = 107.9 x 250A/ 
This procedure is also used for analysis of solutions contain- 2.78 x 104 = 0.970A mg, where A is the absorbance (l-cm 
ing only silver. path-length). 

In mixtures with copper and nickel, silver is determined 
by the procedure above except that the standard-addition 
method is used, with two or three standard additions. 

Determination of copper. For calibration aliquots of 
nitrate-free standard copper solution are placed in 25ml 
test-tubes and acidified with SN sulphuric acid to yield a 
solution with approximately 2SN acid concentration. The 
solutions are deaerated with nitrogen and chromium(I1) is 
added directly from the Jones reductor. After the solutions 
have stood for 3 min under a nitrogen atmosphere, the 
excess of chromium(I1) is destroyed by agitation with air by 
means of a “vortex” mixer. The solutions are transferred 
into 50-ml standard flasks already containing the requisite 
volumes of iron(III), Ferrozine and chloroacetate buffer 
solutions, and are diluted to volume with demineralized 
water. For analysis of samples containing nitrate or nitrite, 
the solution is acidified with dilute sulphuric acid and 
evaporated almost to dryness, then the residue is taken up 
in 2.5N sulphuric acid, ready for reduction. 

A sample weighing l-2 mg is used for the determination 
of copper. The sample is dissolved in 0.5 ml of 3M nitric acid 
and the acid is evaporated after addition of 0.5 ml of 2M 
sulphuric acid. The residue is dissolved in 5 ml of 5M 
sulphuric acid. The solution is deaerated and approximately 
10 ml of 0.02M chromous ion are added directly from the 
Jones reductor. The excess of chromous ion is destroyed by 
air and the metallic silver and copper are oxidized by 
addition of approximately 75 mg of ammonium ferric 
sulphate, 250 mg of Ferrozine and 100 ml of 0.3M acetate 
buffer. The mixture is accurately diluted to I litre with 
demineralized water and the absorbance is measured against 
a blank. The amount of copper is calculated from the 
absorbance corrected for the absorbance of the silver 
present, calculated from the silver determination and the 
sample weight: 

Copper in mixtures containing silver is determined either 
after the precipitation and separation of silver chloride, or 
from the difference between the absorbance obtained for 
reduction of both ions by chromium(I1) and that for the 
reduction of silver with formaldehyde. The difference pro- 
cedure is applicable when the amount of silver is less, or not 
much greater, than that of copper. 

Determination of nickel. For calibration, 0.10@4L500 ml 

Cu = 63.5 x 1000 (Aobs - A,,)/5.58 x 104= 1.131A mg 

German silver samples (1-2 mg) are treated like the silver 
alloys except that the residue from the evaporation is 
dissolved in 9M hydrochloric acid. This solution is passed 
through the anion-exchange resin and the eluate used for the 
nickel determination. Copper is then stripped with 3M 
hydrochloric acid. In both cases the hydrochloric acid is 
evaporated and the residues analysed by the procedures 
used for each ion alone, except that the amounts of chro- 
mous ion and borohydride used for the reduction of copper 
and nickel are increased. Metallic copper and nickel are 
analysed by the procedure used for silver alloys. [For nickel 
analysis the amount of iron(II1) and Ferrozine used can be 
reduced by a factor of 31. After the adjustment of pH the 
solution is accurately diluted to 1 litre and the absorbance 
measured. 

aliquots of the 3.5 x IO-‘M standard solution are placed 
in 25-ml test-tubes. The pH is adjusted by addition of a few 
drops of O.OlM ammonium chloride or ammonium 
acetate-acetic acid buffer. Then, approximately 0.25 ml of 
alkaline sodium borohydride solution is added dropwise to 
each. The solutions are then acidified with acetic acid to pH 
5.0-5.5, and the test-tubes are placed in a boiling water-bath 
for 20min. After heating, the solutions are purged with 
nitrogen for 3min and transferred into 50-ml standard 
flasks containing the required volumes of iron(III), Ferro- 
zine, and chloroacetic acid buffer solutions. Nickel samples 
are analysed similarly. 

When copper and silver are also present, the nickel is first 
separated by use of cation- and anion-exchange resins. The 
sample solution is first passed through the cation-exchanger, 
which is then treated with 9M hydrochloric acid, the eluate 
being placed on the anion-exchanger preconditioned with 
9M hydrochloric acid; under these conditions, nickel passes 
through the anion-exchanger, and copper is retained. The 
copper is eluted with 3M hydrochloric acid, and the eluate 
is rendered chloride-free by addition of 1 ml of 3M sulphuric 
acid and evaporation almost to dryness. The residues are 
then analysed by the procedures used for each ion alone. 

Analysis of silver-copper and German silver alloys 

The sample (SO-100 mg) is dissolved in approximately 
4 ml of 3M nitric acid, then 3 ml of 2M sulphuric acid are 
added and the solution is evaporated till fuming. The 
residue is dissolved in 1 litre of demineralized water. A 
suitable aliquot (0.05-0.500 ml) is taken and the cations are 
determined by the standard-addition method. 

Alternatively, l-5 mg of sample is dissolved in 0.5 ml of 
3M nitric acid, 0.5 ml of 2M sulphuric acid is added, the 
mixture is evaporated until fumes appear, then the residue 
is dissolved in a small amount of water. The silver in the 
silver alloy is reduced with 37% formaldehyde solution at 
pH 11-12 and at room temperature. After standing for 
5 min the metallic silver is oxidized by addition of 

Determination of average silver Jiim thickness 

Silver mirrors were deposited on the surfaces of glass 
microscope-slides by a procedure similar to those described 
in the CRC Handbook3’ and by Street.34 The average 
thickness of these mirrors as a function of deposition time 
was investigated. Slides were removed from the silvering 
solution at various time intervals, washed gently with 
demineralized water and immersed in 20 ml of the 0.003M 
iron(II1) solution. After 10 min all the silver had dissolved, 
and the solution was transferred into a 50-ml standard flask 
containing 5 ml of 0.02M Ferrozine and 10 ml of chloro- 
acetate buffer and diluted to volume with water. The 
average thickness was calculated from the density of silver, 
the area of the mirror. and the observed absorbance. 

RESULTS 

Results for silver, copper and nickel alone are 
summarized in Table 1 and the results for the mix- 
tures and alloys are summarized in Tables 2 and 3. 
The determination of the average thickness of silver 
mirrors on a glass surface as a function of the 
duration of chemical deposition of silver is sum- 
marized in Table 4. 

DISCUSSION 

Reduction of silver, copper and nickel ions to the 
metallic state depends not only on the nature of the 
reducing agent, but also on the pH and time needed 
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Table 1. Determination of silver, copper and nickel 
individually 

Amount 
in final Molar absorptivity, 

Metal 50 ml, pg Absorbance* l(r I.mole-‘.cm-’ 

1.070 0.278 f 0.006 2.80 
Silver 2.140 0.554 + 0.003 2.79 

3.210 0.820 + 0.001 2.76 
mean = 2.78 k 0.03 

0.465 0.410 & 0.005 5.60 
Copper 0.930 0.820 f 0.010 5.60 

1.400 1.250 f 0.012 5.49 
mean = 5.56 &- 0.007 

0.367 0.350 & 0.004 5.60 
Nickel 0.550 0.525 + 0.005 5.60 

0.734 0.692 + 0.010 5.53 
mean = 5.58 f 0.04 

*Average and standard deviation of four determinations. 

for the reaction. The rate of reoxidation of metals 
with iron(II1) in the presence of Ferrozine depends on 

the particle size of the metals formed and on the pH, 
and the reaction is 

M+nFe(III)+3nFZ2--+M”+ +n{FeFz,}‘- 

The choice of reducing agent depends on the type 
of metal being determined, as summarized in Table 5. 

The reduction of silver with formaldehyde is de- 
pendent on pH as shown in Fig. 1. Silver(I) at pH 11 
is reduced in less than 5 min, but at lower pH the 
reduction is slow and incomplete. Ammoniacal or 
tert-butylamine solutions of silver nitrate have been 

Table 2. Analysis of simulated samples of silver-copper and 
German silver alloys 

Taken,* pg Found,* pg 

Sample Ag Cu Ni Ag Cu Ni 

Simulated I 1.928 0.322 0.367 1.902 0.320 0.363 
Simulated II 1.246 0.209 0.220 1.230 0.208 0.218 
Simulated III 0.724 0.525 0.550 0.715 0.522 0.545 
Ag alloy? 0.830 0.497 - 0.849 0.488 - 
German - 0.431 0.178 - 0.436 0.185 
silver$ 

*In final solution measured. 
tA 93.87 mg sample of silver alloy was dissolved and the 

solution diluted to 100 ml and aliquots of 0.500 and 
0.050 ml were taken for the silver and copper deter- 
minations respectively. 

$A 68.00 mg sample of German silver was dissolved and the 
solution diluted to 1 litre, and aliquots of 0.500 and 1 .OO 
ml were taken for the copper and nickel determinations 
respectively. 

Table 4. Thickness of silver mirrors 
(area 15.30 cm2) 

Calculated 
Time, thickness, 
min Absorbance nm 

2 0.867 20.8 
4 2.450 48.8 
6 2.900 69.6 
8 3.320 79.7 

used for formaldehyde determination.” Form- 
aldehyde at pH 11 is quite specific for silver reduc- 
tion and does not reduce copper( nickel(I1) or 
iron(II1). However, copper(I1) can be reduced at pH 
above 12 on heating for 20min at about 90”. Also, 
noble metals such as gold and platinum are partially 
reduced by formaldehyde and interfere. 

Copper(I1) is preferably reduced in 1.25M sul- 
phuric acid by freshly prepared chromous sulphate as 
described by Zintl et al. mo In sulphuric acid the 
reduction proceeds quite smoothly to metallic cop- 
per, whereas in hydrochloric acid the reduction is 
slower and leaves some copper(I).2”30 The excess of 
chromous ion is readily oxidized by air. Chromous 
ion reduces silver(I) and iron(III), but nickel(I1) is 
not reduced in acid media and does not interfere. Any 
nitrate and nitrite present must be removed by 
evaporation with sulphuric acid. Otherwise they are 
reduced by chromous ion to hydroxylamine, which 
causes reduction of iron(III), and a positive error, 
Silver in alloys containing copper is first determined 
by the formaldehyde reduction. Then copper and 
silver are both reduced with chromous ion and 
copper is determined by subtraction of the calculated 
absorbance for silver from the total absorbance for 
both copper and silver. 

Nickel in German-silver is separated from copper 
by passing the sample through a cation-exchange 
resin followed by elution with 9M hydrochloric acid 
onto an anion-exchange resin.3’ For the reduction it 
is essential to evaporate the acid and adjust the pH 
to 5-6. At pH > 6 the reduction of nickel is slow and 
at pH < 5 the decomposition of borohydride is fast, 
and consequently some of the nickel escapes reduc- 
tion, giving values that are low. It has been reported 
that borohydride produces nickel boride35+36 but our 
tests, after heating the solutions, indicate that this 
side-reaction has a minimal effect on the deter- 
mination of nickel. Borohydride decomposition at 

Table 3. Analysis of mg samples of silver-copper and German silver alloys 

Sample 
Final Amount of metal, mg 

Weight, volume, 
Type mg 1. Absorbance Taken Found Metal 

German 2.19 1.0 1.193 1.38 1.36 cu 
silver 2.19 1.0 0.253 0.28 0.27 Ni 

1.60 1.0 0.870 1.01 0.99 cu 
Silver-copper 4.80 0.2 0.553 0.42 0.43 Ag 

alloy 1.46 1.0 0.683’ 0.77 0.74 cu 



482 GH~ZI AL-JABARI and BRUNO JA~EL~KIS 

Table 5. Type of reducing agents used 

Ion Reducing agent Optimum conditions 

Silver Formaldehyde pH 11 

tipper ~romium(I1) 1.25M sulphuric acid 

Nickel Sodium borohydride pH 5.5 

Remarks 

Fast. Formaldehyde is not 
oxidized by iron(II1). 
Moderately fast. 
Silver is also reduced, excess of 
chromous ion is oxidized by air. 
Moderately fast. 
Reductant destroyed on heating. 

pH 5-6 requires heating for about 20 min. Bor- 
ohydride reacts with copper(I1) to produce not only 
metallic copper but also hydride. Thus, borohydride 
cannot be used for the determination of copper. 

The spectrophotometric method involving reduc- 
tion of the metal ions to the elemental state and 
reoxidation with iron(II1) in the presence of Ferro- 
zinc provides a rather simple means to enhance the 
sensitivity for the dete~ination of silver(I), cop 
per(I1) and nickel(I1). These can be determined at 
concentrations of less than 1 /.tg/ml, even with l-cm 
cells. 

Copper and silver can both be reduced at concen- 
trations as low as 4 x 10e5M, but control of the pH 
is then fairly critical, and the reaction time has to be 
extended to 20 min, so preconcentration of such 
dilute solutions is preferable. The individual elements 
in pure solution can be determined with a relative 
precision of 3% or better. The precision and accuracy 
depend to a great extent on the absence of inter- 
ferences. Nitrate and nitrite are to some extent re- 
duced to a lower oxidation state by chromous ion and 
yield high absorbance values and halides stabilize the 
copper(I) state and yield low values for copper. 
Reduction of silver by formaldehyde is specific, and 
nitrate or sulphate do not interfere. However, when 
the copper to silver ratio is greater than 5, the results 
for silver are consistently higher by approximately 
5% and the deviation increases with increase in the 
reduction time used. 

100 

90 

80 
~ 

Fig. 1. Effect of pH on reduction of silver(I) with for- 
maldehyde. 
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~a~-Hip-ener~ collisional spectroscopy provides a powerful analytical method for the character- 
ization of polynuclear aromatic hydrocarbons present in diesel particulates. The absence of any need for 
extraction procedures and the large amount of information available from collisional spectra makes this 
technique of great interest. In particular, 3-methylcholanthrene can be determined from the daughter 
spectra of its molecular ion, with methylene iodide as internal standard. 

Polynuclear aromatic hydrocarbons (PAHs) consti- 
tute an important class of chemical pollutants, many 
of which are known or suspected carcinogens and 
mutagens. ‘J The carcinogenity of PAHs has been 
related to their structure, which determines the reac- 
tivity of the ultimate carcinogenic meta~lites. For 
example, benzo(a)pyrene is a potent carcinogen, but 
the isomeric benzo(e)pyrene is a weak one. 

In particular, 3-methylcholanthrene appears* to 
be a rapidly acting neoplastic agent and a potent 
hepatotumorigen; it has proved to be neoplastic or 
carcinogenic, by almost all routes tested, on chronic 
or repeated exposure of rats, mice, hamsters, guinea 
pigs, rabbits and dogs to it. 

Several industrial sources of these compounds have 
been identified; an important source of PAHs in the 
air is known to be the exhaust gas of diesel engines. 
For these reasons, interest has recently grown in the 
analytical procedures used in identifying and deter- 
mining PAHs in such matrices. 

Mass spectrometry has proved to be a valuable 
tool in the qualitative and quantitative analysis of 
PAHs, owing to its sensitivity and specificity. Many 
analytical procedures have been proposed along 
this Iine, employing the classical gas chromato- 
graphy/mass spectrometry (GC/MS) approach under 
different ionization conditions,3‘7 or the more soph- 
isticated (from the instrumental point of view) col- 
lisional methods.sliO Among the latter, those linking 
negative-ion chemical ionization with collisionally- 
induced charge inversion gave interesting results, 

*On leave from Istituto di Chimica Farmaceutica e Toss- 
icologica dell’llniversita, Via Ospedale 72, 09100 
Cagliari, Italy. 

High-energy collisions proved to be more diagnostic 
for isomer identification> Recently we have devel- 
oped an analytical procedure for qualitative and 
quantitative analysis for anthracene and phenan- 
threne in diesel particulates with the aid of daughter 
s~tra,‘~,‘l without resorting to prior extraction 
procedures.‘2 

Continuing our interest in the analysis of diesel 
particulates for PAHs, in the present paper we report 
a procedure for the qualitative and semi-quantitative 
analysis of the main PAHs, together with the deter- 
mination of 3-methylcholanth~ne in a diesel particu- 
late. 

EXPERIMENTAL 

All mass spectrometric measurements were obtained with 
a VG ZAB 2F instrument operating under electron impact 
(EI) conditions (70 eV, 200 PA). The samples were intro- 
dueed by means of a direct inlet system; for q~nti~tive 
analysis the diesel particulates were heated to 400” on the 
probe and a constant source temperature of 200” was used. 
Daughter (collisionally-activated decomposition, mass- 
analysed ion kinetic energy) spectra” were obtained by 
causing 8-keV ions to collide with nitrogen molecules in the 
second field-free region. The pressure in the collision cell 
was that required to reduce the main beam intensity to 68% 
of its usual value. These pressure conditions were accurately 
reproduced for all the measurements. 

Positive-ion chemical ionization (PICI) data were ob- 
tained by using methane and ammonia as reagent gases, 
with the source operating in the chemical ionization (CI) 
mode (lOOeV, 2mA). 

The exhaust par&dates of a diesel engine were collected 
by means of a cyclone placed after the mufBer and main- 
tained at 200”; the engine used was an OM Tigrotto 
CO2Djl with four cylinders in line, with a capacity of 
4391 cm’, 

“Washed” particulates, to be used as blanks in the 
determination of the calibration curve for the determination 
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of 3-methylcholanthrene and the semi-quantitative analysis 
of the Supelco PAH Mixture, were obtained by successive 
extraction with solvents (benzene, toluene, acetone and 
chloroform). The extracted particulates were then intro- 
duced into the ion source and heated at 400” for 15 min 
(after this time, no trace of sample evaporation from the 
particulate was observed). 

The standard 610-M PAH mixture (containing 16 poly- 
nuclear hydrocarbons in methanol/methylene chloride solu- 
tion: acenaphthene, acenaphthylene, anthracene, ben- 
zo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, 
benzo(ghi)perylene, benzo(k)fluoranthene, chrysene, di- 
benzo(a,h)anthracene, fluoranthene, fluorene, indeno(l,2,3- 
cd)pyrene, naphthalene, phenanthrene, pyrene) was pur- 
chased from Supelco (Bellefonte, PA 16823, USA). The 
methylene iodide employed as internal standard for the 
determination of 3-methylcholanthrene, was an analytically 
pure sample purchased from Carlo Erba (Milano,. Italyj. 

3-Methylcholanthrene was supplied by Aldrich Chemical 
Company, Inc., Milwaukee, Wis., USA. 

RESULTS AND DISCUSSlON 

It has already been demonstrated3 that the extrac- 
tion procedure for diesel particulates is not com- 
pletely effective; in fact the direct introduction of the 
extracted diesel particulates into the ion source re- 
sults in a consistent further release of PAHs, proving 
that severe recovery problems can arise from extrac- 
tion procedures. Hence, direct introduction leads to 
better determination of the PAHs. By introduction of 
about 0.2 mg of diesel particulates by the direct inlet 
system into the ion source operating under EI condi- 
tions, the mass spectrum reported in Fig. 1 was 
obtained. It appears to be rather complicated, but 
peaks due to molecular ions of PAHs can easily be 
identified (m/z 202, fluoranthene and pyrene; m/z 
228, benzo(a)anthracene and chrysene; m/z 268, 
3-methylcholanthrene; m/z 252, benzo(a)pyrene, 
benzo(b)fluoranthene and benzo(k)fluoranthene, m/z 
152, acenaphthylene). 

The only means of confirming the presence of 
PAHs is the identification of their molecular peaks 
which have been employed for their quantitative 
analysis. This approach may give misleading results 
owing to the presence of interfering ionic species, 
isobaric with the molecular PAH ions. Furthermore, 

isomeric PAHs (for example, anthracene and phen- 
anthrene) cannot be distinguished and the quan- 
titative data consequently lose specificity. 

These ambiguities may be overcome by using col- 
lisional spectroscopy, for, by collision of selected ions 
with neutral molecules, it is possible to cause dis- 
sociation and so obtain daughter spectra which may 
be compared with the spectra obtained from authen- 
tic compounds. 

Daughter spectra consequently can lead, in prin- 
ciple, to the unequivocal identification of PAHs. In 
some cases, as already shown” the characterization of 
isomeric PAHs is also possible. For example, in Fig. 
2, the daughter spectrum (A) of the ion having m/z 
268, obtained from diesel particulates, is compared 
with the daughter spectrum (B) from the molecular 
ion of 3-methylcholanthrene (m/z 268). 

Similarly in Fig. 3, the daughter spectrum (A) of 
the ion having m/z 202, obtained from diesel partic- 
ulates, is compared with the daughter spectrum (B) 
from the molecular ion of pyrene. It can be seen that 
the two pairs of spectra are practically identical, so 
proving the presence of 3-methylcholanthrene and 
pyrene in the diesel exhaust. Thus without prior 
extraction and time-consuming chromatographic 
runs, it is possible to obtain confirmation of the 
presence of these PAHs in a few seconds. 

However, interfering ionic species, isobaric with 
molecular ions of the PAHs, are sometimes present, 
leading to the formation of rather complex collisional 
spectra. 

Usually the PAHs are determined either by gas 
chromatography/mass spectrometry or by direct in- 
troduction of the diesel particulates into the mass 
spectrometer and analysis by multiple ion detection. 

However, semi-quantitative data, leading to the 
mapping of the PAH mixture, can be rapidly ob- 
tained by simply introducing the diesel particulates 
into the ion source (at constant source and probe 
temperatures) and measuring the relative abundances 
of the PAH molecular ions. For example, by intro- 
ducing a standard PAH mixture (Supelco 610-M) at 
constant source and probe temperatures (200” and 
150”, respectively) under different ionization condi- 
tions, we have found that the relative abundances of 

51 DO 150 250 + 
Fig. 1. 70 eV EI mass spectrum of a diesel particulate (ion source temperature 200”). 
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Fig. 2. Daughter spectra OE (A) ionic species at m/z 268 obtained by EI of a diesel particulate and (B) 
[Ml+’ of 3-methylcholanthrene (m/z 268). 

PAH molecular ions are linearly related to the PAH 
concentrations (see Table 1). 

The best fit is obtained under PICI conditions 
(methane as reagent) with a correlation coefficient 
R* = 0.9857 (see Fig. 4). However, sufficiently high 
R* values are also obtained under EI and PICI 
(ammonia as reagent) conditions (R* = 0.9403 and 
0.9593, respectively), suggesting that the influence of 
the ionization method employed is only minor and 
proving that this semi-quantitative approach is gener- 

ally correct because of the good reproducibility of 
such measurements (I 10% variation). 

The daughter spectra are also useful for quan- 
titative analysis, because they are both specific and 
sensitive. We have successfully employed this method 
for determination of compounds of interest in various 
complex matrices and have also tested its capabilities 
in the present case. 

Owing to its carcinogenic properties, 3-methyl- 
cholanthrene was chosen as a model compound and 
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Fig. 3. Daughter spectra of: (A) ionic species at m/z 202 obtained by EI of a diesel particulate and (B) 
[Ml+’ of pyrene (m/z 202). 
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Table 1. Relative abundances of ionic species due to molecular ions of PAHs present in the Supelco 
610-M standard mixture. obtained under different ionization conditions (for chemical ionization data. 

the [M + H]+ species were considered) . 

m/z for Ionization methods 
molecular Concentration, 

Compound ions EI PICI (CH.) PICI (NH,) 10-‘M 

Naphthalene 
Acenaphthylene 
Acenaphthene 
Fluorene 
Anthracene 
Phenanthrene 
Fluoranthene 
Pyrene 
Benzo(a)anthracene 
Chrysene 
Benzo(a)pyrene 
Benzo(b)fluoranthene 
Benzo(k)fluoranthene 
BenzoCghi)perylene 
Indeno( 1,2,3+d)pyrene 
Dibenzo(a,h)anthracene 

128 13 50 50 7.8 
152 100 100 100 13.2 
154 31 37 30 6.5 
166 5 7 5 1.2 
178 5 6 8 1.1 

202 7 8 16 1.5 

228 6 6 5 0.9 

252 15 10 10 1.6 

276 12 5 7 1.1 

278 8 3 3 0.7 

+ 

/ 

y=-2.976+7.352x 
+ 

R2’ 0.9057 
+ 

10-3M 

Fig. 4. Plot of relative abundances of ionic species due to 
[M + H]+ ions of PAHs contained in the Supelco 610-M 
standard mixture obtained under PICI (CH,) conditions, US. 

PAH molar concentrations. 

its determination was performed by means of the 
following steps: 

(a) study of the collisional spectrum of [Ml+’ of 
a pure sample of 3-methylcholanthrene; 

(b) determination of the detection limit for the pure 
substance; 

(c) determination of the detection limit for the pure 
substance present in a “washed” particulate; 

(d) choosing the instrumental standard and study 
of its collisional spectrum; 

(e) choosing the collisionally-induced decom- 
position products of diagnostic value for 3-methyl- 
cholanthrene and for the instrumental standard, to be 
employed for single ion monitoring; 

(f) calibration by introducing known amounts of 
the pure substance and an internal standard, sup- 
ported on washed particulates into the ion source; 

(g) introduction of a known amount of internal 
standard in a known amount of diesel particulate 
and, by peak-area ratio measurements, determination 
of the relative amount of 3-methylcholanthrene. 

The daughter spectrum of [Ml+’ of 3-methyl- 
cholanthrene is shown in Fig. 2. It contains diagnos- 
tic peaks at m/z265 and 263, probably arising from 
multiple collision processes. 

[Ml+‘* [M - H]+ *[M - 3H]+(m/z 265) 

*[M - 5H]+ (m/z 263) 

The detection limit for the pure substance was 
approximately 50 fg, which rises to 2 pg when it is 
added to a washed particulate. These values corre- 

268 

141 

I 

127 

\ 

E (VI 836 

Fig. 5. Daughter spectrum of [Ml+’ (m/z 268) of CH,I,. 
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1 2 3 4 5 x10-’ 

Peak-area ratio 

Fig. 6. Regression line for determination of 3-methyl- 
cholanthrene (plot of molar ratio [3-methylcholanthrene]/ 

[CH,I,] US. peak-area ratio). 

spond to the amount of sample needed to give a 
signal-to-noise ratio of 10 for the peak at m/z 190. 

As internal (instrumental) standard, a substance 
giving rise to abundant ionic species at m/z 268 was 
required, which had to be structurally unrelated to 
3_methylcholanthrene, in order to avoid any over- 
lapping of peaks for the collisionally-induced 
decomposition products. The use of methylene io- 
dide, isobaric with 3-methylcholanthrene, as internal 
standard, solved the problem. In fact, its daughter 
spectrum, seen in Fig. 5, does not show any ions at 
m/z 265 and 263, but a particularly abundant 
collisionally-induced loss of I’, leading to ions at m/z 

141. 
The calibration graph was obtained for “washed” 

particulates containing from 1.2 to 120 ng/mg 
3-methylcholanthrene and a constant amount 
(12.3 pg/mg) of methylene iodide. Measurements 
were performed by single ion monitoring of the 
collisionally-induced decomposition products at m/z 

265 for 3-methylcholanthrene and at m/z 141 for 
methylene iodide. 

regression analysis, leading to the calibration graph 
shown in Fig. 6 (R2 = 0.9935). Introduction of 1.7 mg 
of the diesel particulate (the spectrum of which is 
shown in Fig. 1) and 12 pg of methylene iodide gave 
a peak-area ratio of 0.135 (mean of 5 determinations) 
corresponding to a molar ratio of 2.67 x lo-‘. The 
estimated amount of 3-methylcholanthrene present in 
the diesel particulate was thus 19.3 ng/mg. 

This determination was possible because of the 
absence of isomers of 3-methylcholanthrene. If mix- 
tures of isomers are present, further measurements 
would be necessary, as in the case of determination 
of anthracene and phenanthrene.r2 
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Summary-The current status of methods for determining hydrogen in metals is reviewed. Methods based 
on vacuum techniques, carrier-gas techniques, secondary-ion mass-spectrometry and nuclear reactions are 
discussed. 

The determination of hydrogen in metals has under- 
gone extensive development in the last decade.] In 
1974, an excellent book on determining gases in 
metals was published’ and a few further reviews have 
appeared in the literature since.3-” This review sum- 
marizes the literature since 1974, with particular 
emphasis on steels. 

In some metals (e.g. ferritic steels), hydrogen 
diffuses rapidly (Table 1) even at room temperature, 
as illustrated for Armco iron in Fig. 1 .I2 It is obvious 
from this figure that appreciabie losses of hydrogen 
occur even at room tern~ratu~ and that it is neces- 
sary to store samples in liquid nitrogen to prevent 
losses. 

In addition, because of the heterogeneous distri- 
bution of hydrogen in steels, samples of 5-20 g are 
considered necessary if hydrogen contents of 
0.1-l .O @g/g (0.1-i .O ppm) are to be dete~in~ 
with acceptable accuracy. 

VACUUM TECHNIQWS 

Classical techniques such as vacuum fusion and 
vacuum hot-extraction are still used to determine 
hydrogen in steels. ls2’ The measurement technique 
used depends on the nature of the gases evolved on 
heating the steels. If hydrogen is the only gas evolved, 
the analysis may be performed by direct measurement 
of pressure with, for example, a McLeod gauge. 
When other gases are present, hydrogen may be 
determined by measuring the pressure after diffusion 
of the hydrogen through a palladium-silver tube into 
a calibrated volume. Alternatively, hydrogen may be 
determined by measuring the difference between the 
pressure of the total gas evolved and that of the gas 
remaining after oxidation of the hydrogen to water, 
which is then frozen out. Both methods are absolute 
and do not require the use of standards. Vacuum hot 
extraction analysis of steels is generally done at 
temperatures below the eutectoid temperature and, as 

a result, low blank values are obtained and gettering 
problems minimized. Vacuum hot-extraction is gen- 
erally considered more precise than vacuum fusion 
and, after considerable investigation, was the method 
eventually recommended by a task force committee 
of ASTM in 1969 for analysing steel.” 

Mass spectrometric analysis of the gaseous mix- 
tures obtained on heating steels in vacuum hot- 
extraction is gaining prominence.23-2s Berkowitz et 
aL2’ developed a technique which uses the calibrated 
pumping speed of a vacuum system and a mass 
sp~trometer to provide a dynamic analysis of gases 
evolved from the samples. The apparatus can accom- 
modate five samples in a vacuum chamber, with 
provision for melting the samples individually. This 
arrangement saves time in evacuating the system. With 
Armco iron for example, hydrogen was released from 
the samples within 20 set, thus minimizing hydrogen 
losses during the heating up period in the apparatus. 
Contrary to frequent practice, graphite crucibles were 
not used, and thus methane production was elimi- 
nated. 

Martin et ~1.‘~ made a critical evaluation of meth- 
ods used for dete~ining hydrogen in steel with the 
apparatus shown schematically in Fig. 2. The results 
obtained by mass spectrometric analysis, palladium- 
membrane and thermal conductivity techniques are 
compared in Table 2. For samples of HY80 the 
results obtained by mass spectrometry are in good 
agreement with those obtained by the palladium- 
membrane technique. However, there is poorer agree- 
ment with the results from thermal conductivity 
measurements, the differences amounting to as much 
as 1 ppm. The results for replicate samples of two 
other steels analysed by the palladium-membrane 
technique and two other methods (Table 3) were re- 
producible within 0.1 ppm. The values obtained by 
hot extraction combined with a palladium membrane 
for samples of vacuum-cast forgings are shown in 
Fig. 3. The hydrogen content decreased progressively 
from the centre of the forging to the surface. 
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Table 1. Diffusion coefficients of 
hydrogen (D) 

D, 1W4 cm2/sec 
Metal Calculated Experimental 

a-Fe 51 6.4 
y-Fe 420 66 

CARRIER-GAS METHODS 

Carrier-gas methods of collecting hydrogen for 
analysis can be adapted to both fusion and hot 
extraction. In the carrier-gas fusion technique, a steel 
sample is melted inductively and the hydrogen re- 
leased is swept into a thermal conductivity detector 
by nitrogen or argon. 27m30 Carrier-gas techniques have 
been practised extensively in hot extraction meth- 
ods.3’Ar These techniques involve heating the samples 
to between 80” and 800” (temperatures far lower than 
their fusion temperatures) and passing the gas into a 
gas-chromatographic column. The advantage of this 
method is the ease with which the kinetics of hydro- 
gen evolution as a function of temperature can be 
followed. It is important to note that the detection of 
hydrogen by thermal conductivity is quite sensitive, 
making it possible to detect 0.1 ppm of hydrogen. 
Automated commercial instruments have been devel- 
oped, based on the principles of carrier-gas fusion, 
carrier-gas hot extraction and thermal conductivity 
detection. These instruments are used in routine 
analysis.4Mg 

ELECTROCHEMICAL METHODS 

Koenig et aP9 developed a method involving hot 
extraction, conversion of the hydrogen into water 
vapour by passing over heated copper(I1) oxide and 
subsequent determination of the water vapour by 
amperometry. Hydrogen concentrations of 2-8 ppm 
in steel have been determined in this way, with a 
coefficient of variation of less than 0.9%. Berman and 
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other workers have determined the hydrogen content 
of high-strength steel by using coulometric hydrogen 
permeation techniques*55 which have detection lim- 
its of 0.1 ppm. Permeation techniques have been 
found useful for in situ determination of hydrogen in 
steel structures, including ships and pipelines. 

The determination of hydrogen by anodic dis- 
solution of steels has been recently studied.56*57 
The method depends on reacting a stable organic 
free radical, such as (2,2,6,6-tetramethyl-I-oxyl4- 
piperidone) with atomic hydrogen released from steel 
during anodic ~ssolution.” This method could po- 
tentially yield the amounts of atomic and molecular 
hydrogen in steel samples. More detailed work on 
this system is needed before its usefulness can be 
established.5* 

Room remperature 

II , 1 I I I I I I 
0 40 60 120 160 200 240 280 320 

Time fhr) 
I 1 1 J i I i 1 t I I t / 1 
0 1 2 3 4 5 6 7 8 9 10 11 $2 13 

Days 

Fig. 1. Loss of hydrogen from iron samples: C,, hydrogen 
content at time r; C,, initial hydrogen content. 

Fig. 2. Apparatus for determining hydrogen in steel. 26 Absorption trap; BV, ball valve; CT&, mercury 
cut-offs; DP,, DP,, mercury diffusion pumps; G. McLeod gauge; GC, gas chromatograph; K, catalyst; 
MS, mass spectrometer; Pd,, Pd,, palladium membranes; S,-S,,, stopcocks; T,, trap; V,, V,, vacuum 

pumps; W, sample storage well. 



Methods for determining hydrogen in steels 491 

Table 2. Comparison of hydrogen contents @pm) obtained 
by various analytical methods (HYSO steel) (reproduced 
from J. F. Martin, R. C. Jakaes and L. M. Melnick, Trans. 
MetalI. Sot. AIME, 1964, 230, 107, by permission. Copy- 
right 1964, American Institute of Mining Metallurgical and 

Petroleum Engineers.) 

Sample Mass Palladium Thermal 
No. spectrometry membrane conductivity 

1 6.08 5.63 5.31 
2 5.69 5.48 4.41 
3 5.09 4.92 5.52 
4 2.22 1.99 2.26 
5 5.39 5.25 4.27 
6 2.36 2.18 1.98 
7 1.73 1.66 1.85 

NUCLEAR REACTION METHODS 

Methods for hydrogen determination based on 
nuclear reactions, although of recent origin, are 
gaining importance. In nuclear reaction methods, a 
specimen is bombarded with an ion beam (6-12 MeV) 
and the y-radiation yield monitored. Nuclear reac- 
tions of hydrogen with IsN, “B ‘He and 19F have 
been used’- as non-destructive iechniques to obtain 
the concentration profile of hydrogen in metals as a 
function of depth. Rauch et aLs9 used the nuclear 
reaction of hydrogen with “N ions to produce 12C, 
4He and y-radiation, in order to obtain the depth 
profile of hydrogen in an iron sample. The incident 
beam did not influence the hydrogen distribution in 
the sample, because the heating produced by the ion 
beam was very localized. Although no mention was 
made of the technique used for immobilizing the 
hydrogen in the sample. it is suspected that some 
form of cooling was used. With the microbeams 
currently available, lateral resolution of 0.1 mm, 
depth resolution of about 10 nm and accessible 
depths of 2-4 pm can be achieved. Increased activity 
in nuclear reaction methods is expected to continue 
although it will be hampered to some extent by the 
lack of commercially developed instruments. 

Farrell and Lewis, using a nuclear microanalysis 

technique following a nuclear reaction with deu- 
terium,65 determined the hydrogen content of 310 
austenitic stainless steel in its near-surface layers. The 
results obtained were useful in throwing light on the 
mechanism by which hydrogen embrittles austenite.65 
The diffusion rate of hydrogen in stainless steels is 
many orders of magnitude lower than in ferritic steels 
and thus loss of hydrogen is not as great a problem 
for austenite samples. However, all steel samples 
should be cooled to minimize loss of hydrogen. 

SPECTRAL METHODS 

Hydrogen in steels has been determined spec- 
trographically from red and infrared emission lines.@ 
Kalinin applied emission spectroscopy to kinetic 
studies of hydrogen saturation in steel.67 Although 
emission spectroscopy can be affected by spectral 
interference and there is a need for standards, this 

‘r 6-in core no. IX-IT 

I J 

6-in core no. l-3 

01 ’ I I I I I I 

1’ 2’ 3” 4” 

Fracture surface 

Fig. 3. Hydrogen contents as a function of distance from 
centre of vacuum-cast forgingsz6 

Table 3. Comparison of reproducibility of hydrogen content (ppm) found by 
various methods (reproduced from J. F. Martin, R. C. Jakaes and L. M. Melrick, 
Trans. Metall. Sot. AIME, 1964, 230, 107, by permission. Copyright 1964, 

American Institute of Mining, Metallurgical and Petroleum Engineers.) 

Catalytic 
oxidation 

Mass Palladium Gas and 
Sample spectrometry membrane chromatography absorption 

AISI 316 1.70 1.63 1.62 1.67 
1.59 1.50 1.60 1.58 
1.60 1.49 1.42 1.54 
1.73 1.51 1.61 1.48 
1.50 1.57 1.73 1.66 

3% SiFe 2.34 2.22 2.11 2.27 
.2.29 2.09 2.36 2.22 
2.29 2.13 2.13 2.00 
2.28 2.03 2.21 2.24 
2.55 2.35 2.49 2.25 
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technique has been used in routine determination of 
hydrogen in carbon steels.68 

MISCELLANEOUS METHODS 

Other methods for the detection of hydrogen in 
steels have been used with different degrees of suc- 
cess. One69s70 used neodymium tape on a degreased 
sample of AISI 4340 high-strength steel and heated it 
to 300°F for 1 hr to determine the location of hydro- 
gen. After cooling, the neodymium tape was exam- 
ined by electron microscopy for the presence of 
NdH2. In this way a level of hydrogen as low as 
0.001 ppm was detected. 

MODERN SURFACE ANALYTICAL METHODS 

In the last decade, many advances have been made 
in the application of surface analytical techniques 
such as laser mass spectrometry and secondary-ion 
mass-spectrometry (SIMS) to the study of hydrogen 
in metals. A brief discussion of these techniques 
applied to hydrogen in steels is given below. 

Laser mass spectrometry 

The distribution of hydrogen in steels electroplated 
with chromium was determined by localized fusion of 
the sample with a laser beam and subsequent analysis 
of the evolved gas by mass spectrometry.” This 
method was used to determine bulk and surface 
hydrogen in 30 Kh GSNA steel. Zuev et al.‘* also 
used this technique to determine the distribution of 
hydrogen in the region of non-metallic inclusions in 
steel. 

The development of commercial laser microprobe 
mass spectrometry equipment with a sensitivity of 
10-20 g, coupled with a refrigerating stage, may make 
it possible to determine hydrogen distribution in 
steels. 

SIMS 

In this technique the surface of a sample is sput- 
tered by a beam of caesium ions. The sputtered 
materials, including any hydrogen ions, are analysed 
in a mass spectrometer with detection limits as low as 
about long/g. Among other things, SIMS has been 
used73 to study the distribution of molecular hydro- 
gen in welds in steel. In combination with a suitable 
cooling stage, SIMS may prove useful in studying 
hydrogen distribution in steels. 

CONCLUSIONS 

Vacuum techniques still hold a prominent place 
among the many methods for determining hydrogen 
in metals, because they do not rely on standards. An 

*Chemical Abstracts references are given for the reader’s 
convenience in consulting material published in the less 
readily available journals. 

evaluation of the vacuum hot-extraction method 
coupled with mass spectrometry, palladium mem- 
brane, gas chromatography and catalytic oxidation 
and absorption techniques has shown that based on 
cost, maintenance, speed and accuracy of analysis, 
the palladium membrane technique is the method 
best suited for routine use. Commercial automated 
instruments based on carrier-gas techniques are satis- 
factory for routine analysis of steels, but they require 
calibration with metals containing known amounts of 
hydrogen. Techniques based on nuclear reactions 
appear promising for depth profiling of hydrogen in 
steels. It is appropriate to conclude that accurate 
determination of hydrogen in the different forms in 
which it can occur in steels is still a challenge to 
analytical chemists and will continue to be one in the 
foreseeable future. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 
13. 

14. 

15. 

REFERENCES* 

H. K. Feichtinger, Gase in Metallen Proc. Symp., 
Darmstatdt, 1979, Deutsche Gessellschaft fur Metall- 
kunde, Oberursel, FRG, 1979; G. Kraft (ed.), Analysis 
of Non-metals in Metals, de Gruyter, Berlin, 1981; 
D. Hirschfeld (ed.), Gase in Metallen, Deutsche Gesell- 
schaft fur Metallkunde, Oberursel, 1984. 
L. Melnick, L. Lewis and B. Holt, Determination of 
Gaseous Elemenrs in Metals, Wiley, New York, 1974: 
V. L. Zueva. V. F. Isaev. Yu. A. Danielovich. T. A. 
Izmanova and V. G. Ignatev, Proizvod. Ferrosplavov, 
1973, 2, 101; Chem. Abstr., 1975, 82, 509095. 
J. Bruch, SEAISI Q, 1973,2,39; Chem. Abstr., 1977,86, 
7573y. 
Idem, ibid., 1973,2,43; Chem. Abstr., 1976,85,201684e. 
A. Condylis, Bull. Cercle Etud. Met., 1974, 12, 567; 
Chem Abstr., 1974, 81, 145028x. 
L. A. De’Aeth, Chem. Anal. (N.Y.), 1974, No. 40,491; 
Chem. Abslr., 1975, 83, 125564~. 
N. Yamaguchi, Kinzoku, 1974,-U, No. 11, 13; Chem. 
Abstr., 1975, 82, 7993Oc. 
M. Hanin, Proc. Chem. Conf.. 1976, 29, 81; Chem. 
Abstr., 1978, 88, 57838a. 
W. Thomich, Fachber. Huettenprax. Metallweiier Ver- 
arb., 1977, 15, 936; Chem. Abstr., 1978, 88, 145433V. 
I. Taguchi, Fushoku Boshoku Shinpojumu Shiryo, 1980, 
30, 31; Chem. Abstr., 1980, 83, 125007j. 
J. F. Martin, Private communication. 
P. Boillot, M. Hanin and C. Maeder, Hydrogene Met. 
Congres. Im., 1972. 2, 381: Chem. Abstr.. 1975. 82. 
25435b. 

II 

A. Doughty and J. M. Mitchell, Mefall. Mater. Tech- 
nol., 1973, 5, 567; Chem. Abstr., 1974, 81, 114170 h. 
T. S. Volkova, V. P., Karasev and L. G. Marukhno, 
Metody Issled. Opred. Gazov Met., 1973, 40; Chem. 
Abstr., 1975, 83, 37056 n. 

16. M. H. Lloyd and C. E. A. Shanahan, J. Iron Steel Insr., 
1973, 211. 615; Anal. Abstr.. 1974. 26. 1536. 

17. S. Hall, Proc. Chem. Co& 1974,27, 114; Chem. Abstr., 
1976, 85, 103399~. 

18. M. Martin, Comm. Eur. Communities, EVR 6159, Pt. 1, 
1978; Chem. Abstr., 1979, 91, 116764k. 

19. Centro National Investigaciones Metalurgicas. Rev. 
Soldadura, 1979,9,29; Chem. Abstr., 1980,92,208334u. 

20. Idem, ibid., 1979,9, 35; Chem. Abstr., 1980, 92,68966z. 
21. D. H. Kim and H. G. Ho, Punsok Hwahak, 1980, 1,8; 

Chem. Abstr., 1980, 93, 153994x. 
22. Am. Sot. Test Mater., Unpublished Commitfee E-3 Task 

Force Report, March, 1969. 



Methods for dete~ining hydrogen in steels 493 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

B. J. Berkowitz, C. M. Preece and J. A. Strozier, Ser. 
MeraIl., 1975, 9, 803; Chem. Abstr., 1975, 83, 187887~. 
R. Suzuki and K. Takimoto, Japan Patent, 80 40,921, 
1980; Chem. Abslr., 1980, 93, 106459s. 
P. Stokovszki, S. Larsson and K, E. Easterling, Mer. 
Sci., 1979, 597; Chem. Absrr., 1980, 92, f t454ih. 
J. F. Martin, R. C. Jakaes and L. M. Melnick, Trans. 
Metall. Soc..AiME, 1964, 230, 107. 
K. Hoshino, Japan Patent, 74 37,877, 12 October 1974; 
Chem. Abstr., 1974, 84, 129952a. 
P. Boillot and M. Hanin, Circ. Zn$ Tech., Cent Dot. 
Sider.. 1975. 32. 2479: Chem. Abstr.. 1976. 85. 13374e. 
T. Godai, f. &giyama, M. Sugino and-M.. Kondo, 
German Patenr, 2,743,973, 6 April 1978; Chem. Absir., 
1978, 89, 7044ff. 
T. Sugiyama, S. Yamamoto, M. Yamada and M. 
Sugino, Trenc-ls Steel Consumables Weld. Inr. Conf., 
1979, 1, 299; Chem. Abslr., 1980, 92, 62757k. 
W. Koch, E. Buechel and H. Lemm, Thyssenforschung, 
1972, 4, 144; Chem. Abstr., 1974, 81, 145337x. 
A, Bargone, C. Fraccaro and E. Ramous, Atti Isr. 
Veneto Sci., 1972, 130, 467; Chem. Abstr., 1974, 80, 
9073it. 
A. V. Ivanchenko, Zavorlsk. Lab., 1973,39,372; Chem. 58. 
Absrr., 1973, 79, 95458c. 59. 

49. 

50. 

P. Koenig, K. Schmitz and E. Thiemann, Arch. Eisen- 
huetrenwes., 1973, 44, 41; Anal. Abslr., 1973, 25, 842. 
D. A. Berman, W. Beck and J. J. DeLuccia, Hydrogen 
Met., Proc. Int. Conf., 1973, 595; Chem. Absrr., 1975, 
83, 21645t. 
G. L. Powell, W. Beck and J. J. DeLuccia, ibid., 585; 
Chem. Abstr., 1976, 84, 129923s. 
V. M. Chistyakov, I. M. Verkhoviskii, V. M. An- 
droshchuk and M. M. Smvk. Zavodrk. Lab.. 1978.44. 
641; Chem. Abstr., 1978, 89,‘115183s. 
J. J. DeLuccia and D. A. Berman, MCZC Rep. 1979, 
MCIC-79-40; Proc. Tri-Serv. Co& Corrosion, 1978, 
477; Chem. Abstr., 1979, 91, 179211~. 
F. B. Mansfield, Report SC 5128.2FR, 
NADC-77112-30, 1978; Chem. Abstr., 1979. 91. 
133401g. 
F. B. Mansfield and D. K. Roe, U.S. Patent, 4,221,651, 
24 June 1979; Chem. Abstr., 1980, 93, 2276232. 
L. S. Vshivsteva and T. M. Gvchinnikova, Zavodrk. 
Lab.. 1975. 41. 32: Chem. Abstr.. 1975. 83. 21554n. 
Yu.A. Kliachko, ‘V. A. Gvazavk, 0. ‘D. ‘Larina and 
E. G. Pakhomova, ibid., 1981, 47, No. 1, 15; Chem. 
Abstr., 1981, 94, 113891a. 
V. S. Sastri and B. McDonnell, Unpublished data. 
F. Rauch, H. Baumann, U. Behrcns, K. Bethge, H. 
Schwenk, B. Streb and W. Strohl, in Analysis of Non- 
metals in Metals, G. Kraft (ed.), p. 151. De Gruyter, 
Berlin, 1981. 
E. Brauer, R. Doerr, R. Gruner and F. Rauch, Corros. 
Sci., 1981, 21, 449. 
W. A. Lanford, Proc. Workshop on The Analysis of 
Hydrogen in Solids, 23-25 January, 1979, U.S. Dept. 
Energy, DOE/ER-0026, 1979, p. ?S. 
E. Lineon. J. P. Buaeat. R. Danielou. J. Fontenille and 
A. Giivaich, J. Ra>io&al. Chem., Ib80, 55, 367. 
J. F. Singleton and N. E. W. Hartfey, ibid., 1979, 48, 
317. 

51. 

52. 

53. 

P. Boillot, German Pafenf, 2,237,487,22 February 1973; 
Chem. Absrr., 1973, 78, 118933~. 
G. Amati, S. Maneschi and N. Vantini, German Parent, 
1,773,609; Chem. Abstr., 1975, 83, 125790~. 
V. RezI, B. Kapianovti and J. Jan&k, Anal. Chem., t975, 
47, 159. 
B. Brute, M. Cornet and S. Talbot-Besnard, Hydrogen 
Met., Proc. 2nd Int. Congr., 1978, 2, IFI, 1978; Chem. 
Absrr., 1978, 89, 201919t. 
H. K. Feichtinger, Quai. Conlrol Eng. Alloys Role Met. 
Sci., Proc. Inr. Symp., t977,29; Chem. Absfr., 1979.90, 
5954Iu. 
A. W&.chel and K. Zimmerman, Arch. Eisenhuetten- 
wes.. 1978. 49. 313: Chem. Abstr.. 1978. 89. 99148b. 
L. i. Pankret’kva aid P. A. Chergasov, ~etbll. Merody 
Ppovysh. Kach. Slali, 1979, 240; Chem. Abstr., 1980,92, 
140102j. 
V. G. Guglya and Gomez de Segura Urraco, Zavodsk. 
Lab., 1980, 46, No. 6, 490; Chem. Abstr., I980, 93, 
87997x. 

54. 

55. 

56. 

57. 

60. 

61. 

62. 

63. 

64. B. R. Appleton, Proc. Workshop on The Analysis qf 
Hydrogen-in Solids, 2%25 Jan&y, 1979, US: Dept. 
Enerev. DOEIER-0026. 1979, P. 64. 

A. Gomez Urraco and V. G. Gugiya, Izv. Vyssh. 
Uchebn. Zaved. Chern. Melall., 1980, 5, 153; Chem. 
Absrr., 1980, 93, 36407x. 
W. Schwartz and J. Gassner, Berg-Huetlenmaenn. 
Monatsh., 1972, 117, 84; Anal. Abslr., 1973, 24, 141. 
W. Koch, E. Buechel and H. Lemm, Arch. Eisenhuef- 
Ienwes., 1973, 44, 301; Anal. Absrr., 1973, 25, 3088. 
W. H. Herrnstein, Electr. Furn. Co& Proc., 1975, 32, 
156; Chem. Abstr., 1976, 35, 86701~. 
R. B. Fricioni, G. H. Helling and K. E. Burke, Proc. 
Natl. Ooen Hearth Basic Oxvaen Steel ConL. 1976. 59. 
142; &em. Abstr., 1977, 87;54836y. ” 
W. Thomich, Hydrogen Met., Proc. 2 Znt. Congr. 1977, 
1, FIL; Chem. Abs?r., 1978, 89, 84242d. 
K. H. Schmitz, E. Thiemann and W. Ansmann, in 
Analysis o~Non-medals in Metals, Proc. int. Co&, 1980, 
6. Kraft (ed.), de Gruyter, Berlin, 1981. 

65. 
66. 

K. Farrell and M. B. Lewis, SC;. Metall., 1981, 15, 661. 
K. P. Andreeva and G. P. Startsev, Melod. Zssled. 
Opred, Gazov. Met., 1973, 88; Chem. Absfr., 1975, 83, 
52785t. 
YuS. Kalinin and G. P. Kondrashova, Fir.-Khim. 
Mefody Anal., 1977, 2, 48; Chem. Abstr., 1978, 89, 
1672882. 
V. M. Arshanskaya and M. N. Kaldymova, Zh. Met., 
1972, 8K21; Chem. Abstr., 1973, 79, 8714931. 
S. M. Toy and A. Phillips, U.S. Patent, 3,732,076; 
Chem. Abstr., 1973, 79, 13245q. 
S. M. Tov. Am. Sot. Test. Mater.. Spec. Tech. Publ., 
STP453, %74, 124; Chem. Absfr., 19?5, 82, 3416917. 
B. K. Zuev. Yu. A. Kulakov, L. L. Kunin. G. V. Mik- 
hailova and A. Ya. Ryaboi,.Zavodsk. Lab., 1977, 43, 
456; Chem. Abslr., 1977, 87, 26703~. 
B. K. Zuev, G. N. Kasatkin, Yu. A. Kulakov, L. L. 
Kunin and G. V. Mikhailov, Zh. Analit. Khim., 1979, 
34, L714; Chem. Abs&., 1980, 92, 68945s. 
P. Sotkovszki, S. Larsson and K. E. Easterling, Met. 
sci., 1979, 13, 597. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 



Talonto. Vol. 34, No. 5. pp. 495-502, 1987 0039-9140/87 %3.00+0.00 
Printed in Great Britain. All rights reserved Copyright 0 1987 Pergamon Journals Ltd 

A CONTINUOUS HYDRIDE-GENERATION 
SYSTEM FOR DIRECT CURRENT PLASMA 

ATOMIC-EMISSION SPECTROMETRY 
(DCP-AES) 

DETERMINATION OF ARSENIC AND SELENIUM 

PAUL EK and STIG-G&AN HULDBN 
Laboratory of Analytical Chemistry, bibo Akademi, SF-20500 Abe 50, Finland 

(Received 9 June 1986. Revised 21 August 1986. Accepted 29 November 1986) 

Summary-A continuously operating hydride-generation system has been developed for determination of volatile 
hydride-forming elements such as arsenic and selenium by d.c. plasma atomic-emission spectrometry. Arsenic and 
selenium are converted into their hydrides by reduction with sodium borohydride. The hydrides evolved are 
stripped from the liquid phase in a gas/liquid separator and are continuously fed into the d.c. plasma by a small 
argon stream. Under optimized operating conditions the detection limits (3s) obtained for arsenic and selenium 
are 0.3 and 0.5 pg/l., respectively. The precision at the 5 pg/l. level is better than 4% r.s.d. The measurement time, 
including sample introduction and three replicate measurements with 5-set integration per sample is about 1 min. 
The effects of well known interferents such as copper and nickel have been investigated. For minimizing their 
interference continuous addition of I,lO-phenanthroline as masking agent has been found useful. The method has 
been tested by its use for analysing NBS standard reference materials. 

The dual nature of arsenic and selenium, as essential 
elements in trace amounts’s2 and extremely toxic 
elements at slightly higher concentrations’ has in- 
creased the importance of reliable determination of 
these elements in biological and environmental mate- 
rials. Among the analytical methods proposed for 
their determination at trace levels the hydride- 
generation technique in combination with atomic- 
absorption spectrometry (AAS) and more recently 
with inductively-coupled plasma atomic-emission 
spectrometry (ICP-AES) has become frequently 
used.4 A comprehensive review of the hydride- 
generation technique, including a number of ap- 
proaches for determination of arsenic, selenium and 
similar elements in different materials, has been given 
by Godden and Thomerson.’ 

Although most of the hydride-generation/AAS ap- 
plications are manual batch methods there has for a 
long time been an interest in development of auto- 
mated systems &lo based on the continuous flow prin- 
ciple. The analytical response in these continuously 
operating systems is measured in a steady state which 
allows a precise and accurate measurement of the 
intensity of the analytical line and of the background. 

In the last few years such systems have also found 
increasing popularity in atomic-fluorescence’0 and 
inductively-coupled plasma atomic-emission spec- 
trometry.“-I6 

Only a few papers involving d.c. plasma atomic- 
emission spectrometry in combination with hydride 
generation’“” have been reported; however. To the 
best of our knowledge the first use of continuous 
hydride generation with d.c. plasma emission de- 

tection was described by Panaro and KrulL” In their 
system the analyte hydride was introduced directly 
into the conventional spray chamber of the DCP- 
instrument. The detection limit for arsenic was re- 
ported to 10-25 pg/l., compared with 25Opg/l. by 
direct DCP analysis without the hydride-formation 
step. The method also showed good agreement 
with both continuous and batch type hydride/AAS 
methods. 

In the method proposed here the spray chamber of 
the spectrometer is by-passed and the analyte hydride 
is introduced through a gas/liquid separator directly 
into the d.c. plasma. This is made possible by a slight 
modification of the sample-introduction tube of the 
spectrometer. 

The main aim of the present work was to develop 
a continuously operating hydride-generation system 
easily attachable to the DCP-spectrometer for deter- 
mination of volatile hydride-forming elements in a 
wide range of materials. This report describes the 
application of the system to determination of arsenic 
and selenium in biological samples. 

EXPERIMENTAL 

Reagents 

The chemicals used for preparation of the reagents and 
standards were of analytical reagent grade and were used 
without further purification. All solutions were made up in 
demineralized water from a Milli-Q system (Millipore Inc.) 

Stock solutions of As(III) and se(W). lOOOma/l.. were 
prepared by dissolving 1.320 g of arsenic(II1) oxide and 
1.406 g of selenium dioxide in 20 ml of 6M hvdrochloric acid 
and diluting to 1000 ml. Stock solutions of As(V) and Se(W) 
were similarly prepared from Na,HAsO,.7H,O and 
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Fig. 1. Schematic diagram of the continuous DCP-hydride system. 

Na,SeO,. lOH,O. Standard working solutions of lower con- 
centrations were made up by serial dilution with O.IM 
hydrochloric acid. The standard solutions of lower concen- 
tration than lOOpg/l. were prepared daily before use. 

A 1% solution of sodium borohydride was prepared by 
dissolving 10 g of NaBH, pellets (Spectrosol R, BDH) and 
4 g of sodium hydroxide in 100 ml of water. After filtration 
through a 0.45~pm membrane filter the solution was diluted 
to 1OOOml and stored in a polyethylene bottle in the dark, 
until use. The addition of alkali is necessary for minimizing 
hydrolysis of the sodium borohydride. The solution is stable 
for several days. 

The test solutions were continuously acidified with 5M 
hydrochloric acid before mixing with the borohydride solu- 
tion stream, as shown in Fig. 1. 

A O.lM I,lO-phenanthroline solution in O.lM hydro- 
chloric acid was prepared as masking agent for copper and 
nickel. 

Apparatus 
Plasma emission spectrometer. The instrument used for 

the measurements was a d.c. plasma atomic-emission spec- 
trometer, the SpectraSpan III B (Spectrametrics, Inc., An- 
dover, MA) operated in the sequential analysis mode. A 
detailed description of a similar instrument has been given 
elsewhere?02’ 

The DCP-spectrometer was equipped with a dynamic 
background compensator (DBC-33) for emission-line 
profiling and background-compensated measurements. To 
improve the collection, processing and presentation of anal- 
ytical data from the spectrometer a Basic programmable 
microcomputer (HP-85, Hewlett Packard Co.,) was inter- 
faced to the spectrometer. The program software needed for 
the operation control has been evaluated by Sara.22 For 
control purposes the emission signals were also recorded 
graphically by a strip-chart recorder. 

The continuous hydride-generator. The construction of 
the hydride-generation apparatus is schematically shown 
in Fig. 1. The module can be quickly and conveniently 
interfaced to the DCP-spectrometer. 

In operation, the sample solution and the reagents, 5M 
hydrochloric acid and 1% sodium borohydride solution, are 

pumped by a multichannel peristaltic pump (Gilson Mini- 
puls 2, Medical Electronics) fitted with silicone-rubber 
tubing into two separate Teflon (PTFE) mixing cells. 

An additional line (line 4 in the manifold), used for 
continuous standard-addition measurements or for the con- 
tinuous addition of extra reagents (e.g., masking agents) to 
the sample stream, is also built into the system. 

The mixing cells are connected through a short (IOcm 
long, 3.7 mm bore) mixing coil made of Teflon tubing. The 
sample solution is continuously acidified with the hydro- 
chloric acid before it is combined and mixed with the 
reductant in the second cell. The rapid evolution of hydro- 
gen at this stage causes formation of small gas pockets that 
segment the liquid stream during its passage through the 
reaction coil. The reaction coil is made of Teflon tubing with 
a bore of 3.7 mm and length of 1.5 m. The slow argon 
stream (flow-rate 0.25 l./min) further speeds up the trans- 
port of the gas-liquid mixture to the phase-separator. 

Commercial grade argon (99.5%) is used as carrier gas. 
To obtain reproducible operating conditions the separate 
gas flows are controlled by three calibrated rotameters 
(Brooks Instrument B.V., Veenendaal). A second stream of 
argon (flow-rate 0.30 l./min) which emerges under the liquid 
level of the phase-separator is used to increase the efficiency 
of the stripping of the analyte hydride from the liquid. The 
phase-separator is described in detail in Fig. 2. 

Before the gas stream enters the plasma it passes through 
a condenser for removal of moisture that otherwise could 
condense on the walls of the Teflon tube that connects the 
second phase-separator with the sample introduction tube. 
The condensed water is separated from the gas stream in the 
second phase-separator. 

A specially designed sample introduction tube aligned in 
the optical path of the spectrometer delivers the analyte 
hydride directly into the excitation zone of the d.c. plasma 
(Fig. 3). The removable capillary tube is adjusted to be 
about 1 mm above the tip of the sample introduction tube. 
By removal of the upper part of the capillary tube and 
obstruction of the hydride inlet of the sample introduction 
tube, the DCP-spectrometer is conveniently changed from 
hydride operation to the conventional DCP-analysis mode. 
The remaining part of the capillary tube does not interfere 
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Fig. 2. The gas-liquid phase-separator: (A) inlet for hydride 
and carrier gas: (B) inlet for wash solution; (C) auxiliary 

carrier gas; (D) gas exit to dc. plasma; (E) drain. 

in the ordinary use of the DCP-spectrometer. The capillary 
tube, sample introduction tube, condenser and phase- 
separators are all constructed of borosilicate glass. 

Analytical procedures 

DCP-hydride analysis. The DCP-spectrometer is changed 
from the conventional analysis mode to hydride operation 
simply by connecting the hydride outlet tube to the sample 
introduction tube and inserting the small capillary tube as 
already described. The optimized operating conditions for 
arsenic and selenium are given in Table 1. Before the 
peristaltic pump is started the carrier-gas valves are opened 
and the argon and liquid flow-rates are set to the recommen- 
ded values. The d.c. plasma is ignited and the analytical 
wavelength is located by aspirating a lOOO~g/l. standard 
solution and observing the steady-state signal on the strip- 
chart recorder. When the wavelength setting has been 
adjusted, a blank solution is introduced in order to set the 
base-line level. The spectrometer is then turned to the 
integration mode and the instrument is calibrated in the 
usual way by aspirating the high and low standards. The 
DCP-hydride system is then ready for use. 

Sample preparation. For determination of arsenic and 
selenium by the hydride-generation technique selenium must 
be present as Se(IV) and arsenic preferably as As(II1) in the 
sample solution. In most biological samples, however, these 
elements may exist as resistant organo-arsenic and organo- 
selenium compounds*‘-25 which require very harsh condi- 
tions for their destruction. Among the various procedures 
recommended in the literature for decomposition of 
different biological materials, wet digestions with 
nitric-perchloric acid9,“,26 and nitric-perchloric-sulphuric 
acid’2.25.26 are perhaps the most frequently used. The decom- 
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Fig. 3. Introduction of analyte hydride into d.c. argon 
plasma. 

position method used in this work was modified essentially 
from the procedure reported by Verlinden24 and the biolog- 
ical samples analysed were pretreated as follows. The 
samples (O.gl.0 g) were accurately weighed into 50- or 
MO-ml standard flasks, then 10 ml of 65% nitric acid were 
added and the samples were left overnight at room tem- 
perature, to prevent foaming in the subsequent treatment. 
The flasks were then placed on a temperature- and time- 
controlled electrically heated sand-bath, their necks being 
fitted with 15-cm long borosilicate air-condensers to ensure 
effective reflux of acid vapours. To minimize the risk of 
charring, the temperature was first increased slowly to 140 
during 2 hr. After cooling and addition of 5 ml of 70% 
perchloric acid the temperature of the solutions was raised 
to 210”. The samples were boiled at this temperature until 
their volumes were reduced to about 5 ml. The flasks were 
then removed from the sand-bath and allowed to cool. 
During this treatment arsenic and selenium are oxidized to 
their highest oxidation state. To reduce selenate to selenite 
5 ml of concentrated hydrochloric acid were added and the 
solutions were boiled for 5 min. After cooling to room 
temperature the solutions were made up to volume and 
stored in polyethylene bottles until use. Reagent blanks were 
simultaneously prepared with the amounts of acids used in 
the decomposition procedure. The reagent blanks were used 
as low standards in the calibration of the DCP-hydride 
system. 

Table 1. Operating conditions for determination of arsenic and selenium 

DCP spectrometer 

Power supply (d.c.) ?‘A, 40V 
Plasma gas (argon) I l./min 
Nebulizer pressure 15 psig 
Sleeve pressure 50 psig 
Slit size: 

Entrance 3OOx2OOpm(wxh) 
Exit lOOx3OO~m(wxh) 

Photomultiplier voltage 300v 
Integration time: 

Direct mode 3sec 
Integrated mode 3X5Sec 

Analytical wavelength: 
Arsenic 228.812 nm (193.696 nm) 
Selenium 196.026 nm 

Hydride generator 

Sample flow 10.0 ml/min 
NaBH, flow 2.0 ml/min 
NaBH, cont. 1% (in 

O.lM NaOH) 
HCl flow 2.0 ml/min 
HCl cont. 5.OM 
Carrier gas argon 
Total flow: 550 ml/min 
Reaction coil 250 ml/min 
Phase separation 300 ml/min 
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Fig. 4. Effect of the sample flow-rate on the sensitivity for 
lOOpg/l. As(II1). Reductant (2% NaBH,) flow: (1) 
0.5 ml/min; (2) 1.0 ml/min; (3) 2.0 ml/min. For other param- 

eters see Table 1. 

InterJerence studies. The interference of Cu(I1) and Ni(I1) 
under the experimental conditions given in Table 1 was 
studied by analysing IO-pg/l. standard solutions of As(II1) 
and Se(W) spiked with known amounts of the interfering 
metal ions. To control the precision of the measurements an 
interferent-free standard solution of the analyte was anal- 
ysed both before and after each test solution. This strategy 
was found necessary since at higher interferent concen- 
trations [ > 10 mg/l. Cu(II), > 100 mg/l. Ni (II)] the reaction 
coil became “poisoned” with accumulated metallic precip- 
itates. The subsequent analysis of the interferent-free con- 
trol solutions suffered from series signal depression. In such 
cases the coil was reconditioned by repeated washing with 
a 1: 1 v/v mixture concentrated hydrochloric and nitric 
acids, and water, introduced into the system through line 1. 

Since it was observed that copper and nickel interfered 
even at very moderate concentrations (see Fig. 8, later), the 
effect of l,lO-phenanthroline as masking agent was tested. 
A O.lM l,lO-phenanthroline solution was therefore con- 
tinuously added at a rate of 2 ml/min through line 4 to the 
sample stream. After recalibration of the system the analysis 
of the spiked test solutions was repeated. 

RESULTS AND DISCUSSION 

Optimization of operating conditions 

To maximize the analytical sensitivity and pre- 
cision the steps of the hydride-generation process 

Argon flow. ml / min 

Fig. 5. Effect of carrier-gas flow-rate on sensitivity for 
1000 pg/l. Se(IV). (A) total argon flow; (B) subflow through 

the reaction coil. Conditions: see Table 1. 

Fig. 6. Effect of NaBH, concentration on analyte signal. 
Analyte: lOOO~g/l. Se(IV) at lO.Oml/min. NaBH, flow 

2.0 ml/min. For other parameters see Table 1. 

were examined in detail. The parameters investigated 
were the sample and carrier-gas flow-rates, the con- 
centration and flow-rates of the sodium borohydride 
solution and hydrochloric acid, and the length and 
diameter of the reaction coil. Also different types of 
mixing cells, phase-separators and sample intro- 
duction tubes were developed and tested. 

Figures 4-7 illustrate the effect of variation of a 
number of system parameters on the emission signal. 
Obviously the most critical are the rate of sample 
introduction and the flow-rate of the carrier gas. 

Although theoretically the signal response is fur- 
ther increased at higher sample flow-rates, a sample 
introduction rate of 10 ml/min was selected to keep 
the sample consumption at a reasonable level. Be- 
cause the pumping rate can be regulated and there is 
a constant ratio between the sample and the reagent 
flow-rates the sample consumption can easily be 
reduced to any desired level without affecting the 
solution conditions. Therefore, when the detection 
power is not critical but the available sample volume 
is limited, the possibility to reduce both sample and 
reagent consumption is an important benefit. Thus 
the sample flow-rate chosen will always be a compro- 
mise depending on the available sample volume and 
the concentration of the analyte. 

The influence of the total carrier gas flow was 
studied over the range 150-650 ml/min. Above 
650ml/min gas flow the geometry of the DCP dis- 
charge was heavily distorted and at argon flows less 

8.5 * ’ ’ ’ n ’ . * 
123456789 
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Fig. 7. Effect of HCl concentration on analyte signal. 
Analvte: 1000 uall. Se(W) at 10.0 ml/min. HCl flow-rate 
2.0 dll/min. The-‘other‘ parameters adjusted according to 

Table 1. 
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than 300 ml/min only a small fraction of the gener- 
ated hydride entered the excitation region. The re- 
mainder was distributed around the plasma, resulting 
in very low emission signals. The best response was 
obtained at a total argon flow of 550 ml/min (Fig. 5, 
curve A). 

The effects of sodium borohydride and hydro- 
chloric acid on the analyte signal are plotted in Figs. 
6 and 7. For generation of selenium hydride the 
optimal NaBH, and HCI concentrations are about 
1% and 3-4M, respectively. Similar patterns have 
been observed by other workers using continuous 
hydride generation.8.9*“.‘4 

At higher NaBH, concentrations there is a distinct 
decrease of the emission signal. According to Thomp- 
son et al.” this is due to dilution of the analyte 
hydride or change in the plasma conditions by excess 
of hydrogen. Very high sodium borohydride levels 
(3-s%) caused some instability of the plasma but did 
not extinguish it. 

One of the main purposes of the continuous intro- 
duction of hydrochloric acid is to permit unin- 
terrupted production of hydrogen during the change 
of samples or standard solutions. This increases the 
stability of the system and reduces the analysis time. 
Another purpose is to adjust the pH of the sample or 
standard solution to about the same level before they 
are mixed with the reductant solution. Large 
differences in acidity between the sample solutions 
and standards will result in unequal hydrogen gas 
evolution, and this may affect the plasma position 
and cause shifts of the background. Although the 
signal response is somewhat lower at higher acidities 
we prefer to use 5M hydrochloric acid to ensure 
adequate levelling of the acidity of the samples and 
standards. The optimal conditions are summarized in 
Table 1. 

Calibration, detection limits and precision 

The performance of the method was assessed by 
analysis of laboratory standard solutions of As(II1) 
and Se(IV). Calibration for both elements was done 
with the 1000 pg/l. solution as high standard and the 
blank solution as low standard. The linearity of 
calibration was established by analysing intermediate 
standards at 5, 10, 50, 100 and SOO~g/l. concen- 
tration. 

The detection limits were taken as the concen- 
trations corresponding to a net signal equal to three 
times the standard deviation of the blanks (deter- 
mined with 10 replicates), and for arsenic and sele- 
nium were 0.3 and 0.5 pg/l. respectively. For both 
elements the precision (r.s.d.) at the 5+gg/l. level was 
3-5% and at the 5O+g/l. level l-3%. The analytical 
range” for which the r.s.d. is < 10% is 1.5-1000 pg/l. 
At a sample introduction rate of 10 ml/min a stable 
and continuous emission signal is obtained within 
10-l 5 set after introduction of the analyte. Approxi- 
mately the same time is required for the signal to 
reach the base-line level when the sample intro- 

duction is interrupted. The sample throughput rate is 
thus about one sample or standard per minute for 
5-see integration and three replicate measurements 
per sample or standard. 

Interferences from copper and nickel 

One of the main drawbacks of the hydride- 
generation technique is the interference caused by a 
number of metal ions, especially transition metal ions 
of groups VIII and IB.27-33 These metal ions interfere 
in the liquid phase during the hydride-generation 
step. The interference is regarded as due to reduction 
of the interferent ions by sodium borohydride to 
finely dispersed metallic precipitates by which the 
evolved analyte hydride is captured and decomposed, 
forming insoluble metal arsenides and selenides.30 In 
addition, interferences arising from the hydride- 
forming elements are also well known.27.34 Although 
the papers cited above all deal with interferences in 
hydride/AA& similar interference effects have also 
been reported for the hydride/ICP’3*‘6 and 
hydride/DCP’7~‘9 methods. In hydride/AA& however, 
processes occurring in the gas phase in the atomizer 
tubes,35 e.g., molecule formation between analyte and 
matrix hydrides, result in incomplete atomization of 
the analyte. Owing to the high atomization and 
excitation temperature attainable in the DCP and 
ICP this type of gas-phase interference is very un- 
likely in these hydride systems. 

Of the more common concomitants in biological 
and environmental matrices, copper and nickel are 
known as serious interferents in determination of 
arsenic and selenium by the hydride-generation 
method. Because the degree of the interferences seems 
to depend on the hydride-generator design and the 
reagent and acid concentrations,29*30 it is important to 
determine the threshold concentrations at which 
Cu(I1) and Ni(I1) start to interfere. Standard solu- 
tions of As(II1) and Se(IV) (lOpg/l.) were therefore 
spiked with known amounts of the interfering metal 
ions and taken through the analytical procedure. 
Figure 8 shows the results. If a signal change of 
> f 10% between the interferent-free and the spiked 
solutions is taken as the criterion for interference,27 
copper and nickel begin to interfere in the deter- 
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Fig. 8. Influence of copper and nickel concentration on 
analyte recovery. Conditions: see Table 1. (-a-_) 10 fig/l. 
Se(IV) in presence of Cu(I1); (A-A) 10 rg/l. %e(Iirfin 
presence of Ni(I1); (-_O-) 10 c(g/l. As(II1) in presence of 
Cu(I1); (A-A) lOpg/l. As(II1) in presence of Ni(I1). 
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mination of Se(IV) at concentrations of cu. 160 and 
750 pg/l. respectively. The effective hydrochloric acid 
and sodium borohydride concentrations were cu. 
0.7A4 and 0.07%. 

For As(III) 10% signal suppression was observed 
for 18 mg/l. Ni(I1) and 25 mg/l. Cu(II), in good 
agreement with the results reported by Meyer et ~1.~~ 
and Welz and Melcher3’ for the hydride/AAS tech- 
nique. The same authors have also shown that higher 
concentrations of copper and nickel can be tolerated 
if the determinations are done at higher acid con- 
centrations (e.g., 5M). Since it was not possible to 
achieve a such high effective acid concentration in our 
system, alternative methods for increasing the toler- 
ance limit for the interferents were looked for. 

Eflect of masking 

Besides use of standard additions8x3’ or separation 
of the analyte by co-precipitation with lanthanum 
hydroxide, use of masking agents has also been 
proposed 32.33 for dealing with the interference of 
copper and nickel. On account of the relatively high 
acidity normally required for hydride generation, 
especially for generation of hydrogen selenide, the 
choice of masking agent becomes critical. 

Although the best masking effects are generally 
attained at rather high pH values there are some 
weakly basic reagents such as thiosemicarbazide and 
l,lO-phenanthroline which are also effective in acid 
solution.36 The masking ability of a complexation 
reagent at different pH values can easily be judged 
from the a-coefficients calculated according to 
Ringbom. 36 For O.OlM l,lO-phenanthroline the 
log CI#(~) values for Cu(I1) and Ni(I1) at pH 0 are 
relatively high, 2.6 and 4.2, respectively, indicating 
that these metal ions should be complexed by the 
reagent even at very low pH values. This has been 
confirmed in practice by Kirkbright and Taddia for 
masking copper and nickel in the determination of 
arsenic32 and recently by Chan and Baig3) for mask- 
ing Cu(II) and Ni(I1) in determination of selenium. 

Figure 9 shows that masking with l,lO-phen- 
anthroline is satisfactory in the present hydride- 
generation system. In the determination of selenium 
the tolerance limit for Cu(I1) is increased to at least 
2mg/l. and that for Ni(I1) to 100 mg/l. Similarly a 
practically interference-free determination of arsenic 
is possible in the presence of at least 75 mg/l. Ni(II). 
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Fig. 9. The effect of on-line addition of O.lM 
I,lO-phenanthroline as masking agent for copper and nickel 
in determination of arsenic and selenium. Conditions: see 
Table 1. (-•-) IO~g/l. Se(IV) in presence of Cu(I1); 
(A-A) 10 pg/l. Se(IV) in presence of Ni(II); (A-A) 

10 pgg/l. As(III) in presence of Ni(II). 

The potential effects of even higher interferent 
concentrations were not tested because of the risk of 
obtaining metallic precipitates in the reaction coil 
tubing, and subsequent contamination of the system. 
On the other hand such experiments were not consid- 
ered necessary because such high concentrations of 
copper and nickel are unlikely to occur in biological 
materials. Increasing the effective concentration of 
the masking agent, however, might allow still higher 
interferent concentrations to be tolerated. 

Results for biological samples 

The reliability of the method for analysis of real 
samples was tested by analysing certified reference 
materials, NBS 1573 Tomato Leaves and NBS 1577 
Bovine Liver. About 500-mg samples (3 replicates of 
both materials) were accurately weighed out and 
treated according to the procedure described above. 
The results obtained are summarized in Table 2. 

For arsenic in the tomato leaves the result is in 
satisfactory agreement with the certified value. No 
reliable results could be obtained for selenium in the 
tomato leaves or arsenic in the bovine liver because 
their concentrations in the prepared sample solutions 
were of the same order of magnitude as the detection 
limits. The value for selenium in the bovine liver was 
rather low, only about 72% of the certified value, but 
the precision was acceptable. Because of this low 
value, experiments were done to find whether losses 
might occur during the sample decomposition. 
Human scalp hair was used as test material because 
of limited availability of the bovine liver reference 

Table 2. Determination of arsenic and selenium in NBS standard reference materials 

Found Certificate 
Test Sample taken, value, Recovery, 

Sample Element no. mg/SO ml Pgglt.’ Mlg IKlg % 

NBS 1573 As 1 533.9 2.50 & 0.28 0.23 & 0.03 0.27 + 0.05 85.2 
Tomato 2 502.7 2.54 k 0.25 0.25 & 0.03 92.6 
leaves 3 614.3 3.28 + 0.23 0.27 + 0.02 100.0 

NBS 1577 Se 1 501.6 7.94kO.57 0.79kO.06 1.10+0.10 71.8 
Bovine 2 466.4 7.48 k 0.34 0.80 k 0.03 72.7 
Liver 3 403.4 6.19 + 0.36 0.77 * 0.04 70.0 

*Each value represents the mean f standard deviation obtained from three 5-set integrations per replicate. 
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Table 3. Recovery of arsenic and selenium from a human scalp hair sample spiked with 
As(III) and Se(IV) before wet digestion in HNO, and HClO, 

501 

Arsenic Selenium 
Sample 

Test taken, Added, Found, Recovery, Added, Found, Recovery, 
no. n/lOOml flzll.* flxcni1.t % flgll.’ flxnl1.t % 

1 1.1074 - l&*0.4 - 2.1 f0.2 - 
2 0.8893 10.0 10.8 + 0.1 93.1 10.0 10.2 * 0.4 84.3 
3 0.8892 10.0 11.5*0.2 99.1 10.0 9.9 * 0.2 81.8 
4 1.1915 10.0 11.5,0.4 99.1 10.0 10.9 + 0.9 90.0 

*Added as IOOO-~1 increments of 1000 pg/l. standard solutions of As(II1) and Se(IV). 
tEach value is the mean f standard deviation based on three 5-set integrations per 

replicate. 

sample. The hair, obtained from the same person, 
was cleaned by washing with an acetone/alcohol 
mixture and rinsed with water. After drying, four l-g 
portions of the hair were weighed into lOO-ml stan- 
dard flasks, 1 .OO ml of a 1000 pg/l. standard solution 
of As(II1) and Se(IV) was added to each flask and the 
samples were decomposed and analysed according to 
the procedure already described. The results (Table 3) 
show an acceptable recovery for arsenic, but the 
selenium values are again rather low. 

The low selenium values are not a result of vol- 
atilization losses or incomplete reduction of Se(VI), 
since experiments with pure Se(IV) standard solu- 
tions digested and handled as above resulted in 
selenium recoveries between 98 and 102%. We be- 
lieve that the negative systematic errors obtained for 
selenium in the hair samples as well as the bovine 
liver samples are caused by interference from endo- 
genous copper in the sample matrix. 

To test this hypothesis the hair and the NBS bovine 
liver samples were analysed for copper by the con- 
ventional DCP-AES technique. The mean copper 
content of the hair was found to be 21.4 f 2.3 pg/g 
(3 replicates) corresponding to 0.20 f 0.01 mg/l. in 
the sample solution. For NBS bovine liver the mean 
solution concentration of copper (4 replicates) was 
1.67 f 0.22 mg/l., equivalent to 209 + 2 pg/g in the 
sample, which is in fair agreement with the certified 
value of 193 + lOpg/g. Comparison of these rela- 
tively high copper concentrations with the tolerance 
limit for copper (Fig. 8) shows that the low selenium 
recoveries must be attributed to the interference from 
copper. The tolerance limit for nickel is so much 
higher that interference from this element is unlikely. 

Low values for selenium in NBS Bovine Liver have 

also been observed by other workers using 
hydride/AAS methods. Egaas and Julshamd’ found 
a 17% suppression of the selenium signal which they 
explained as due to interference by copper and iron 
being present at concentrations above 1 mg/l. They 
compensated for the interferences by the method of 
standard additions. Subramanian and Meranger also 
reported a rather low recovery (84%) for selenium in 
NBS Bovine Liver. 

In an attempt to increase the selenium recovery the 
bovine liver was analysed with on-line addition of 
1, IO-phenanthroline as masking agent. Table 4 shows 
that a recovery of 85597% was thus obtained. 

Conclusions 

The results of this work show that continuous 
hydride-generation in combination with DCP-AES 
offers a convenient and sensitive method for deter- 
mination of arsenic and selenium. The hydride_DCP 
method is about 100 times more sensitive than the 
conventional DCP-AES technique. The wide linear 
calibration range eliminates time-consuming dilu- 
tions. Interferences from transition metals such as 
copper and nickel can be reduced by masking with 
1, lo-phenanthroline. 
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SHORT COMMUNICATIONS 

USE OF CHELEX 100 IN DETERMINATION OF 
BISMUTH IN SULPHIDE ORES, CONCENTRATES, 

METALS AND ALLOYS 

J. S. ADSUL, C. C. DIAS, S. G. IVER and CH. VENKATE~WARLU 
Analytical Chemistry Division, Bhabha Atomic Research Centre, Bombay 400085, India 

(Received 21 February 1986. Revised 18 December 1986. Accepted 16 January 1987) 

Summary-In the determination of bismuth, Chelex 100 has been successfully employed for reducing the 
concentration of matrix and interfering elements from sulphide ores and concentrates and for separation 
of the matrix elements from bismuth in the analysis of high-purity copper, silver and silvercadmium alloy. 

Traces of bismuth in copper and nickel have been 
separated by use of a carboxylic acid ion-exchanger, 
ZeoKarb 226.’ Blount et al.* have employed Chelex 
100 in the determination of bismuth in silicate rocks. 
It was found in our laboratory that Chelex 100 (Batch 
No. 7949) exhibited very high sorption of bismuth 
and a few other metal ions from solutions at pH 1 .0,3 
but it was subsequently found that this batch of 
exchanger was bifunctional, whereas later batches 
(Nos. 14930 and 20958) were monofunctionaL This 
communication describes further studies on the dis- 
tribution of bismuth at still higher acidities with the 
monofunctional exchanger and the determination of 
bismuth in sulphide ores, concentrates and high 
purity copper, silver and silvercadmium alloy. 

EXPERIMENTAL 

Bismuth solution 

An approximately SO-mg/ml solution of bismuth in 0.5M 
nitric acid was prepared from the nitrate, and standardized;’ 
from this a working solution with 10 pg/ml bismuth concen- 
tration was prepared by suitable dilution. 

Ion -exchanger 

Chelex 100 (Batch No. 20958) was prepared in H+ form.’ 

Procedure 

Lead and zinc ores and concentrates. Weigh accurately 
0.5 g of sample into a lOO-ml beaker. Wet it with water and 
add 20 ml of 20% v/v nitric acid. Boil gently until the 
volume is reduced to about 5 ml. Add 1 ml of concentrated 
perchloric acid and heat to fumes to remove excess of the 
acid. Cool, add 0.8 ml of concentrated nitric acid, dilute 
to about 30 ml, boil and filter through a Whatman No. 40 
(9 cm) paper. Wash the residue with 20 ml of 0.25M nitric 
acid. Pass the combined filtrate and washings through the 

*If the copper content of the aliquot used for the spec- 
trophotometry is more than I .O mg, a turbidity appears, 
which may be centrifuged out. 

tin the case of high-purity copper, dissolve the residue 
in 100 ml of 0.25M nitric acid containing 3 g of 
l,lO-phenanthroline. This is required because about 
10 mg of copper will be retained on the column when 
1.0 g of copper sample is taken. 

ion-exchange column (0.9 x 5 cm) at a flow-rate of 1 ml/ 
min. Wash the column with 50 ml of 0.25M nitric acid and 
reject the effluent. Elute bismuth from the column with 75 
ml of 2iU nitric acid at the same flow-rate and determine it 
spectrophotometrically.6* If the bismuth content is very low 
(ppm range), determine it by AAS with hydride generation.’ 

Copper, silver and silver-cadmium alloy. Dissolve 1 .O g 
of sample in concentrated nitric acid and evaporate the 
solution just to dryness. Dissolve the residue in 2 ml of 
40% v/v nitric acid, dilute to about 50 ml and proceed with 
the ion-exchange procedure as above.? 

RESULTS AND DISCUSSION 

Since the distribution ratios (&) for Hg(II), 
Au(II1) and Mo(V1) are also high (> 103),’ that for 
bismuth was determined at various acidities by the 
batch method. From the results a nitric acid concen- 
tration of 0.25M seemed suitable for the quantitative 
sorption of bismuth, and the K,, values of other 
cations were determined at this acidity. The results in 
Table 1 show that bismuth cannot be separated from 
gold, molybdenum and mercury by Chelex 100 even 
at this acidity. 

Table 1. Batch method Kd values (cation 1.00 mg/ 
25 ml; 0.25 g of Chelex 100, 48 hr equilibration) 

[HNO,I> 
Cation M x;, 

Bi(II1) 0.10 >104 
0.20 6000 
0.25 2700 
0.30 1400 
0.40 550 
0.50 250 
1.0 15 
2.0 nil 

Au(II1) 0.25 > 104 
Mo(V1) 0.25 >104 
Hg(II) 0.25 1950 
In(II1) 0.25 56 
Fe(II1) 0.25 30 
Cu(I1) 0.25 10 
Ga(II1) 0.25 10 
Ag+, Zn2+, Cd2+, Pb2+ 0.25 <lO 
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Table 2. Ion-exchange separation of 
cations (100 mg) from 100 /Ig of Bi 

Amount retained on 
Element exchanger, mg 

Ag 0.03 
Fb 0.003 
cu 0.01* 
Zn 0.002 
Cd 0.005 
Hg 89 
Fe 4 
Ga nil 
In 3.9 
Mo 12.8 

*But 10 mg will be retained from 1.0 g 
of copper. 

In column experiments, it was found (Table 2) that 
bismuth was quantitatively retained afang with sub- 
stantial amounts of indium, iron(III), mercury(I1) 
and molybdenum(VI), whereas only very small 
amounts of silver, lead, zinc, cadmium, copper and 
gallium were retained. It was therefore necessary to 
choose a sufficiently seIective method for deter- 
m~nation of bismuth. The s~trophotomet~e 
method based on the iodide complex was selected. 
Molybdenum, mercury, iron and indium do not 
interfere when present in less than 5 mg amounts; 
gold is not eluted from Cheiex 100 with 2M nitric acid 
and hence will not interfere. 

The procedure based on these findings was applied 
to a variety of samples, giving the rest&s presented 
in Table 3. The same samples were analysed with use 
of ZeoKarb-226 for the ion-exchange separation and 
the results are included in the same table. 

The results obtained establish the reliability of the 
method, The procedure uses smaller elution volumes 
than those required with a sulphonic acid type of 
ion-exchanger.’ It has been reported that when 
ZeoKarb-226 is used, bismuth is not completely 
eluted. No such effect was observed with Chelex 100. 

Btount et al.* employed Chelex 100 at pIi 2.0 for 

separation of bismuth from other elements. It was 
observed in the present studies that a much higher 
acidity can be used without loss of bismuth. In the 
case of a few elements such as iron, copper and 
indium, which exhibit Low Kd values, the portion 
retained on the exchanger is not easily washed out 
with 0.25M acid, possibly because of slow desorption 
kinetics. 

To assess the recovery of bismuth from lead con- 
centrates, standard additions of 50200 pg of bis- 
muth to 0.5 g sample of BAS 42 G were made, The 
recoveries were found to be quantitative within 
_t 5%. To examine the possibility of loss of bismuth 
in the analysis of lead concentrates rich in lead 
sulphide (which would be expected to yield some lead 
sulphate in the decomposition step), sulphuric acid 
was added to the spiked BAS 42 G sample to simulate 
this effect; the bismuth recovery fell to o&y 50%, so 
the method is not suitable for such samples. It should 
be possible to tolerate up to about 20% of copper in 
a sample without any change in the procedure, but in 
analysis of copper metal, it is necessary to add 
~,lO-phenanthrolin~ to avoid sorption of copper on 
the exchanger. 
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RAPID DETERMINATION OF MOLYBDENUM 
IN FERROMOLYBDENUM AND MOLYBDENUM 

ADDITIVES, WITH OXINE 

OM P. BHARGAVA,PAUL G. BAILEY and GORD R. OVERHOLT 
Stelco Inc., P.O. Box 2030, Hamilton, Ontario, Canada 

(Received 5 November 1986. Accepted 12 December 1986) 

Summary-A rapid method is presented for the gravimetric determination of molybdenum (as the oxinate) 
in ferromolybdenum and molybdenum additives. The sample is fused with a mixed flux of sodium peroxide 
and sodium carbonate in a zirconium crucible for complete decomposition. Leaching the cooled fusion 
cake with water provides instantaneous separation of molybdenum as sodium molybdate from iron(III) 
and other hydrous oxides. After filtration, the molybdenum is precipitated with oxine after addition of 
EDTA and oxalate to obviate interference from other metal oxinates, and determined gravimetrically. The 
precision and accuracy are comparable to those of referee methods. 

Molybdenum is generally added to steel as ferro- 
molybdenum or molybdic oxide. It forms complex 
carbides in steel, which are retained in solid solution 
on cooling from above the critical temperature. This 
induces remarkable hardenability. Analysis of these 
molybdenum additives is becoming more important 
both for quality in steel-making and on account of 
their high cost. The X-ray fluorescence method can be 
used for routine monitoring, but is subject to matrix 
interference and requires reference-type calibration 
standards and a complicated normalization pro- 
cedure. Solution methods’-’ use acid decomposition, 
e.g., with a combination of sulphuric, nitric and 
hydrofluoric acid, followed by heating till fuming. 
There is no provision for treatment of any insoluble 
residue, which may lead to low results. Further, the 
tedious acid decomposition is followed by treatment 
with sodium hydroxide’.’ or ammonia to separate 
molybdenum as sodium or ammonium molybdate. 
Sodium peroxide fusion in a zirconium crucible has 
been used in our laboratory for decomposition of 
various materials encountered in steel-making.e 
Ferromolybdenum, molybdic acid etc. can similarly 
be decomposed, giving a completely clear melt. On 
leaching with water the cooled fusion cake produces 
sodium hydroxide in situ, simultaneously giving 
soluble sodium molybdate and precipitating iron(III) 
and other hydrous oxides. The advantages of com- 
plete decomposition, separation and speed ensue. The 
subsequent precipitation of molybdenum as oxinate 
in the presence of EDTA and oxalate to obviate 
interferences, as proposed by Pfibil and Mallt’ and 
applied in the British standard method’ is attractive 
owing to its simplicity compared to the precipitation 
as lead molybdate* or the tedious separation as 
molybdenum sulphide and subsequent titration with 
permanganate as in the ASTM method.3 

EXPERIMENTAL 

Reagent 

8-Hydroxyquinoline solution, 3%. Dissolve 3 g of 
I-hydroxyquinoline in 12 ml of glacial acetic acid. Add 60 
ml of water and warm to about 40”. Add ammonia solution 
until a slight precipitate forms. Just redissolve the precipi- 
tate by dropwise addition of glacial acetic acid, and dilute 
to 100 ml with water. 

Procedure 

Transfer an accurately weighed (0.3 5 0.0001 g) portion 
of the finely ground sample into a 3540 ml zirconium 
crucible containing 3 g of sodium peroxide. Cover the 
sample with 0.5 g of sodium carbonate and 1 g of sodium 
peroxide, and carefully mix. Slowly fuse over a low flame on 
a Mdker burner, swirling the crucible until the melt is cherry 
red and clear. Increase the heat and continue the fusion for 
30 set to ensure complete decomposition, Remove from the 
heat and swirl the crucible until the melt solidifies on the 
walls of the crucible. After slight air-cooling of the crucible 
place it in a dry 600-ml beaker. Cover with a watch glass and 
add 20 ml of water to the crucible. After the effervescence 
ceases, empty the crucible contents into the beaker and wash 
the crucible with water. Remove any remaining residue from 
the crucible with a policeman. Rinse further with water. The 
volume should be approximately 100 ml. Place the beaker 
in a hot water-bath- for 15-20 min. Cool, transfer the 
solution to a 250-ml standard flask, dilute to the mark with 
water, shake the flask well and let the precipitate settle. 
Filter by decantation about 150 ml through a dry Whatman 
No. 52 paper into a dry beaker. Pipette 100 ml of filtrate into 
a 500-ml tall beaker. Add about 100 ml of water, 10 ml of 
1% EDTA solution and 3 a of ammonium oxalate. Warm 
to dissolve the oxalate, cool, and adjust the pH to 4.0 with 
hydrochloric acid (1 + 1) and ammonia solution (1 + 1). 
using a pH-meter. Bring to the boil, and add by pipette 20 
ml of 8hydroxyquinoline solution while keeping the mix- 
ture boiling. Digest for 5-10 min at 90” with o&a?onal stir- 
ring. Collect the precipitate with a dried (125”) and weiahed 
medium-porosity sit&red-glass crucible,‘ by suction. I& a 
policeman and hot water to transfer the last traces of the 
precipitate from the beaker. Wash 8-10 times with hot 
water. Dry at 125” for 4 hr. Cool in a desiccator and weigh 
the molybdenum oxinate. The conversion factor from 
weight of molybdenum oxinate to molybdenum is 0.5763. 
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RESULTS AND DISCUSSION 

Sample decomposition and separation 

As indicated above, the dissolution methods’” use 
acid decomposition (nitric, sulphuric and hydro- 
fluoric acid or aqua regia). This is quite time- 
consuming, especially the subsequent sulphurous acid 
fuming, heating to fumes with sulphuric acid, and 
requires ,constant attention and care by the analyst. 
Further, any undissolved residue is ignored, though 
it should be filtered off, ignited, fused with an alkaline 
flux, and taken up in solution, which should be united 
with the main solution. The preliminary separation of 
molybdenum from hydrous oxides is done in these 
methods by treatment with either sodium hydroxide 
or ammonia. In the present method the fusion of the 
sample with sodium peroxide accomplishes complete 
decomposition of the sample to yield sodium molyb- 
date. The subsequent leaching with water generates 
sodium hydroxide, in which the sodium molybdate is 
soluble, whereas the hydrous oxides (except that of 
any aluminium) are precipitated. 

Determination 

The ASTM method’ was found to be further 
complicated as it requires additional separation of 
molybdenum as the sulphide from ammonium 
molybdate solution. This is followed by wet de- 
composition of the filter paper and the sulphide 
precipitate with nitric and sulphuric acid etc. 
The subsequent reduction, prior to permanganate 
titration, involves zinc amalgam, which is objec- 
tionable on grounds of occupational health and 
pollution. The lead molybdate procedure2 is also 
quite tedious, requiring alkaline separation of a sol- 
uble molybdate, precipitation of lead molybdate in 
the presence of formate, carefully controlled ignition, 
dissolution in hydrochloric acid and reprecipitation 
of lead molybdate. The precipitation of molybdenum 
as the oxinate in the presence of EDTA and oxalate 
to eliminate interferences,‘.’ is much more attractive 
and is successfully incorporated in the present 
method. 

Table 1. Precision tests 

Molvbdenum content. % 

Stelco standard MOO, standard 
No. 3 MP 816 BCS No. 231/4* 

At Bt At At Bt 

62.95 63.29 61.33 69.86 69.88 
62.93 63.21 61.49 69.84 70.09 
63.10 63.18 61.51 69.89 
63.04 63.02 69.88 

63.17 
63.14 

Mean 
63.00 63.18 61.44 69.87 69.99 

Std. dev. (s) 
0.08 0.10 0.10 0.02 

*Certificate value 70.0%, range 69.8-70.1%, s = 0.12%. 
tAnalyst. 

The procedure described has been applied to our 
own works ferromolybdenum and molybdic acid 
standards and to a BCS ferromolybdenum reference 
standard. The results are recorded in Table 1. The 
method gives excellent precision and accuracy, and 
is rapid, simple, and of comparable accuracy to 
referee methods. The method has been in use in our 
laboratory for the last 6 years. 
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PHTHALHYDRAZIDYLAZOACETYLACETONE AS A 
CHEMILUMINESCENT ACID-BASE INDICATOR 

N. THANKARAJAN* and K. KRISHNANKUTTY 
Department of Chemistry, University of Calicut, Kerala 673 635, India 

(Received 17 June 1986. Accepted 12 December 1986) 

Summary-Phthalhydrazidylazoacetylacetone, an azo derivative of luminol, has been shown to be 
superior to luminol as a chemiluminescent indicator for acid-base titrations. 

Luminol (3-aminophthalhydrazide) has been used as 
a chemiluminescent indicator in various analyses, 
including acid-base titrations.’ It has been pointed 
out that the relatively large amounts of luminol, 

hydrogen peroxide and catalyst [haemin, hexa- 
cyanoferrate(III), etc.] employed as indicator com- 
ponents in acid-base titrations have an appreciable 
buffer action and hence tend to cause lower precision 
of titration.* Further, since the chemiluminescence 
(CL) emission of luminol in alkaline medium persists 
only for ~30 set, alkali cannot be titrated directly 

with luminol as indicator. In the present investigation 
it was observed that these shortcomings of luminol 
can be overcome by using instead phthalhydrazidyl- 
azoacetylacetone,t which is an azo derivative of 
luminol.3 This new CL indicator produces with 
hydrogen peroxide alone, about five times more 
intense luminescence than luminol does with hy- 
drogen peroxide and catalyst.’ Although many azo 
compounds have been used as indicators for various 
titrimetric analyses, this is the first report of an azo 
compound being used as a CL indicator. 

EXPERIMENTAL 

Synthesis of phthalhydraridylazoacetylacetone 
Luminol (0.88 g, 5 mmole) was diazotized with sodium 

nitrite and hydrochloric acid as usual. The resulting solution 
(_ 5 ml) was added slowly to a stirred solution of acetyl- 
acetone (0.5 ml, 5 mmole) in aqueous ethanol (10 ml, 70% 
v/v ethanol). Sodium acetate was added to maintain the 
apparent pH of the mixture between 7 and 8. After con- 
tinued stirring for 1 hr the precipitated compound was 
filtered off, washed repeatedly with water, sucked dry and 
recystallized twice from hot ethanol. Yellow needles, m.p. 
312”. Found C 55.2%, H 4.S%, N 19.1%; C,,H,,lO,N, 
requires C 55.57%, H 4.98%, N 19.44%. 

Preparation of indicator solution 

Phthalhydrazidylazoacetylacetone3 (10 mg) was dissolved 
in ethanol (50 ml) and diluted to 100 ml with water. 

Procedure for acid-base titration 

In a typical titration, an aqueous solution of the base (10 
ml) containing the indicator (0.2 ml) and hydrogen peroxide 

*Author for correspondence. 
tsystematic name: 3[(2,3-dihydro-1,4-phthalazinedione)yl- 

5-azo]-2,4-pentanedione. 

(0.01% w/v; 0.5 ml) was titrated with an aqueous solution 
of the acid. A magnetic stirrer was used for mixing the 
solution. At the end-point the luminescence of the solution 
stopped abruptly. In titration in the opposite direction (acid 
solution, hydrogen peroxide and indicator, titrated with 
base), luminescence appeared suddenly at the end-point. 
Replicate titrations were done with 1, 0.1, 0.01 and 0.00lN 
solutions of acids and bases. Blank titration corrections 
were applied. A semi-darkened room was found adequate 
for performing the titrations. Titrations could be done even 
in daylight if the flask was placed in a cardboard box with 
a hole in one side for observing the end-point. 

RESULTS 

It was found by pH-titration that at the end-point 
of the titrations the pH of the solution was between 
7.5 and 8. More accurate results were obtained 
consistently with the azo dye indicator than with 
luminol (Table 1). Values obtained with phenol- 
phthalein as indicator are shown for reference. To 
study the behaviour of the indicator in the presence 
of highly coloured components, titrations were done 
with Gentian Violet (0.003%) present in the test 
solution. The results of these titrations are also 
included in Table 1. The suitability of the indicator 
for titrations of carboxylic acids was also examined. 
The results are comparable with those obtained by 
using phenolphthalein (Table 2). 

DISCUSSION 

Phthalhydrazidylazoacetylacetone has been shown 
to exist predominantly in the hydrogen-bonded 
hydrazone-enol form.’ The greater CL efficiency of 
the azo indicator than that of luminol can thus be 
attributed to increased resonance interaction from 
extended conjugation of the hydrazone form, and to 
increased planarity of the system due to additional 
intramolecular hydrogen bonding.3*4 As expected, the 
CL emission maximum of the azo indicator (in 
aqueous alkali) is at longer wavelength (475 nm) than 
that of luminol (425 nm). In both cases, the emitting 
species has been shown to be the corresponding 
phthalic acid.3*4 
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Table 1. Titration of 10 ml of 1, 0.1, 0.01 and O.OOlM sodium hydroxide 
against hydrochloric acid of corresponding molarities 

Phthalhydrazidylazo- 
acetylacetone 

Without With 
Gentian Gentian 

Phenolphthalein, Luminol, Violet, Violet, 
FW, M ml ml ml ml 

1 10.01 9.92 9.96 9.94 
0.1 10.02 9.94 9.98 9.97 
0.01 10.02 9.95 9.98 9.91 
0.001 10.02 9.95 9.97 9.96 

Table 2. Titration of 10 ml of O.lN carboxylic acid with 

Acid 

Acetic 
Butyric 
Citric 
Oxalic 
Stearic 
Tartaric 

0. IN sodium hydroxide 

Phthalhydrazidylazo- 
Phenolphthalein, acetylacetone, 

ml ml 

9.95 9.98 
9.94 9.91 
9.92 9.96 
9.98 10.01 
9.93 9.95 
9.91 9.97 

The CL of the azo indicator is enhanced by cata- 
lysts such as hexacyanoferrate(III), but as the emis- 
sion is intense enough even without a catalyst, the 
latter can be avoided in titrations, so the buffer action 
by indicator components is reduced, and greater 
precision results. Thus, the variation of the titration 
values given in Table 1 is +0.02 ml for titrations 
using the azo indicator, and f0.04 ml for titrations 
using the luminol-catalyst indicator. Also, since the 
emission from the azo indicator persists for about 30 
min. titrations can be done in both directions. 

Luminol indicator solution is usually prepared in 
aqueous alkali, which introduces an additional error 
in acid-base titrations. However, the azo indicator 
can be prepared in aqueous ethanol and stored for 
several months without change. The concentration of 
the azo indicator needed for each titration is also 
considerably less than that of luminol. 

The chief advantage of CL indicators is that 
they permit analysis of deeply coloured and turbid 
solutions. Excellent results were obtained with this 
indicator in determining saponification values of 
coloured oils and fats. The applicability of the indi- 
cator in other titrations is under investigation. 
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Snmmary-The transport of potassium and sodium picrates is measured by a liquid membrane technique 
in the presence of two mobile carriers: water-in-oil microemulsion droplets and lipophilic crown-ethers. 
The fluxes are compared for two cases: (i) the crown-ether (dicyclohexano-18-crown-6) is assumed to be 
independent of the microemulsion droplet and (ii) the crown-ether (dodecano-18crown-6) is assumed to 
be anchored in the droplet. A lower flux is observed when the microemulsion droplet and the crown-ether 
diffuse as a single entity. These results suggest that larger synergistic effects are obtained when the 
extractant can diffuse independently of the microemulsion droplet. 

The use of water-in-oil (w/o) microemulsions in place 
of classical organic phases has recently been demon- 
strated in different liquid-liquid extraction systems.‘-’ 
The microemulsion phase (or reverse micellar phase 
depending on the terminology used) has appeared to 
be, at least in several cases, responsible for the 
enhanced extraction rates observed when surfactant 
molecules are present.ti 

We have previously used different model systems to 
perform transport experiments which have improved 
our understanding of the part that can be played by 
the microemulsion droplets in mass transfer pro- 
cesses.‘~* These experiments showed that water-in-oil 
microemulsions are capable of transporting alkali- 
metal picrates between two external water phases at 
a much faster rate than classical carrier molecules, 
but with the same flux for sodium as for potassium 
picrate.’ In contrast to the now classical water-in-oil- 
in-water double-emulsion systems, the water droplet 
here is not the receiving phase, but the mobile carrier. 

While studying such transport by microemulsions 
used as liquid membranes, we tried to introduce ionic 
selectivity by adding crown-ether molecules to the 
microemulsion. When dicyclohexano- 1 g-crown-6 
(DC18C6) is added to the hydrocarbon continuous 
phase of a microemulsion made of n-decane/water/ 
tetraethyleneglycol dodecyl ether (TEDGE)/hexan- 
l-01, two carriers can be considered to co-exist in the 
liquid membrane, the microemulsion “droplet” and 
the macrocycle. This situation results in (i) a syn- 
ergistic effect7,8 and (ii) a larger transport rate for 
potassium picrate than for sodium picrate.’ 

Two of us had previously suggested’ that the 

*Author to whom correspondence should be addressed. 

synergistic effect could be due to the large difference 
between the diffusion constants of the two kinds of 
mobile carrier. The rate-limiting step in these experi- 
ments is the diffusion of the carriers in the unstirred 
layers. Owing to the possible exchange of alkali-metal 
picrates between the two carriers during the transport 
process, the thickness of the diffusion layer operative 
for each carrier species was assumed to be less than 
that when there is only one carrier. 

A point of particular interest would be to deter- 
mine whether or not a synergistic effect is still present 
when the crown-ether molecule is anchored to the 
microemulsion “droplet” so that both species have to 
diffuse as a single entity. 

We have attempted to check this by replacing the 
cyclohexyl groups of dicyclohexano- 1 g-crown-6 by 
an alkyl chain with twelve carbon atoms so that the 
hydrophobic chain has the same chemical nature as 
the hydrophobic tail of the surfactant used (the 
crown-ether part of the molecule is already of the 
same chemical nature as the hydrophilic part of the 
surfactant). The surface properties of long-chain al- 
kyl crown-ethers have been clearly demonstrated by 
Kuo et ~1.~ and we assume that the affinity of this 
crown-ether for the dispersed phase is considerably 
greater than that of the dicyclohexane crown-ether. 
Unfortunately, it is extremely difficult to determine 
experimentally the solubilization site of each crown- 
ether, because of the rather similar chemical nature of 
the different components involved in these systems. 

EXPERIMENTAL 

Different synthetic routes have been explored for obtain- 
ing crown-ethers bearing an alkyl chain.‘&I3 The method 
of Ikeda ef ~1.‘~ starts from a 1,Zepoxyalkane and oligo 
ethylene glycols. The purification of the crude products 
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requires an apparatus for molecular distillation that we do phases in the case of microemulsions has already been 
not have at our disposal. We tried the method used by discussed.7J The composition of the microemulsion phase is 
Mizuno et al.,” who prepared alkyl derivatives of given in Table 1. The source and receiving phases in thermo- 
15-crown-5 and 12-crown-4. The chromatographic sepa- dynamic equilibrium with the microemulsion were found to 
ration of the final ,product and of the brominated inter- contain 99% water. The initial picrate concentration in the 
mediary product appeared to be very difficult, both products 
having comparable polarities. In addition the method 

source aqueous phase was 2 x IO-‘M. Either potassium or 

requires the expensive pentaethyleneglycol as a starting 
sodium picrate was used. When added to the system, the 

material. For these reasons, we have preferred to use a 
concentration of the crown-ether compounds in the liquid 

method derived from that described by Gehint4 for pre- 
membrane was lo-*M. The experiments with micro- 
emulsions were usuallv run for l-4 hr and the flux measure- 

paring chiral crown-ethers from sugars. ments were estimated- to be reproducible within f 10%. 

WL-CH--CH, 
Kx3i4)~ 

GHz 66% 

A A SwoNaOH H H (“--C4H9)rNCHSOi 

2NaH CH,-GH 
1 

R,,18C6 20% 

The starting material is a diol, as in the methods 
of Cinquini and Tundo”’ and Bowsher et al.” The first 
step is the condensation of di(2-chloroethyl) ether with 
tetradecane-1,2-diol by phase-transfer catalysis in the pres- 
ence of tetrabutylammonium hydrogen sulphate. 
Di(2chloroethyl) ether is both a reactant and the solvent for 
one of the phases, the other phase being 50% sodium 
hydroxide solution. The yield of the first step after chro- 
matographic separation was 66%. The second step is the 
condensation of the dichloro product with ethane- 1 ,Zdiol. 
The latter was deprotonated by use of sodium hydride. 
N,iV-Dimethylformamide was found to be a more con- 
venient solvent than butanolt4 (which can be deprotonated 
instead of the ethane-1,2-diol) or dioxan. It is a better 
solvent for the deprotonated diol and could favour the 
“template effect” of the sodium ions.15 The yield was 20% 
after purification on silica gel. 

The ‘H NMR spectrum at 4OOMHz in CDCI, was 
in accordance with the formula of the expected pro- 
duct (2-dodecyl- 1,4,7,10,13,16-hexaoxacyclooctadecane = 
R,,18C6). Elemental analysis gave C 64.0%, H 11.1%; 
C,H,,O,,H,O requires C 63.97%, H 11.18%. 

The transport experiments were performed with a three- 
compartment glass cell in the shape of an inverted U, 
because the liquid membrane (either pure decane or a w/o 
microemulsion) had a lower density than the aqueous source 
and receiving phases. The cell is shown in Fig. 1, which also 
shows the connection of the flow-cell used for the spec- 
trophotometric detection of the transported picrates. 

The problem of thermodynamic equilibrium between the 

RESULTS AND DISCUSSION 

The results obtained are collected in Table 1, where 
the fluxes (moie/hr) of the two picrates are compared 
for different compositions of the liquid membrane. A 
distinct decrease in the flux is observed both for 
potassium and sodium picrate (but less for the latter) 
when DCl8C6 is replaced by R,, 18C6 in the micro- 
emulsion. At first glance, it seems that this obser- 
vation cannot be attributed unambiguously to the 
anchoring of the Rr218C6 molecules to the micro- 
emulsion “droplets” because the alkyl chain is itself 
responsible for a decrease of the flux, which is 
reduced by a factor of 6-8 in pure decane. This is 
consistent with the earlier transport experiments by 
Bowsher et al.,” who reported that 18-crown-6 trans- 
ported sodium picrate through a chloroform mem- 
brane 7 times as fast as C,,-18-crown-6 did, and 
potassium picrate 5 times as fast. On the other hand, 
the side-chain in macrocyclic carriers has practically 
no effect on the flux of amino-esters.r6 

Nevertheless, considering the orders of magnitude 
of the fluxes in decane and the microemulsion, the 
effect of the side-chain on the flux in decane should 
be almost undetectable for the microemulsion system. 

SOWCe 
compartment 

- CLars jacket for circulation Of 

thermostated water 

Receiving 
compartment 

Fig. 1. Glass cell and arrangements for the transport measurements. 
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Table 1. Flux of potassium and sodium picrates, depending on the nature of the 
liquid membrane (interfacial area 3.14 cm*) 

K+Pi- flux, Na+Pi- flux, 
Liquid membrane molelhr molelhr 

R,,18C6/Decane 7.0 x 10-r _ IO-9 
DC lIC6/Decane 4.2 x IO-’ 8.6 x 1o-9 

Ru 18C6/Microemulsion* 3.4 x IO-6(1.3 x 10-b) 2.3 x 10-6(0.2 x 10-6) 
DC 18C6/Micrcemulsion* 5.3 x 10-6(3.2 x IO+‘) 2.8 x 10-6(0.7 x 10-6) 

Microemulsion* 2.1 x IO-6 2.1 x 10-6 

*The composition of the microemulsion (in weight %) was: 6.5% water, 74.8% 
decane, 4.7% hexan-l-01, 14.0% TEDGE. Values in parentheses are obtained 
after deduction of the flux for the microemulsion alone (see text). 

The results in Table 1 shows that in decane the flux 
is -70 times larger for potassium picrate than for 
sodium picrate with R,,l8C6 and -50 times larger 
with DCl8C6, and that changing the crown-ether 
from R,,l8C6 to DCl8C6 increases the flux 6-fold 
for potassium picrate and 8.6-fold for sodium picrate. 
Similar comparisons can be performed for the crown- 
ethers in the microemulsion after subtraction of the 
contribution of the microemulsion itself (values in 
parentheses in Table 1): the corresponding picrate 
flux ratios are 6.5 and 4.5 with R,,18C6 and DCl8C6 
respectively, and the increases on change from 
Ru18C6 to DCl8C6 are 2.5-fold and 3.5-fold for the 
potassium and sodium picrates respectively. The pic- 
rate flux ratios for the two crown-ethers are reduced 
by a factor of about ten on changing from the decane 
to the microemulsion membrane. Because the flux 
ratio is practically unity for the microemulsion sys- 
tem without crown-ether, and the fluxes are much 
greater than in the crown-ether/decane system, we 
would expect a similar flux ratio (N 1) for the crown- 
ether/microemulsion system. The fact that use of 
DCl8C6 instead of R,,l8C6 increases the fluxes by 
factors of 2.5-3.5 can thus be taken as indicating the 
contribution of another effect, which is presumably 
due to the anchoring of the R,,l8C6 to the micro- 
droplet. Nevertheless there is a considerable syn- 
ergistic effect for potassium picrate with both crown- 
ethers in the microemulsion system since the fluxes 
obtained with it are about 5&100% greater than the 
sum of the fluxes measured independently for the 
microemulsion alone and for the crown-ether in 
decane. For sodium picrate however, the synergistic 
effect is much smaller (only about lO-30%) as 
expected from the well-known selectivity of 18C6 
compounds for potassium ions. 

These observations may have implications in the 
field of metal-ion recovery by liquid-liquid extraction 
processes, including liquid membrane techniques. In- 
deed, if microemulsions are used as transfer agents in 
conjunction with selective extractants to improve the 
transfer rate of metal-ions, it may be advantageous to 
choose a lipophilic extractant that is soluble in the 
continuous organic phase rather than interacting 
strongly with the microdroplets constituting the dis- 
persed phase. 
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Summary-Tungsten(V1) reacts with rutin in the presence of cetyltrimethylammonium bromide to form 
a soluble yellow complex having maximum absorbance at 416 nm. The molar ratio of tungsten to rutin 
in the complex is 1:2. The molar absorptivity is 5.01 x lo4 l.mole-‘.cm-‘. Beer’s law is obeyed over the 
range 1 x 10-‘-l x 10e5M tungsten(W). Optimum solution conditions for the determination of tungsten 
in various sample matrices have been found and the interference of diverse ions has been examined. 

Rutin, 3-([6-o-(6-deoxy-a-L-mannopyranosyl)-j?-D- 
glucopyranosyl]oxy}-2-(3,4-dihydroxyphenyl)-5,7- 
dihydroxy-4H- I-benzopyran-Cone, has been used 
analytically for determination of thorium,’ titanium,2 
uranium,3 vanadium,4 zirconium5 and molybdenum.6 
Krunz and Pfendt’ have reported a spectrophoto- 
metric method for determination of tungsten with 
rutin in 50% methanol-water solution. 

absorbance at 416 nm against a reagent blank, using 1 J&cm 
cells. 

RESULTS AND DISCUSSION 

Absorption spectra 

In recent years, systems containing a metal ion, an 
organic chromophore reagent and a surfactant have 
been used widely and effectively in spectrophoto- 
metric determination of trace amounts of metal ions. 
In these systems, the presence of the surfactant 
produces bathochromic and hyperchromic shifts in 
the absorption spectra and facilitates determination 
of the metal ions in aqueous solution. In the present 
paper, a sensitive spectrophotometric method for 
determination of tungsten with rutin and cetyltri- 
methylammonium bromide (CTMAB) in aqueous 
solution is presented. 

The spectra of rutin and rutin_CTMAB, tungsten- 
rutin and tungsten-rutin_CTMAB mixtures are 

shown in Fig. 1. The absorption spectrum of the 
tungsten-rutin mixture is similar to that of the rutin 
solution alone. However, significant bathochromic 
and hyperchromic shifts are observed for the 
tungsten-rutin complex in the presence of CTMAB, 

EXPERIMENTAL 
Reagents 

Standard tungsten(W) solution. Dissolve 0.330 g of re- 
agent grade sodium tungstate dihydrate in distilled water, 
dilute the solution to 1 litre, and standardize it. 

Rutin solution, 1.0 x IO-‘M. Dissolve 0.129 g of rutin in 
200 ml of 50% ethanol. 

CTMAB solution, O.OSM. Acetate buffer pH 5.0. Dissolve 
270 g of sodium acetate trihydrate in distilled water, add 60 
ml of acetic acid and dilute to 1 litre with distilled water. 

General procedure 

Transfer an aliquot of the sample tungstate solution to a 
25ml standard flask, add 2.0 ml of rutin solution, 1 ml of 
CTMAB solution and 1 ml of acetate buffer, and dilute to 
volume with distilled water, and mix. Allow the sample to 
stand for 30 min at room temperature, then measure the 

Wavelength (nm 1 

Fig. 1. Absorption spectra of 1, rutin (4 x 10m5M); 2, W 
(8 x 10w6M) + rutin (4 x 10-5M): 3. rutin (4 x 10m5M) + 
tiMAB i2 x 10-3ti); 4, ‘ti (8 x io-6M) + r;tin 
(4 x 10-SM) + CTMAB (2 x lo-)M); 5, difference between 

*Author to whom correspondence should be addressed. curves 3 and 4. 
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Fig. 2. Effect of pH on the absorbance of the tungsten- 
rutin-CTMAB complex at 416 nm. 

the wavelength of maximum absorbance for the 
ternary system measured against a rutin blank sol- 
ution being 416 nm. 

Elfect of pH 

The effect of pH on the tungsten-rutin_CTMAB 
system was studied over the range 3-7. Figure 2 
shows that the absorbance is constant and maximal 
from pH 4.4 to 5.1, and the wavelength for maximum 
absorbance is independent of pH within this 
range. The composition of the complex (tungsten: 
rutin = 1:2) is constant from pH 4.4 to 5.1. Accord- 
ing to the literature,’ pK, for rutin in aqueous meth- 
anolic medium is 9.17. At pH > 7, the colour of rutin 
solution is deeper yellow and the complex with 
tungsten is unstable. 

Acetate buffer is used to maintain the optimum 
pH. It does not affect the absorbance but improves 
the stability of the colour of the complex. 

Reagent concentrations 

A fivefold molar excess of rutin is required for 
obtaining reproducible absorbance values. 

The effect of the CTMAB concentration is inter- 
esting. At CTMAB concentrations ~5 x 10m5M, an 
opalescence or even turbidity appears owing to for- 
mation of insoluble ion-association complexes of 
rutin with CTMB. At CTMAB concentrations 
>5 x IO-‘M, the solution remains transparent. The 
critical micelle concentration of CTMAB is reported 
to be 1 x IO-‘M in aqueous solution.’ The absorb- 
ance of the tungsten-rutin-CTMAB system at 416 
nm becomes maximal and constant at CTMAB con- 
centrations above N 1 x 10e3M. 

No yellow complex is observed at pH 5 for the 
tungsten-rutin system in aqueous solution in the 
absence of CTMAB, but there are bathochromic and 
hyperchromic shifts in the spectrum when CTMAB is 

present. Krunz and Pfendt’ reported the tungsten- 
rutin complex in 50% methanol-water medium 
to have a molar absorptivity of 4.03 + 0.06 x lo4 
1. mole-’ .cn-’ at the absorption maximum (405 nm). 
The molar absorptivity of the tungsten-rutin- 
CTMAB complex at 416 nm is 5.01 x lo4 
I.mole-‘.cm-I. 

Calibration graph 

Beer’s law is obeyed over the tungsten range 
1 x lo-’ - 1 x lo-‘M. At room temperature the col- 
our development is complete after 20 min and the 
colour is stable for at least 24 hr. 

Effect of diverse ions 

The effect of other species on the determination of 
37 pg of tungsten by means of the tungsten- 
rutin-CTMAB system was studied. Sulphate, nitrate, 
oxalate, chloride and fluoride (100 pg), EDTA (50 
pg) and phosphate (20 pg) do not interfere, but 
tartrate (20 pg) does. 

The following ions do not interfere with deter- 
mination of tungsten when present at the mole ratio 
to tungsten stated in brackets: Mg*+, Ba*+, Zn*+, 
Cd*+ Co*+ and Ni*+ (250); Mn*+ (100); Sr*+ and 
Pb*+ ‘(10); Ca*+ (2.5); Cu*+ and Hg*+ (1). Ions that 
do interfere when present at I:1 mole ratio to tung- 
sten are A13+, Fe’+, Bi3+, Ti4+, ZrO*+, Th4+, 
VO;, CrO:-, MOO:-, and UO:+. Prior separation of 
tungsten by ion-exchange” eliminates most of these 
interferences, although it is best if molybdenum is 
completely absent from the sample. 

Analytical applications 

The proposed method has been tested for deter- 
mination of tungsten in selected samples. Typical 
results are given in Table 1. For the steel samples an 

Table 1. Determination of tungsten in selected samples 

W found, % 

Proposed 
method (n = 6) Accepted 

Sample P s value* 

Low alloy steel 
NBS SRM 1167 0.21 0.02 0.20 

Tool steel ASTM A597 0.45 0.01 0.44 
W(V1) solutiont 1 1.28 0.02 1.29 

2 14.6 0.2 14.7 
Germinated seeds4 

mustard 1 0.26 0.26 
2 0.81 0.82 
3 1.04 1.07 

corn 1 0.015 0.015 
2 0.14 0.14 
3 0.22 0.21 

pea 1 0.031 0.033 
2 0.30 0.30 

*Values by thiocyanate method” except for NBS sample, 
for which the certified value is given. 

tMother liquor from precipitation of lanthanum tungstate 
under varied conditions. 

jSeed germinated in solutions of varied W(VI) coneen- 
tration, single samples. 
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ion-exchange separation preceded the complex for- 
mation and absorbance measurement. The saturated 
lanthanum tungstate solutions were used as received. 
For the germinated seed samples 1 g of plant material 
was first dried at 70” for 24 hr, then carbonized at 
400”. The residue was digested with 20 ml of 034 
sodium hydroxide, and the solution thus obtained 
was diluted to 100 ml with distilled water and 
1.0-10.0 ml portions were taken for analysis. The 
values found are compared with either a certified 
value or with results from spectrophotometric 
measurements by the thiocyanate method.” 
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DOSAGE DES ACIDES FAIBLES EN MILIEU 
AMMONIUM QUATERNAIRE CONCENTRE 

D. BAYLOCQ, W. KAYATA et F. PELLERIN 
Laboratoire de Chimie Analytique, Facultt de Pharmacie de 1’Universid Paris Sud, 1 Rue J. B. Cltment, 

92296 Chatenay-Malabry, France 

(Recu Ie 26 avril 1986. Rkvisi le 23 juin 1986. Accept6 le 28 novembre 1986) 

R&mm&---Le dosage des acides faibles est envisa& en milieu ammonium quatemaire concent&. Dans cc 
type de solvant, appauvri en liaison hydrog&e, une complexation Aultant d’une homoconjugaison ou 
d’une h&Croconjugaison est observbe en pr&ence de base et d’acide faible; celle-ci renforce l’acidid des 
couples acide-base conjugds et les rend directement titrables. Le pro&d6 est applicable au dosage de la 
thkobromine et de la Wophylline par le nitrate d’argent en milieu a&ate de t&rabutylammonium 
concent&. Ces compo& sont titrables comme acides faibles et non comme base conjuguke. 

Summaq-The determination of weak &ids in concentrated quaternary ammonium salt medium is 
proposed. In this type of solvent, which has few hydrogen bonds, complexation arises through 
homoconjugation or heteroconjugation in the presence of weak acids or bases; this enhances the acidity 
of the conjugate acid-base couples and makes them directly titratable. The procedure is applicable to 
determination of theobromine and theophylline with silver nitrate in concentrated tetrabutylammonium 
acetate medium. These compounds are titrated as weak acids and not as their conjugate bases. 

L’emploi des sels fondus utilish comme solvant en 
analyse inorganique a ktk dCvelopp6 pour les dosages 
de nombreux d&iv&s. De tels pro&d& sont inap 
plicables aux compods organiques du fait de la 
nkcessitk d’opkrer le plus souvent ii des tempkratures 
incompatibles avec leur stabilitt. L’utilisation de mi- 
lieux tels que les solutions salines concentrkes a alors 
pu Btre envisagbe. 

D’aprrk plusieurs auteurs,lV3 Wude des solutions 
salines concentrkes tend k prouver que leur com- 
portement se rapproche de celti des solutions dilukes. 

Pellerin et Leroux-Marno ont propost un pro&d& 
de titrage des bases puriques dans les solutions salines 
concentrtes par formation de d&iv& argentiques. 
Dans ces solvants appauvris en liaisons hydrog&ne 
(par rapport aux solutions dilutses), la nature et la 
concentration en se1 jouent un rtile essentiel dans les 
dosages des couples acide-base de caractke t&s 
faible. 

Looy et Hammett5 furent parmi les premiers ii 
mettre en kvidence la complexation des anions dans 
un solvant pauvre en liaisons hydrogke pour former 
le complexe HA; ou A-(HA)N+, qui rksulte d’une 
homoconjugaisonS ou le complexe RHA- qui r&&e 
d’une htt6roconjugaison,6 

L’homoconjugaison et l’hktiroconjugaison ren- 
forcent le caractere acide des couples acido-basique 
lorsque ces composks sont conjugds, et les rendent 
~r~tement titrables. 

Diffkents facteurs7-9 influencent cette formation, 
en particulier la faible solvatation des anions” qui, en 
prtsence de leur acide conjugd deviennent 
suffisamment stables (g&e aux liaisons 

Tableau 1 

Compose P& 

~~ophylline” 8,77 
~~obrominei4 IO,05 
Succinimide” 9,50 

9,62 

d’homoconjugaison) pour produire un changement 
profond dans les r&actions acide-base.“-” Un autre 
facteur est la$aible cupucitk des soluants B former des 
liaisons hydrogene qui favorisent la conjugaison.13 

Dans les milieux salins concentrks, les titrages de la 
thkobromine, du succinimide et de la thkophylline par 
argentimhtrie exigent d’alcaiiniser fortement le mi- 
lieu. En revanche, l’btude effect&e a montrk que ces 
trois compo&, dissous dans une solution 
d’ammonium quatemaire telle que l’ackate de titra- 
butylammonium, sont titrables. La valeur de pK, 
de ces composks (Tableau 1) montre une nette 
diffkrence entre la thkophylline et les deux autres 
composk 11 convient de noter que la thkophylline et 
le succinimide sont solubles dans l’eau, alors que la 
thkobromine est peu soluble. 

Le choix d’un ammonium quaternaire et no- 
tamment l’acktate de tktrabutylammonium (ATBA) 
est fond6 sur deux critks: 

-son affinid pour l’eau qui permet de p&parer des 
solutions t&s concentrkes (2 g/ml) se mppr~hant des 
propritt6s des solvants des sels fondus; 

-son emploi ptisente l’avantage d’opkrer B la 
tempkature ambiante ou toutefois infkrieure B celle 
utiliske en milieu se1 fondu. 
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200 

r 

I I I I I I 
0 2 4 6 8 93 

ml 0.1 M Ag NO, 

Fig. 1. Dosage potentiometrique de la thtobromine en 
milieu aqueux de ATBA a concentration x (% p/v) par 
le nitrate d’argent: l l l x = 50%; --- x =60%; 

X X x x = 80%; “. x = 100%. 

PARTIE EXPERIMENTALE 

Appareillage 

Mbtrohm Titroprocesseur E 636; Dosimate E 635; elec- 
trode d’argent combinie, 6.0404.100 (1226); electrode de 
calomel combinte, 6.0202.000 (EA 120). 

RPactif 

Acetate de dtrabutylammonium (Fluka), hydroxyde de 
sodium IM (Prolabo), nitrate d’argent 0,lM (Prolabo). 

RESULTATS 

Dosage de la theobromine 

La theobromine (TBH) est dosee par le nitrate 
d’argent en milieu a&ate de tetrabutylammonium 

(ATBA) dune part, en presence d’hydroxyde de 
sodium en exc& (theobromine base) et d’autre part, 
en l’absence d’hydroxyde de sodium (theobromine 
acide). 

2 -100 

-200 

- 300 

1 I I I I I I 
0 2 4 6 a 10 

ml 0.1 M Ag NO, 

Fig. 2. Dosage potentiometrique de la theophylline en milieu 
aqueux de ATBA ri concentration x (% p/v) par le nitrate 

d’argent (0,l M): l . l x = 100%; ... x = 50%. 

Dans le premier cas, l’apparition de deux points 
d’inflexion correspond successivement aux rapports 
argent/thtobromine 0,5 et 1 selon les reactions (l-3) 
en milieu acetate de sodium concentre. Ceci confirme 
les resultats de Pellerin et Leroux-Mamo.4 

TBH + NaOH + TBNa + Hz0 (1) 

2TBNa + AgNO,x NaoH (TB),AgNa + NaNO, (2) 

(TB), AgNa + AgNO, x NaoH 2TBAg + NaNO, (3) 

Dans le second cas, en l’absence d’hydroxyde de 
sodium, les deux points d’inflexion (Fig. 1) corre- 
spondent successivement aux rapports argent/ 
theobromine = 0,25 et 1, reactions (4) et (5): 

4TBH + AgNO, - ATBA (TB), Ag, Z, + HNOj (4) 

(TB),Ag, Z, + 3AgN0, - ATBA 4TBAg + 3ZN0, (5) 

oh Z = H+ ou R,N+ 

Dosage de la thkophylline 

Le dosage de la theophylline (TPH) (Fig. 2) par le 
nitrate d’argent en milieu ATBA effectue a titre 
comparatif avec les milieux deja Ctudies, H,O, 
CH,COONa, KNO,, est exact et precis. 

L’apparition d’un seul point d’inflexion correspond 
au rapport argent/thCophylline = I : 

TPH + AgNO, = TPAg + HNO, (6) 

Dosage du succinimide 

Le dosage du succinimide par le nitrate d’argent en 
milieu ATBA en presence d’hydroxyde de sodium 
donne un seul point d’inflexion et correspond au 
rapport argent/succinimide = 0,5 (comme en milieu 
aqueux); il est a remarquer que le complexe form& 
reste soluble dans le milieu de dosage. En revanche, 
en l’absence d’hydroxyde de sodium, ce rapport en 
milieu ATBA a 80% est &gal a 1. 

DISCUSSION 

Le comportement des acides faibles varie selon les 
proprietes des acides eux-memes, mais aussi selon le 
milieu dans lequel ils ont CtC etudits. La comparaison 
entre les travaux effect& par Pellerin et Leroux- 
Marno en milieu acetate de sodium concentre et nos 
travaux effectub en milieu ATBA permet de mettre 
en evidence les points suivants: 

-la formation de ditheobrominate d’argent en 
milieu salin concentre [CH,COONa, CH,COO- 
(C,H,),N] alcalinise par l’hydroxyde de sodium; 

-la formation de tetrathtobrominate d’argent en 
milieu ATBA aqueux pour des concentrations super- 

ieures a 80%; 
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-1’exds de nitrate d’argent ou le lavage a l’eau 
distillte transforme le dithdobrominate d’argent ou le 
tetratheobrominate d’argent en monotheobrominate 
d’argent; 

-le complexe bis(succinimido-N,N’)argentate(I) 
de sodium monohydrate se forme en milieu aqueux 
alcalin16 aussi bien qu’en milieu salin concentre 
(CH3COOR,N). 

Pour expliquer le role du milieu ammonium qua- 
ternaire, il est utile de le comparer avec d’autres 
milieux salins concentrts, comme I’acetate de sodium. 

L’hypothese que nous avons Claboree sur le me- 
canisme de la formation des complexes argentiques 
est la suivante: au fur et a mesure de la neutralisation 
de l’ion theobrominate par les ions argent, le com- 
plexe form& se combine avec une autre molecule de 
thtobrominate, soit par une liaison covalente, comme 
dans le cas du bis(succinimido-N,N’)argentate(I) de 
sodium pentahydrate, soit par attraction electro- 
statique. Ceci a pour appui le fait qu’un acide (ou une 
base faible) en presence de sa base conjuguee (ou son 
acide conjugui) peut former un complexe (AH/A-) 
par homoconjugaison. Celui-ci prisente un caractere 
plus acide que I’acide de depart. 

La faible solubilite du theobrominate d’argent, 
l’attraction entre le doublet tlectronique sur l’azote 
en position 2, l’atome d’argent electropositif et enfin 
le milieu salin concentre en acetate de tetrabutyl- 
ammonium (ou acetate de sodium) justifient aussi 
cette conjugaison. 

Cette explication confirme le passage de la for- 
mation du ditheobrominate au monotheobrominate 
Sargent. 

En milieu ammonium quaternaire concentre 
(ATBA), la theobromine est dosee par potentiometrie 
avec le nitrate d’argent comme acide faible et non 
comme base conjugute. 

La formation successive de deux complexes theo- 
brominate d’argent en milieu quaternaire, concen- 
tration minimum 0,8 mg/ml, avec les rapports 
argent/theobromine = 0,25 et 1, con&me l’existence 
dun ordre moliculaire plus Cleve qu’en milieu acetate 
de sodium a 5 mg/ml. Dans les milieux CH,COONa, 
CH&OOR,N, cet ordre diminue en passant de la 
forme moleculaire a la forme ionique; dans les formes 
ioniques, les associations se font en partie entre les 
ions et les molecules du solvant, plutot qu’entre les 
molecules d’acide elles-mCmes. 

Les solutions salines concentrkes exaltent l’acidite 
des acides faibles et cette exaltation est propor- 
tionnelle a la concentration en sel. Les sels 
d’ammonium quaternaire exaltent l’aciditt des acides 

faibles beaucoup plus que les autres sels (CH,COOK, 
CO,Na, etc.); bien que le cation R4N+ provoque une 
diminution de l’activite de H+. Mais, la grande 
affinite de ces sels pour I’eau, le fait que les sels R,N+ , 
leur donnent ce. caractere particulier et laissent la 
Porte ouverte a d’autres dosages d’acides faibles peu 
solubles en milieu aqueux et peu resistants a 
l’tlevation de temperature. 

Dans les solutions d’ammoniums quatemaires con- 
cent& (c, la constante dielectrique, tend vers zero), 
I’eau est engagee avec les sels, les sels R,N+ augmen- 
tent le pontage (effet dtshydratant). En d’autres 
termes, la solution est appauvrie en liaisons hydro- 
genes et celles-ci ne sont possibles qu’entre les mole- 
cules elles-mtmes. 

Enfin, au tours du titrage, le nitrate d’argent forme 
avec une quantitt Cquivalente de theobromine, un 
chelate par liaison covalente entre I’azote en position 
2 et l’ion argent. La stabilisation de la charge de la 
fonction imide favorise la conjugaison entre le chelate 
forme et d’autres molecules de theobromine libres; 
ainsi, une molecule de theobrominate chelati (theo- 
bromine argentique) fixe a son tour 3 autres mole- 
cules par attraction Clectrostatique et par liaison 
hydrogene pour former le tetratheobrominate 
d’argent. 
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Summary-The uranyl complexes of N,N,N’,N’-tetrakis(carboxymethyl)-2,3-diaminopropionic acid, 
N,N,N’,N’-tetrakis(carboxymethyl)diaminobutyric acid, N,N,N’,N’-tetrakis(carboxymethyl)omithine 
and N,N,N’,N’-tetrakiscarboxymethyl)lysine have been studied by potentiometry, with computer evalu- 
ation of the titration data by the MINIQUAD program. Stability constants of the 1: 1 and 2: 1 
metahligand chelates have been determined as well as the hydrolysis and polymerization constants at 25” 
in O.lM potassium nitrate. Results are compared with those obtained for the many1 complexes of the 
corresponding members of the series of the pol~ethylen~i~netetra-attic acids. 

We have recently prepared a new series of’complex- 
ones, the a-carboxypolymethylenediaminetetra-acetic 
acids (cpdta) and studied their complexation reac- 
tions with some metal ions.‘” These acids have the 
general formula: 

(HOOCCH,),NCH(COOH) (CH,),N(CH,COOH)r 

where n = 1,2,3 and 4, and are respectively named cx - 
carboxyethylenediaminetetra-acetic acid (CEDTA), 
~,~,~‘,~ - tetra~s(~r~x~ethyl} - 1,3 - diamino- 
butyric acid (DBT), D,L-N,N,N‘,N’-tetrakis(carboxy- 
methyl)omithine (OTC) and N,N,N’,N’-tetrakis- 
(carboxymethyl)lysine (LTC). 

The asymmetry of these compounds may lead to 
some properties of possible interest as complex- 
forming agents, since the two complexing groups will 
behave differently, one being more powerful than the 
other. 

In this work, we present results obtained for the 
formation in solution of complexes of the uranyl ion 
and the newly synthethized ligands. 

The complexes formed by the uranyl ion and the 
parent ~l~ethylen~i~ine~tra-attic acids (@a) 
have been thoroughly investigated and the influence 
of the length of hydrocarbon chain on the stability of 
the complex species formed has been discussed.m 
The present study aimed to check the effects of 
the asymmetry of the ligands on the number and type 
of species formed and their stability. The potentio- 
metric data were evaluated by computer with the 
MINIQUAD program;9V’o we selected probable 
models for the series of complexes formed and 
calculated the corresponding stability constants. 

Reagents 

EXPERIMENTAL 

All ligands were prepared by condensation of the corm- 
sponding diamino acid with mon~hlo~~tic acid in alka- 
line medium.‘” 

Uranyl nitrate was analytical grade (Fluka), used without 
further purification. The stock I@+ solutions was stan- 
dardized gravimetrically. The potassium hydroxide solu- 
tions used as titrants were prepared under nitrogen from 
Merck “Titrisol” vials, with C&-free demineralized water. 
The concentrations of these solutions and the absence of 
carbonate were checked regularly by ~~tiomet~c ti- 
tration with standard hydrochloric acid. 

Potentiometric measurements 

A Crison digital potentiometer and Ingold electrodes 
were used. The measured potentials were converted into 
[H+]values according to the expression E = K + a log&I+]. 
The experimental value of a, determined at 25*, was 
59.2 f 0.1 mV, in good agreement with the theoretical value 
of 59.15 (the drift of the liquid-junction potential during the 
measurements in the pH range of the titrations was found 
to be negligible and was not considered in the expression 
used). The cell constant K was calculated from a previous 
titration of hydrochloric acid with potassium hydroxide 
with end-point location by C&an’s method.” The cahbration 
was repeated before and after each titmtion. 

The value of the ionic product of water (in 0.1 M KN4) 
used in the calculations was 1.68 x lo-“. 

Method 

Potentiometric titrations were Performed on mixtures 
with Uq+/cpdta ratios of 1: 1 and 2: 1 at a range of ligand 
concentrations from 5 x lo-* to 1.5 x 10e3M. At coneen- 
trations below 5 x 10A4M no polymeric species are formed, 
and at concentrations above 1.5 x IO-‘&f the polymeric 
species precipitate as soon as the metal and ligand solutions 
are mixed. 

The titrations were performed in a double-walled titration 
cell with the temperature controlled at 25.0 f 0.1” by water 
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Table 1. Stability constants of the proton complexes of ffie ligands (25”, 0. I M KNQ,) 

L&and B 011 B 012 B 013 B 014 B 0,s 

CEDTA 1.182 x IO’O 3.580 x lOI 7.707 x IOt9 4.227 x 1p2 6.796 x IOU 
DBT 1.680 x lOi0 5.079 x 1O’8 3.807 x 10” 6.425 x l@’ 5.900 x 10zs 
OTC 3.022 x IOr 3.254 x IOr 2.415 x IO= 4.677 x I@’ 3.196 x tOa6 
LTC 2.455 x lo’s 5.248 x tot9 7.413 x 1021 1.778 x lo2f 1.288 x to= 

Table 2. Hydrolysis constants of uranyl ion” 

B 10-1 B E-2 B XI.3 B B 

1.16 x 1O-6 1.26 x lo-& 4.90 x to-‘3 3.47 :;,-I, 1.74 zo-23 

circulated from a thermostat. The titrant was added from a 
Metrohrn automatic burette. 

After each addition of base, the equilibrium potential was 
reached within 3&!80 sec. 

The MINIQUAD program, through a least- 
squares refinement, gives the formation constants of 
the complex species defined by: 

where r = b - u, M is UO:+ and L the cpdta iigand, 
corresponding to the reaction: 

pM $ qL + aH20~M~LqH6(0H)o t- (a - b)H+. 

The program also calculates an agreement factor, 
R, and other statistical parameters which aflow com- 
parison of the models proposed. 

First, the protonation constants of the ligands were 
calculated (Table 1); the values obtained are in good 
agreement with those reported previously.‘-’ These 
constants, together with the hydrolysis constants of 
the uranyl ion (Table 2), were introduced as fixed 
data in the calculations for the different uranyl 
systems. 

The potentiometric titrations of the cpdta show the 
increasing difference in nitrogen basicity as the chain 
lengths decrease,‘-5 as expected from electrostatic and 
hydrogen-bonding effects. 

Fig. 1. Titration curves of LTC (a) and LTC-uranyl ion in 
molar ratios 1: 1 (b) and 2: 1 (c), at 25” and ionic strength 
0. IM KNO,; C,, = 7.12 x 10e4M; a = degree of neutral- 

ization; 1 indicates precipitation. 

The behaviour of the titration curves of the 
different UO$+/cpdta systems is similar, and clearly 
suggests the formation of MLH and M,L species 
(Fig. 1). However, it is not possible to rule out the 
presence of other protonated species or polynuclear 
hydrotysed species, and the value of the R parameter 
does indeed decrease when these arc introduced into 
the model. 

The number of possible complex species in the 
U@+/cpdta system is high; the following equilibria 
are compatible with the titration curves. 

1: 1 species 

LH,+M 
r 

MLH3 
1 

MLH, 

1 
MLH 

1 
MLH(OH) 

$ “I 
MLH(O~)~ ~~L~H~(OH)~ 

2 : 1 species 

2M + LH, 
r 

M,LH 

r 
M,L 

/ 

Mz L($H) \ 
r Mz, Lz (OH), 

M,L(OH), 
M .+,L,+~(OH)t+< f / 

W.JdOW,n MJ-,K'WS+-+M~WW~ 

The stability constants (log/?) of the complexes 
corresponding to the models for which the smallest 
values of R (R < 0.04) were obtained are given in 
Table 3. Species containing more than four UO:+ 
ions are rejected by the program. M,LOH and 
MrL(OH), species, which may be intermediates for 
the formation of some other complexes, are also 
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Table 3. Stability constant of UOz+-cpdta complexes for the best model obtained with the MINIQUAD program, with 
standard deviations In % (25”, O.lM KNO,) 

Ligand log 8113 log BllZ log Bill log BllO log Bll., log Bl20 
CEDTA 23.04 + 0.08 20.11 f 0.03 17.06 k 0.02 - 26.27 + 0.05 
DBT 25.00 f 0.05 22.25 + 0.04 19.39 f 0.02 13.64 * 0.03 7.33 f 0.06 29.62 f 0.40 
OTC 25.17 + 0.14 22.96 f 0.06 19.91 f 0.03 14.14 f 0.06 7.73 *0.13 31.34 f 0.22 
LTC 25.32 + 0.05 23.17 + 0.01 20.05 f 0.01 14.27 + 0.02 7.73 f 0.08 31.03 + 0.14 

CEDTA 19.99 f 0.02 16.53 + 0.01 10.63 + 0.29 26.32 + 0.07 15.31 f 0.39 0.0026 
DBT 22.16 + 0.01 18.61 f 0.02 13.15 * 0.13 7.62 f 0.20 30.12 f 0.13 19.21 f 0.18 0.0035 
OTC 22.99 f 0.01 19.22 + 0.02 - - 3 1.86 f 0.03 20.86 f 0.04 0.0032 
LTC 23.08 f 0.01 19.42 + 0.01 - - 32.30 + 0.02 21.15 + 0.03 0.0035 

100 r UO:/CEDTA: III 

0 
2 3 4 5 6 

M % 

100 

UO;/OTC=I/I 

0 
2 3 4 5 6 

100 
UO;/DBTA=l/l 

0 
2 3 4 5 6 

PH 

Fig. 2 

Fig. 2(a). Fraction of the metal present in each complex as a function of pH, for the systems UO:+/cpdta 
in l/l ratio. 



IO0 
UOE+/CEDTA =2/l B 

Fig. 2(b). Fraction of the metal presr?nt in each complex as B function crfpH, for the systems UO$+/cpdta 
in 2/l ratio. 

rejected for some systa~s~ and we t&e thii to mm 
that their ~~n~#~~ns are too0 small compared to 
those of the other species present. 

The: stability constants follow a trend which cor- 
relates with that of the protonation constants of the 
ligands, ie.., they are generally higher far the com- 
pounds with longer methy~ene chains. The difference 
is most marked from the first to the second member 
of the series, as expected from analogous differences 
in the values of j&z. 

The distribution of the species is also different in 
the case of the first member of the series (CEDTA), 

which does not farm a normal ML compgex, and the 
dimer M2Lr is more relevant above pH 5 than in the 
case of the higher homologues-see Fig. 2. The 
protonated complex MLH is the dominant species 
between pH 3 and 6 in all systems and it should be 
noted that the NIL2 complexes correspond to MLH 
dimers in which two LID:+ groups bonded to an 
~rn~od~~~~ group of the &and are bridge-d by two 
hydroxyi groups. The two protuns wiIl of course 
attach to the two remaining imino nitragen atoms of 
the ligands. 

Between pH 5 and 6 several other minor poiy- 
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Table 4. Average difference between 
the conditional constants of the corre- 

SDondinR odta and codta so&es _- 
Ligands 

EDTA-CEDTA 
PDTA-DBT 
BDTA-GTC 

_ - 
Ki@KlogK,,” 

0.764 
0.070 
0.027 

nuclear species seem to coexist, but although the 
calculated constants are reproducible and the fitting 
parameters satisfactory, precipitates start to be 
formed in this pH range, depending on the concen- 
tration ratios of the metal and ligand, so a detailed 
discussion of differences and trends in the various 
systems is not warranted. 

The stability constants given by the MINIQUAD 
program for the UO$+/cpdta systems are always 
higher than those obtained for the corresponding 
Uq+/pdta systems. This does not indicate that the 
ability of the new ligands to complex the UO:+ ion 
is higher for the cpdta than for the pdta, since the 
basicity and the number of protons of the ligand must 
be taken into account. For this sort of comparison 
“conditional constants”, as defined by Bingbom and 
Schwarzenbach,‘3*‘4 must be used. 

The values of the conditional constants for the 
MLH species of CEDTA, DBT and OTC and for the 
corresponding UO:+ complexes formed with 
ethylenediaminetetra-acetic acid (EDTA), n- 
propanediaminetetra-acetic acid (PDTA) and n- 
butanediaminetetra-acetic acid (BDTA)*, were calcu- 
lated by using the expression: 

lMLH1 
Kb,, = L 

WI ILit 
where [Ml’ and [L]’ are the total concentrations of 
metal and protonated ligand not involved in MLH 
(i.e. the conditional concentrations). 

The values of the conditional constants are pH- 
dependent and were calculated for a range of pH in 
which the MLH species are dominant (pH 3-5). The 
results are represented graphically in Fig. 3, and it 
can be seen that the trend is now reversed, i.e., the 
pdta form stronger complexes than the cpdta with 
UO$+ in this range of pH. 

The difference is highest for EDTA and CEDTA, 
smaller for PDTA and DBT and within the error 
limits for BDTA and OTC. The decreasing difference 
on moving forward in the series, and the highest 
values for EDTA-CEDTA and PDTA-DBT show 
that the a-carboxyl substituent does not co-ordinate 
to UOz+ and, furthermore, decreases the stability of 
the complexes due to its effect on the basicity of the 
nitrogen atoms of the ligand. This effect is especially 
important if it is not compensated by a sufficiently 
long hydrocarbon chain. 

These findings confirm that the uranyl ion has 
co-ordination number five in its equatorial plane for 
complexes formed with this type of ligand.‘5*‘6 Thus 

-; 

-a 

C 

3 
.z 
k 

3 
-1 

-2 

-3 

2- 

l- 

)- 

, EDTA 

L 

Fig. 3. Variation of log K$,, with pH for qdta and pdta. 

one of the carboxyl groups of the ligand cannot 
co-ordinate; on the contrary it decreases the stability 
of the complexes formed, by its negative inductive 
effect, particularly in the case of the first members of 
the series since both nitrogen atoms of the ligands are 
affected. For the higher members the effect is com- 
pensated and the presence of the acarboxyl group 
becomes irrelevant with reference to complexation of 
the uranyl ion. 
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Summary-The acid and base ionization constants of I-(2-carbamylethyl)-2-alkylimidazoles, as well as the 
acid ionization constants of acrylamide and acetamide, have been determined by potentiometry. 
Concentration constants at 10.0, 25.0 and 40.0” and I = O.lM (KNO,) were measured. From plots of log 
K vs. l/T the thermodynamic parameters (A.H and AS) of the ionization reactions were calculated. 

In I-(2-carbamylethyl)imidazole (CIm) and its 
2-methyl (CMIm) and a-ethyl (CEIm) derivatives, 
two important co-ordinating groups in bio-inorganic 
chemistry, imidazole and amide, co-exist. To the 
best of our knowledge, no studies of the co- 
ordinating behaviour of simple ligands with both 
groups have been described in the literature. Hence a 
study of these complexing properties both in 

o~C-C”*-N-cR R = H (CIm) 

W 
/ 

,i: :I/ 

R = CH, (CMlm) 

$ 

R =C1H5 fCEImf 

I-(2-carbamylethyl)imidazole 

solution’ and in the solid state2, was undertaken. In 
the solution study, the acid-base ionization equilibria 
of the ligands were studied (the compounds are 
amphiprotic). This note reports the concentration 
ionization constants found potentiometrically. The 
ionization constants were measured at different tem- 
peratures and AH and AS calculated. Simple amides 
(acetamide and acrylamide) were studied for com- 
parison. A value of the ioni~tion constant of acet- 
amide was reported ’ a long time ago. For acrylamide 
no value was found in the literature. 

EXPERIMENTAL 

General information on reagents, apparatus, procedure 
and caIculations was given in a previous paper,4 and only 
details are presented here. 

Chemicals 
Clm was synthesized according to Dowbenko et al.,’ and 

CMIm and CEIm were prepared by a similar procedure.* 
The ligands were recrystallized twice from a mixture of 
methanol and acetone (m.p. Clm, 143-145” (lit.s~143-145”); 
CMIm. 163-167”: CEIm. 119-122”). Acetamide and acrvl- 
amide (BDH) were recrystallized twice from the same 
mixture. 

Procedure 
Concentration constants in solutions with I = O.lM 

(KNO,) were determined at 10.0 kO.2, 25.0 k 0.1 and 

40.0 + 0.2” as before! Experimental data (about 20 points 
per titration) were collected for the following ligand 
concentration and pH ( = -log [H”]) ranges: CIm 
0.8-1.7 x 10-2M , pH = 7.9-8.9; CMIm l.el.2 x lo-*M, 
pH = 8.9-9.7; CEIm 1.0-1.1 x 10°2.W, pH = 8.9-9.6; 
a&amide 9.~185 x IO-‘&f, pH = 9.3-10.4; acrylamide 
1.4-15 x W2M, pH = 9.4-10.5. In the last two cases pure 
solutions of the compounds were slightly acid (pH cu. 6) and 
sodium hydroxide was added to raise the pH to ca. 10.5 
before titration with acid. 

Calculations 
Calculations were performed with the MINIQUAD 

program6 on an NCR 4100 ELLIOT computer with the 
following systems (LH = CIm, CMIm, CEIm) 

(A) L + BH~H, j?, = cLH,/cLc& 

(W ‘-+PH=LH,+, b:,=c,..,,n+,/c$cfi 
The adjustment of the following models was attempted: 

(I) L/LH/LH,, [A, log B, =p&(LH:), log 
~~~,) = plY,,(LHz)], which allows for the amphiprotic 
character of the com~~ds; 

(II) LHILH, (B, log &, = pK,,(LHz)], in which the 
compounds were considered as monoprotic bases; 

(III) LH/LH2/LHJ [B, log I;, =pK,(LH:+), log 
(fl;r/r?;,) = pK,,(LH!*)], in which the compounds were con- 
sidered as diprotic bases; 

(IV) LH/LH,/L,H, [B, log &, =pK,,(LH:)], which 
allows for association (&) after protonation of the 
molecule. 

Typical results of the adjustments obtained for CIm at 25.0“ 
are presented in Table I. At 10.0 and 40.0”, as well as for 
the other two imidazole derivatives, the results were similar. 
Table 1 shows that the best fit is obtained with model (I) 
(lowest R-factor). Any of the other models is rejected by the 
R-factor ratio test.’ Moreover, these other models do not 
satisfy the x2 test.* 

For acetamide and acrylamide, only a model in which the 
compounds were considered monoprotic acids (system A) 
yielded results. Other constants were rejected when included 
in the model. 

Values of k;, measured in the conditions used for the 
determinations were employed.4 

RESULTS AND DISCWSSION 

Ionization constants 

The acid constant K,, corresponds to protonation 
of the nitrogen atom at position 3 in the imidazole 

525 
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Table 1. Comparison of typical data adjustments for different models (CIm, 25”)* 

Model log 8, (or B;i) log B2(or 8;r) log BJPr(or 8;,) 

(1) 11.619(9) 18.216 (9) 6.598 (0.4) 
(II) 6.586 (3) 
(III) 6.550 (5) 13.406 (56) 
(IV) 6.561(4) Rejected 22.980 (75) 

*R, X2 given by MINIQUAD; e (standard deviation) refers to the last 
Model (I): log S/B,) = PK,, (LH:); log Bi = PK,, (LHZ) 
Model (II): log pi, = pK,, (LH:) 
Model (III): log (&2/p;,) = pK,,(LH:+); log B;, = pK,,(LH:+) 
Model (IV): log /I;, = pK,, (LH: ). 

X2 lo4 x R 

9.6 0.4 
28.1 5.0 
26.4 2.3 
26.0 2.9 

Table 2. Ionization constants of I-(2carbamylethyl) imidazoles (I = O.lM)* 

Ligand Temp., “C log 81 
CIm 10.0 

25.0 
40.0 

CMIm 10.0 
25.0 
40.0 

CEIm 10.0 
25.0 
40.0 

12.34 (2) 
1 I.657 (6) 
1 I .36 (2) 
12.65 (1) 
12.126 (6) 
11.89(l) 
12.875 (7) 
12.211 (4) 
11.913 (9) 

19.26 (2) 
18.261 (6) 
17.73 (2) 
20.56 (1) 
19.686 (6) 
19.18 (1) 
20.714 (6) 
19.728 (5) 
19.165 (9) 

IOF3 82/h 

6.92 (3) 
6.604 (8) 
6.37 (3) 
7.91 (1) 
1.559 (8) 
1.29 (1) 
7.839 (9) 
7.517 (6) 
7.25 (1) 

*Weighted averages of values obtained in 24 determinations; model(I); 
log /I, = pK,(LH:), log (/12//$) = pK,, (LH:); u as for Table 1. 

ring of the compounds. The values of pK,, (Table 2) 
show that the presence of the carbamylethyl groups 
as a substituent at position 1 is responsible for a 
rather large reduction of the basicity of the nitrogen 
atom at position 3 in CIm relative to that of imi- 
dazole (see pK,, values in Fig. 1). This effect is 
opposite to that observed when the substituent at 
position 1 is the methyl group (I-MeIm), in which 
case a slight increase of basicity is observed. In 
CMIm, where besides the carbamylethyl group at 
position 1 there is a methyl group at position 2, the 
basicity is higher than that of both CIm and imi- 
dazole, similarly to the case for 2-MeIm. A similar 
situation was found for CEIm, although with slightly 
smaller pK,, differences. The coherence of the 
differences in the pK,, values is shown in Fig. 1. 

1 -M&m 2-MeIm -0.09 2-E?Im 

rm ’ 

7-oo2s&~ 
CIm 0.96 CMIm -0.04 C 

8.01b 

-0.so 

IM 

6.604 7.559 7.517 

Fig. 1. Variations in pK,, [at 25” and I = 0.1M (KNO,) 
except when stated otherwise] with substitutions in imi- 
dazole at positions I and 2. Values of p& are shown close 
to the formulae and their differences close to the lines. 
Y = 0.15M (KN0,).9 b1 = 0.2M (Na2S0,).io ‘Reference 4. 

The acid constant Ka2 corresponds to de- 
protonation of the compounds. The assignment of 
the deprotonation to a definite atom of the molecules 
is difficult. For I-(2-carbamylethyl)-2-alkylimidazoles 
the deprotonation cannot be assigned to the hydro- 
gen atom at position 1, as it can in imidazole.4 
Deprotonation in the amide group was contemplated 
and so a&amide and acrylamide were included in the 
study for the purpose of comparison. The value 
found (Table 3) for the pK, of acetamide (13.40) is 
smaller than that (15.08) obtained by conductimetric 
measurements.3 However, in view of the value of the 
constant, the difference is not unexpected. Acryl- 
amide (pK, 13.05) is slightly more acidic than aceta- 
mide because of the electron-attracting effect of the 
vinyl group. In any case, the values of the acid 
constant found for these simple amides were smaller 
by more than a factor of 10 than the Ka2 values found 
for the I-(2-carbamylethyl)-2-alkylimidazoles, which 
suggests that in the latter compounds Ka2 may not be 
due simply to deprotonation in the amide group. 
Indeed the measured constant is a macroscopic equi- 
librium constant which may be composed of several 
microscopic equilibrium constants. Deprotonations 
in the positions 2 and 4 (or 5) in the imidazole ring 

Table 3. Ionization constants (pK,) of 
simple amides* (I = O.lM) 

Temp., “C Acrylamide Acetamide 

10.0 13.66 (2) 14.01 (2) 
25.0 13.05 (1) 13.40 (1) 
40.0 12.58 (3) 12.83 (1) 

*Weighted averages of values obtained in 
24 determinations; e as for Table 1. 
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Table 4. Thermodynamic parameters for acid ionization constants of 
I-(Zcarbamylethyl) imidazoles, acetamide and acrylamide (I = 0. lM)* 

LH;/LH LH/L- 

AH, AS, AI-I, AS, 
Ligand kJ/mole J.mole-' . K-’ r kJ/mole J.mole-‘.K-’ r 

CIm 31 -21 0.9986 56 -39 0.9806 
CMIm 35 -21 0.9989 44 -88 0.983 1 
CEIm 33 -33 0.9996 55 -52 0.9826 
Acetamide 61 -44 0.9990 
Acrylamide 61 -33 0.9999 

*r, correlation coefficient of linear least-squares adjustment. 

may contribute to this macroscopic equilibriun con- 

stant, since complexes of deprotonated imidazole 
derivatives with metal bound at position 2 have been 
obtained” and the reactivity of the hydrogen atoms 
at positions 2 and 4 (or 5) in deuteration reactions of 
imidazole is explained by a mechanism which in- 
volves deprotonation. I2 Even if such deprotonation is 
not complete, hydrogen-bonding between the hydro- 
gen atom in the 2 or 5 position and the oxygen of the 
amide group may favour deprotonation in the -NH, 
group, similar to that observed in complexes where 
the amide group is co-ordinated through its oxygen 
atom.” 

Thermodynamic parameters 

Values of AH and AS were obtained by linear 
least-squares adjustment of log K,, us. l/T data (Table 
4). The correlation coefficients are worse for the data 
corresponding to the deprotonation equilibria 
(LH/L- in Table 4) of the imidazole derivatives than 
for their protonation equilibria (LHt/LH). This situ- 
ation is expected because the equilibrium constants 
corresponding to these deprotonations are very small. 

The values of AH for the protonation reactions 
of the l -(2-carbamylethyl)-2-alkylimidazoles are all 
smaller than the corresponding value for imidazole 
found by the same procedure (AH = 38 kJ/mole)! 
This is a consequence of the electron-withdrawing 
properties of the carbamyl group at position 1. The 
order of the AH values (CIm < CEIm c CMIm) is 
the same as that of the corresponding basic constants, 
which is a consequence of the electron-repelling 
properties of the alkyl groups at position 2 
(H c Et < Me). This correlation also shows that the 
enthalpy contribution to K,, is more important than 
the entropy contribution. 

With respect to the values of AH for the de- 
protonation of the compounds, the values found for 
the I-(2-carbamylethyl)-2-alkylimidazoles are a few 
kJ/mole smaller than for the simple amides. How- 
ever, in view of the difficulties of the assignment of 
the deprotonation reaction to definite atoms in the 
molecules, no further comments seem worthwhile. 
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Sllmmuy--Pairs of ekments with very small differences in their half-wave potentials were determined at 
trace levels by second harmonic ax. anodic stripping voltammetry. The simultaneous determination of 
lead and thallium as well as that of bismuth and antimony in 1M hydrochloric acid as supporting 
electrolyte was found to be possible in the range of concentration ratios: 7: 12 C,: C, > 1: 36 and 
45: I 2 C,:C, 3 t :35, with <5% relative error due to mutual interference. The limit of detection was 
5 tWaM for aii four elements, and the precision and error were 2-3%. The ~rn~~us determination 
of these metab in mixtures with concentration ratios outside the quoted ranges is stih f&b&z by the 
sag-edition technique. 

Polarography has frequently been used for the simul- 
taneous determination of depolarizers having only 
slightly different half-wave potentials (less than 
1X&200 mV apart). A considerable improvement in 
selectivity is attained by using modern voltammetric 
techniques such as a.c. or differential-pulse 
voltammetry’J in addition to proper choice of sup- 
porting electrolyte-a common approach suggested 
in the ~laro~ap~c literature. The ~~~~ 
caption of metals at trace levels, e.g_, in biolog- 
ical matrices or environmental samples has aroused 
much interest in recent yeam In view of the practical 
importance of this a systematic study was undertaken 
to evaluate the possibilities and limitations of the 
simultaneous determination of some pairs of metal 
ions.” In this communication we report the simulta- 
neous determination at trace levels of lead and thal- 
lium as well as of bismuth and antimony, which 
exhibit very small differences in half-wave potential in 
the commonly employed supporting electrolytes. 

Klahre er al.5 determined lead and thallium in 
alkaline solution where the difference between the 
half-wave potentials of the two elements is su%ciently 
large. 

Neeb and co-workersfTs added complexing agents 
to eliminate interferences, and Dhaneshwar and 
Zarapkar9 determined lead and thallium in silicon as 

*To whom correspondence should he addressed. 

well as in environmental particulate matter and rain 
water samples by using a tartrate-buffered medium at 
pH 4.5 in the presence of EDTA. Bruckenstein and 
Naga?’ developed an interesting method for deter- 
mination of thallium in the presence of lead with a 
mercury film electrode and chemical stripping. Both 
lead and thallium were deposited on the working 
electrode ~rn~tan~~ly with mercury and the amal- 
gam was then &emically oxidized by the excess of 
Hg(II) in the solution. The process was monitored 
c~o~o~tent~ome~cally. Thallium was effectively 
separated from lead since the amalgam of the farmer 
reacted more rapidly with Hg(I1) than did that of the 
latter. 

Bismuth and antimany have beeu determined si- 
multaneously by second harmonic a.c. polarogmphy 
in 1M hydrochloric acid medium.” Gillain br ~1.‘~ 
have determined bismuth and antimony in sea-water 
by differential-pulse anodic stripping voltammetry at 
a hanging mercury drop electrode, but optimized the 
instrumental parameters considering possible mutual 
interferences. Erihaye et d” have also determined 
bismuth and antimony in sea-water by the anodic 
stripping teohnique, and demonstrated the influence 
of sodium chloride concentration on the peak 
separation. 

Petak and Koubova” used anodic stripping vol- 
tammetry at a thin mercury4lm carbon electrode for 
the determination of bismuth and antimony, after an 
ion-exchange separation. 
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Apparalw 
Anodic stripping voltammetic analysis was done with an ) 

AMEL model 471 multipolarograph equipped with a model 
291/LF stirrer and a model 452fI” timer. A conventional 
three-electrode cell was fitted with a long-lasting sessile-drop 
mercury electrode (LLSDME) with a drop-time of 240-300 
W, as the working electrode, and a saturated calomel 
electrode (SCE) and a platinum electrode were employed as 
the reference and auxiliary electrodes respectively. 

The voltammetric cell was kept at 25.0 f 0.5”. Prior to 
analysis the solutions were deaerated by purging with pure 
nitrogen for about 20 min. During electrolysis the solutions 
were stirred with a Teflon-coated magnetic stirring bar. 
Standard additions were made with Eppendorf micro- 
pipettes with disposable plastic tips. A ~lGIT~-MING 11 
desk computer was employed for all the linear regression 
and statistical calculations. 

Reagents 
All solutions were prepared with distilled water. The 

hydrochloric acid was Aristar grade (BDH). Aqueous 
stock solutions of lead(H), thallium(I), bismuth(II1) and 
antimony@) were prepared by dilution of lOOO-mg/l BDH 
standard solutions. 

The Teflon cell was rinsed periodically with concentrated 
nitric acid to minimize contamination. 

RESULTS AND DISCUSSION 

Hy~~hio~c acid (IN) was used as the support- 
ing electrolyte. L.ead(II), thulium, bismuth(II1) 
and antimony(H1) are reduced reversibly in this 
medium to yield the corresponding amalgams, the 
half-wave potentials (V vs. SCE) being -0.435, 
-0.475, -0.090 and -0.150 respectively. 

Table 1 lists the experimental conditions for the 
determinations by 6rst and second harmonic a.c. 
anodic stripping voltammetry. Attention was paid to 

selecting the optimum deviation phase angle (@) 
to minimize the capacitive current. 

Under these conditions, the peak-width measured 
at half-height (W,,J of the first harmonic and the 
peak-to-peak potential separation (A,?&_,) of the 
second harmonic voltamperograms were determined. 
For reversible electrode processes the theoretical val- 
ues are 90/n mV for W,,* and 68/n mV for A+?$_, 
where n is the number of electrons involved in the 
electrode process (Table 2)’ The experimental peak 
potentials of the first harmonic and the potentials 
corresponding to zero current of the second harmonic 
volt~~ro~~s are also reported. Excellent agree- 
ment was found between the theoretical data (in 
brackets) and the corresponding experimental data. 

The analytical calibration curves for both first and 
second harmonic a.c. anodic stripping voltammetry 
are described in Table 3. The standard-addition 
method was used in all cases and each point was the 
mean of five readings. The second harmonic cali- 
bration curves were. calculated by using the peak 
current values at mori positive or more negative 
potentials, as appropriate, than the half-wave poten- 
tials of both elements of each couple.‘~” The car- 
relation coefl%ient ‘ (F) was excellent for all the re- 
gression functions, and the low relative standard 
deviation proved the good precision of the analytical 
procedure. The corresponding detection limit is also 
reported for each calibration curve. 

The Gmultaneous determination of lead and thal- 
lium and of bismuth and antimony, was studied for 
various concentrations of the components. 

Figures 1 and 2 show the typical first and the 
second harmonic voltamperograms obtained. The 

Table 1. Experimental conditions for the determination of lead, thallium, bismuth and 
antimony in 1M HCl medium (first and second harmonic a.c. anodic stripping volley) 

PblIQ TKI) Bi(1II) =@I) 

Deposition potential, Y vs. SCE 
Deposition time, set 
Rest time, set 
Scan-rate, m V/set 
Frequency (a.c.), Hz 
Amplitude (a.~.), mV 
4 first hamonic, 

degrees 
$ second harmonic, 

degrees 
Stirrer sneed. rDm 

-0.700 
180 
30 
IO 

100 
10 

270 + 87 

-0.700 
180 
30 
10 

100 

2::+ 82 

-0.350 
180 
30 
10 

100 
10 

270 + 83 

-0.350 
180 
30 

1; 
10 

270 f 86 

270+71 270 + 68 270 + 67 270 f 69 

800 8o(f 800 800 

Table 2. Experimental parameters* for first and second harmonic ax. anodic stripping volley in IM HCl medium 

PW) WI) Bi(II1) Sb(lII) 

Peak potential, Y vs. SCE -0.435 f 0.005 -0.480 + 0.005 -0.090 f 0.005 -0.150 f0.005 
(first harmonic) (-0.435) (-0.475) (-0.090) (-0.150) 

Zero-current potential, Y vs. SCE -0.440 f 0.005 -0.480 k 0.005 -0.085 f 0.005 -0.150 f 0.005 
(second harmonic) (-0.435) (-0.475) (-0.090) 

Peak-width at half-height, mV 43 f 5 90*5 271t5 (Z”p 
(45) (90) (30) (30) 

Peak-to-peak separation, m V 34*5 70 f 5 20*5 25 j: 5 
(34) (68) (23) (23) 

*Mean f confidence limits (95% probability). 
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Pbwl 

Tw 

Bi(II1) 

Sb(nI) 

Table 3. Calibration data* for a-c. anodic stripping voltammetric d~tions 

First harmonic second lwnlonic 

ip = (-0.002 f 0.002) -I- (2.98 f 0.02) x 106~ ip = (-0.003 f 0.004) + (3.51 f 0.09) x WC 
r = 0.9999; s, = 1.0%; r = 0.9996; s, = 1.7%; 
D.L. = 6.7 x lo-‘hf D.L. ilfi 5.7 x lo-‘M 

Range of concentrations (O-2) x lo-‘M 
f$OO; -t,O1.iiO)$ (2.33 f 0.02) x 106~ ip = (0.0005 f 0.0006) + (2.49 f 0.02) x la’c 

D.L. ‘= 8.(j$&4°’ 
I = 0.9993; SI = 1.40%; 
D.L. = 8.0 x lo-‘M 

Range of conceatrations (o-3) x lo-‘M 
ip = (-0.001 f &002) + (3.72 f 0.04) x lode 
r = 0.9996; s, = 2.0%; 

ip = (-0.002 f 0.002) + (4.51 f 0.07) x we 
r -0.9991; s,= 3.1%; 

D.L. = 5.4 x 10-9M D.L. = 4.4 x lO-aM 
Range of c5iicentrations (O-2) x lo-‘M 

ip = (0.001 f 0.002) + (1.91 * 0.02) x WC 
r = 0.9993; s, = 2.2%; 

ip = (-0.004 f 0.00s) + (2.33 f 0.03) x WC 
r = 0.9993; s, = 2.3%; 

D.L. = 1.0 x IO-“M D.L. = 8.6 x lo-*M 
Range of uXlccntratiotls (Q-5) x lO_‘M 

Theop;,of detection (D.L.) is expressed according to the IUPAC recommendation’6 and corresponds to a probability 
00. 

*Means f 95% probability conlidence limits. 

electroactive species are well resolved in the second relative errors were calculated for the element present 
harmonic voltamperograms, but not in the 8rst har- at the lower concentration. These errors are plotted 
manic voltamperograms, so the simuhaneous deter- VS. the concentration ratios of the mixtures in Figs. 3 
minations were done only by second harmonic a.c. and 4. 
vol~et~. The two arrows in Figs. 3 and 4 indicate the 

The experimental conditions were those in Table 1, concentration ratio ranges for simultaneous deter- 
except that the phase angies were set to 270” + 68” mination of the two metals with a maximum 
and 270” + 69” for the Pb/Tl and Bi/Sb combinations experimental error of 5%. These ranges are 7: 1 z 
respectively. The peak currents measured for the C,:Cn&l:36 and 45:1,C,,:C,81:35. In these 
mixture were compared with those calculated by 
using the corresponding equation for the calibration 
curve of the individual element (c$ Table 3), and the 

I 1 I I 8, I I I I I I I IS I I I 
0.3 0.4 0.3 .-I 0.3 0.4 0.5 0.1 0.2 ** 0.1 0.2 

-E (V/SCE) -E (V/SCE) 

Fig. 1. Anodic stripping voltamperograms of (1) 5.1 x Fig. 2. Anodic stripping voltamperograms of (1) 5.1 x 
lo-‘M lead, (2) 2.4 x 10-‘&f thallium. A, second harmonic, lo-‘M bismuth, (2) 2.15 x lo-‘M antimony. A, second 
a.c.; B, first harmonic, a.c. Experimental conditions as in harmonic, a&.; B. first harmonic, a.c. Fqerimental con- 

Table 1. ditions as in Table 1. 
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G&T, CTt:GP, 

Fig. 3. Relationship betweert concentration ratios and rela- 
tive errors (e%) in detennhtion of the efement present at 

t&e lower ccracentration (lead and thalfium mixture). 

ranges univariate and bivariate analyses of the experi- 
mental data were also performed. The interference of 
the second element is neglected in the univariate 
analysis, but taken into account in the bivariate 
analysis. 

For both pairs of elements, the slopes obtained in 
the bivariate analysis were practically equal to those 
of the calibration curves (cJ: Table 3) and the uni- 
variate analyses, showing that the mutual inter- 
ferenoes were negligible, at least in the ranges of 
~n~~~on ratios considered. This is cor&rmed by 
the negligible interferent siope eoefE5ent of the bi- 
variate regression functions (Tables 4 and 5). The 
precision, relative error and detection limits are aiso 
reported in Tables 4 and 5. 

The precision, expressed as the relative standard 

Fig, 4. ReIationship between the concentration ratios and 
relative errors in the determiaation of the ekment present 
at the lower concentration (bismuth and antimony mixture). 

deviation (s,), and the relative error {e), were about 
2-3%, and the detection limits (w 1 x 10-aM) were 
low. 

In practical analyses the following procedure was 
used, particularly for concentration ratios for which 

Fig. 5. Determination of thallium in a mixture with 
c, = 2.1 x 10V6M and c,, = 1.87 x IO-‘M. 

Tabte 4. Analysis ofhd-thallium mixtures by secotlcf harmonic B.C. anodic stripping vohnmetry 
(see footnotes to Table 3) 

Determination of lead in Determination of &a&m in 
the presence of thallium presemze of lead 

Wivariate ana@& 

3ivariate analysis 
i* = -4.4 x 10-4 -I” (3.40 * 0.02) x IO& + 

(2.5 f 1.9) x 1QlCm 
r =0.9991; s,= 1.3%; e = -3.1% 
D.L. = 5.9 x IO-*M 

U&variate analysis 
ip = (-0.004 jf 0.005) + (2.53 f 0.02) X 1OQ 
r = 0.9993; S, = 2.3%, e = + 1.6% 
D.L. = 7.9 x M-*N 
Bivariate analysis 
i,, = -6-8 x lo-’ + (2.55 f 0.02) x lo& + 

(0.9 f 0.8) x IO& 
r = 0.9994; S, JF 3.3%, e = +2.4% 
D.L. = 7.9 x IO-*M 

Tabfe 5. Analysis of bi~u~~timooy mixtures by second harmonic B.C. anodic stripping 
vo~~~~ (see footnotes to Table 3) 

Determination of bismuth in Determkation of ebony in 
~ltesence of antimony ~resertoe of bismuth 

Univariate analysis 

Bivariate analysis 
$ = - 1.4 x 10-S “I” (4.38 f 0.04) x lo$ji + 

(1.1 f 0.6) x 103cs, 
r = 0.9992; s, = 1.7%, e = -2.9% 
D.L. = 4.6 x 10-8M 

hivariate analysis 
ip = (-0.004 kO.005) + (2.31 f 0.05) x i05c 
r = 0.9994; s, = 1.4%, e = -0.9% 
D.L. = 8~7 x 10-aJI4 
Bivariate analysis 
ip = -5.9 x 1W4 + (2.25 + 0.05) x IO&, + 

(2.3 j, 0.5) x l@c, 
r = 0.9997; s, = 1.4%. e = -3.4% 
D.L. = 8.9 x 10-*&f 
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Table 6. Recovery of the metal at lower cOnc&miOn in element is discernible in the voltamperogram. Thus 
the mixture (second harmonic a.c. anodic stripping vol- 

tammetry) 
lead can be determined in the presence of up to about 
60-fold molar ratio of thallium and thallium in the 

cu. found, Error, presence of up to 15fold molar ratio of lead. 
c,, lo-‘M cu., lO_‘M et&,. lO_‘M % 

cn = 68.7 c, = 1.34 51.4: 1 c, = 1.39 +3.6 
c,, = 63.7 c, = 1.35 47.3: 1 cpb = 1.32 -2.1 
c,, = 58.5 cfi = 1.35 43.3: 1 c,= 1.28 -5.3 

c,=21.0t c,= 1.87 11.2:1 c,.,= 1.78 -4.8 

;;r ::.; 
c, = 1.88 9.4: 1 c, = 1.94 +3.4 
c, = 1.89 8.4: 1 c, = 1.82 -3.6 

cs,, = 81.2 ca = 0.86 94.4: 1 es, = 0.90 +4.4 
cs, = 67.7 c, = 0.87 77.3: 1 CB, = 0.95 f8.2 
cs, = 53.6 cs, = 0.89 6O.l:l csi=0.87 -2.7 

c,i = 94.7 cs,, = 1.48 Ml:1 csb= 1.37 -6.8 
c, = 82.4 csb = 1.5 54.8: 1 cs, = 1.52 +1.8 
c,=69.1 cs, = 1.5 45.4: 1 CSb = 1.59 +4.3 

tScc also Fig. 5. 

For antimony and bismuth the corresponding 
limits are an approximately hundredfold excess 
of antimony can be tolerated in the determination of 
bismuth while an approximately seventyfold excess of 
bismuth still permits the determination of antimony. 

The combination of second harmonic a.c. vol- 
tammetry and anodic stripping proves to be a power- 
ful trace and ultratrace analytical technique for the 
simultaneous determination of species reversibly re- 
ducible at slightly different half-wave potentials. 
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R&mm&-En milieu aqueux, les ions cyanure r&a&sent sur le complexe [Fe(bathoph&nanthroline)$+ 
pour former le complexe mixte F;E(hathophinanthrohne)&N)J t&s fortement colore et extractible par 
le chloroforme. Cette nkction a C3 utilisk pour doser bs ions cyanure aver une boune sensibilite et une 
excehente reproductibili& De uombreuses interfkences potentiehes ant et& &udikes. 

Summary-Cyanide ions react in aqWOuS 5-ixdium with ~~~ophenan~oli~e)~~+ to form the 
mixed-l&and complex ~~~ophe~~o~ne)~(C~]~ which is stron@y coloured and extractable into 
chloroform. This ma&t& can be used for determination of cyanide with good sensitivity and p&&on. 
Potential interferences have been studied. 

La valeur Clevke du nombre de publications relatives 
au dosage des ions cyanure hbres en solution 
s’explique sans doute par la tr& grande toxicitk de ces 
ions. Nombreuses et varikes sont &galement les tech- 
niques proposkesz potentiomkie, spectrophoto- 
m&tie, etc. Comme cela a&k indiqub ticemment,’ les 
te&dqucs s~t~photom~~qu~s reposent, dans 
leur quasi totalit& sur k r&action de K&rig.” Or, il 
a &6 mom& que Ies ions oyarwe puwaient rbagir 
aver les complexes ferreux de fa diph&rYl-4,7 phkn- 
anthroline-1,tO ~a~oph~nanthro~ne ou bphen), 
comme d’ailleurs avec les compiexes de la 
phCnanthrohne-I, 10 ou ceux de ees dkiv~~,~’ pour 
former des complexes mixtes selon une rktion de 

type: 

[Fe(bphen)J2+ -t 2CN- 

-* Fe(bphen),(CN)J -t bphen 

La coloration intense de complexe rnixte for& et 
sa grande solubilit& daus curtains soivants organiques 
nous ant incit6s & &udier cette r&action en vue de ta 
mise au point dun dosage des ions cyanure. Une 
m&ode utilisant fa ph~~t~o~in~l~l0 a d4ja ktk 
propode,r mais elle est longue et sa sensibilitit est peu 
61&X% 

PARTIE EXPEBIMENTALE 

S&tions d’iow cyrmure, R,. Elles scmt pripark+s par 
dilution exacte et extemporanee d’une solution concentrke 
(renfermant 1 g de CN- par litre) dont le titrc prkis est 
d&ermine par argentim&e en p&we de p-dim&h@- 
~~o~~~er~~ (Annexe 1 de Ia norme 
AFNOR T 90407 de Mai 19751. 

Sol&m tomprm pH = 7 h O&f, Rzs A 19 ml d’une 
solution de KHspO, a 13,6 g/B., ajouter 15 trill d*une solution 
de Na&PO,.2H,O a 17,8 g/h 

Solution tampon pH = 76 401 M, 4. Elle est obtenue par 
dilution exacte de la solution R,. 

Solution de rt%@f colorant d O,&UM, R,. Dissoudre 
250 mg de bathophCnauthroline dam environ 40 ml de 
mktltanol. Dissoudre 69,s mg de FeSO,.7H,O dam -0,s 
ml d’eau distill&e. Ajouter a la solution de bathophinau- 
throline. Rincer et completer ii 50 ml avec du m&hanol, 

Solution b’h$rox& -& so&run, R5. Ajouter 5 ml dune 
solution de sot& ii IO&f a 45 ml dkau distiiRe. M&uurer 

Tech&we A. Elie s’applique ri des solutions renkmant de 
1 a 20 majl. d’ions cvanute. Dans un tube a essais de 25 ml 
environ, bouchant hertrktiquement, introduire 1 ml de la 
solution ii doser, 1 ml de solution tampon (R,) et 0,2 ml de 
rkactif 4. Porter 10 min au bain-marie a l’ebullition. 
Refroidir. Ajouter 1 ml de solution d’hydroxyde de sodium 
(R,) et porter B nouveau au bain-marie $ l’tbullition pen- 
dant 1 min. Refroidir. Ajouter 10 ml de solution de Na$O, 
(&) puis 5 ml de chloroforme. Agiter puis fdtrer sur papier 
kparateur de phases. Mesurer l’absorbance des phases 
~orofo~iqu~ k 613 nm en r&ant le 100% de trans- 
mission sur le blanc des rkztifs. P&parer une gamme 
~~onn~ en opkant de ta &me fwn sur des sofutions 
&talons renfermant de 1 a 20 mg d’ions cyanure par htre 
(RI ). 

Techkque 3. Elle s’applique a des solutions de concen- 
trations comprises entre 1 et 10 mg &ions cyanure par htre. 
Elle est semblable d la technique A mais l’extraction est 
nkliske par 2 ml de chloroforme seulement. 

Technique C. EUe s’applique a des solutions contenant de 
0,l a 2 mg d’ions cyanure par litre. Dans un tube d es&s 
de 25 ml environ, bouchant herm&iquement, introduire 5 ml 
de solution Q doser (ou de solutions btalons), 0,25 ml de 
soiution tampon (R,) et 0,2 ml de reactif 4. Porter 10 min 
au bain-marie & Sebuhition. Refroidir. Ajouter 1 ml de 
sohztion ~h~xy~ de sodium (R& Porter au tin-marie 
B I’&dlition pendant 1 min, Refroidir et ajouter IO ml de 
so&ion de Na$Q (4) puis 2 mI de chloroforme. A&er~ 
fihrer SuT papier &parateur de phases. Mesurer I’absorbance 
des phases cbloroformiques ii 613 mn. 

535 
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Choix du solvant, Le solvant choisi doit &re in- 
soluble dans le milieu rkaetionnel et p&enter un bon 
pouvoir solvatant vis-a-vis du complexe mixte. Notre 
choix s’est port6 sur le chloroforme qui remplit ces 
deux conditions. 

Conditions d’extraction, Bien que non charge et 
insoluble dans l’eau, le complexe mixte est difficile H 
extraire par le chloroforme, car if se ptisente, apr6.s 
&action, sous forme d’une suspension colloidale. 
L’extraction est facilit&e par l’add&ion a la phase 
aqueuse de sels hydrophiles comme Na,SU,. Le 
rendement dextraction atteint 100% lorsque la eon- 
centration de ce se1 dam ia phase aqueuse est au 
minimum egale a 0,05&f. Une augmentation de cette 
derniere acckllre le processus. C’est pourquoi la 
concentration optimale choisie est d’environ 0,08M. 

Znfruence de la teneur en m,L;thanol. Le complexe 
[Fe(bphen)J*+ qui sert de r&&if est insoluble dans 
I’eau. 11 est introduit dans le milieu reactionnel en 
solution dans le methanol. Une partie de ce dernier 
est entrain&e par le chloroforme au cows de 
l’extraction, IX qui modifie le spectre du complexe 
mixte form& Ce dernier prkente, en e&t, un 
ph~nom~ne de ~lvat~~o~e t&r pronon& son 
maximum d’absorption se situe B 613 mn dans le 
chloroforme et a 568 nm dans le mCthanol.v L’effet 
hypsochrome est d’autant plus marque que la con- 
centration en methanol de la phase aqueuse avant 
extraction est plus &levee (tableau 1). Pour Cviter cet 
inconvenient, il convient de diluer le milieu reac- 
tionnel avec de I’eau distill&e avant l’extraction afln 
que la teneur en methanol reste inferieure P 10%. La 
dilution et l’addition de Na2S04 sent realiskes 
en m&me temps par I’intermediaire dune solution 
aqueuse de ce sel. 

Znftuence de la temptkature. Comme le montrent les 
resultats du tableau 2, une elevation de temperature 
facilite la formation du complexe cyan6 en augmen- 
tant simultanement le rendement et la vitesse de la 
reaction. C’est pourquoi nous travaillons au bain- 
marie a l’ebullition. 

ZnpUence du PH. Comme le montre la figure I: 

-la rendement de la r&action atteint son maximum 
d&s pH 6,5, ce qui laisse penser que les solutions de 
~yanures sent, du fait de leur t&s faible molar&e, 
totalement d&o&es; 

Tableau 1. Position du maximum d’ahsorption du complexe 
en for&on du % de m&harm1 dans la phase aqueuse 

IvMhanol dans la 
phase aqueuse, % u/v 10 25 50 75 

A de la phase organique, nm 613 609 599 591 

Tableau 2. Variation de I’absorbance de la phase 
orgatique en fonction de la ~rn~t~~ et 
du temps de &a&age de k phase aquewe 

{technique A, solution de CN- B 11,s m&l.) 

Temps de Absorbance 
chauffage, 

min 30°C 50°C 100°C 

3 0,445 0,515 OS9 
5 0,45 0,54 0,61 

f :: 086 0,495 0,555 0,55 0,65 0,66 

z 445 0,45 0,565 0,57 

-le rendement de la reaction est independant de la 
nature du tampon pour des pH compris entre 5.5 et 
9,4, a condition d’opker dans une zone oti le pouvoir 
tampon est suffisant. Pour des pH supkieurs a 10, le 
rendement diminue fortement sans doute ii cause de 
la destructian du complexe [Fe(bphen)p]2+.7 Le tam- 
pon phosphate, qui a don& les resultats les plus 
reproductibles, a et6 retenu et nous avons d&de de 
travailler a pH 7. En l’absence dun apport exterieur 
important de protons ou de base, supkieur I la 
capacite tampon, les absorbances maximales ont et& 
obtenues pour des ~on~t~~ons finales en tampon 
comprises en&e 0,0025 et 0,~5~. 

lnfIuence des anions. Lx dosage peut Gtre p&tube 
par la r&action de certains anions avec le complexe 
[Fe(bphen)J2+ pour former une paire d’ions, qui peut 
ke extraite par le chloroforme. L’absorption propre 
de cette paire d’ions, bien que faible a la longueur 
d’onde de lecture, entraine une leg&e variation 
d’absorbance et fausse les Aultats. 

Dix huit anions, presents en solution a la molarite 
de 0,005 ont 6th ttudiks. Ils se classent en deux 
groupes: 

-1e premier renferme des anions hydrophiles qui 
ne permetteni pas t’extraction de la paire @ions: F-, 

. 
I 1 I 1 I I I 

5 6 7 8 9 IO fl 12 

Fig. 1. Infiuence de la nature et du pH du tampon sur b 
rendement de la reaction (technique A-solution de cyanurn 
$ 9,5 pg/ml): A tampon KH,PO,-N%HPO,; 0 borax- 
KH,PO,; 0 acide boriqu*NaOH; + NH&W&SO,; 

@ glycocolle-NaOH. 



Dosage spectrophotomkrique dea ions 537 

#-, HPO:-, H,PQ, , CH,CQQ-, HCO, , Cq-, 
citrate, tartrate; 

-1e deuxieme renferme les ions qui permettent 
l’extraction totaie (ClOi , I-, SCN-, Br-, NO<) ou 
partielle (Cl-, IO;, oxalate, phtalatc) de l’ex&s de 
&a&f. Cette &ape n’ctant pas reproductible et 
pouvant done fausser le dosage, il est nkessaire de 
d&ruire l’exds de reactif avant de prockder a 
l’extraction du complexe mixte a doser. 

3,7 x 10’ l.mole-‘.cm-’ ~t~h~que B), et 1,8 x 10’ 
1 .mole- i . cm-i (technique C). L’absorptiviti: molalre 
apparente correspondant a la technique la plus scn- 
sible (technique C) est proche de celles calculkes pour 
d’autres techniques spectrophotometriques, 2 x 10’ 
1 .mole-’ .cm-’ par exemple pour la technique de 
Casassas et toll.’ 

Le complexe pe(bphen)J2+ est instable en milieu 
alcalin.’ Nous avons done choisi de le denaturer par 
addition d’hydroxyde de sodium. Les essais ont et6 
effect&s en opkrant en presence des anions du 
deuxigme groupc, en concentration &ale a 0,005&f. 

La deviation standard relative calculee sur 5 mes- 
ures, pour une solution renfermant 0,8 mg d’ions 
cyanure par litre, analyske par la technique C, est 
&gale il 1,3%. 

Etrrde de quelques interferences 

Quatre parametres interviennent: la temperature, 
la durke du chauffage, la concentration en hydroxyde 
de sodium et la presence de methanol. Une 
augmentation de chacun de ces parametres se traduit 
par tme acckleration de degradation du complexe 
[Fe(bphen),]‘+. 

Intuence ah anions. Nous avons montrk que la 
presence de nombrcux anions n’affccte pas le dosage 
des ions cyanurc par les techniques proposks. Sur les 
18 anions testes, 3 seulement sont g&rants: les ions 
ClOi, SCN-, I-. Lee au&s pcuvent &re p&rents 
jusqu’a une molarite Cgale a 0,005. 

Afin de ne pas augmenter exagerement le temps du 
dosage nous avons choisi d’op&er au bain-marie a 
l’ebullition, pendant 1 min. Dans ces conditions, le 
complexe est d&r&t en presence des ions Cl-, IO;, 
Br-, oxalate, phtalate, d&s que la concentration en 
NaOH dwient supkrieure a 0,0&W. Une augmen- 
tation de cette concentration n’est pas efficacc avec 
NO,, ClO,-, SCN-, I-. 

En effet, lors du dosage dune solution d’ions 
cyanure de molaritt Cgale a 3,8 x 10m4, la deviation 
standard relative, obtenue pour la teneur en anions 
cit6e prkkdemment est la m&me que celle observ&e en 
l’absence de ces ions (1,3%). 

L’augmentation de la teneur en methanol (11% 
v/v) permet, par contre, la denaturation du complexe 
en prknce dcs ions NO;. Avec les ions plus for- 
tement lies, il faut des conditions encore plus dras- 
tiques pour arriver g ce rkwltat. Pour un milieu 
reactionnel de concentration de NaOH egale a 
0,15M, renfermant un pourcentage de methanol 
voisin de 40%, il faut maintenir les solutions au 
bain-marie B l’cbullition pendant 1 min (I-), 5 min 
(XX-), 10 min (ClO,-) pour obtenir la destruction 
du complexe ~Fe(bphen~~12+. Mais, dam ces con- 
ditions, le complexe ~e~phen)2(CNk] est d&ruit en 
par-tie, ce qui rend impossibie le dosage des ions 
cyanure par notre technique lorsque ces trois ions 
sont presents. 

Znfrunce des cations. La prkscnce de cations ne 
rkagissant pas (ou peu) avec les agents complexants 
axot&s ne perturbe pas la reaction: le dosage des ions 
cyanure en solution de molar& kale a 3,8 x 10m4 cst 
possible en presence des ions Pb2+ ou Mg2+ a une 
concentration tgale a lo-‘M, ou Mn2+ jusqu’a rme 
concentration &gale a 5 x 10e4M. 

Par contre les ions pouvant former des complexes 
stables avec les ligands axotks interferent fortement. 
Pour une m8me molarite en cyanure, les ions Cu’+, 
pour une concentration &gale a 3 x lo-‘IU, en- 
trainent une inhibition de 33% de la reaction. De 
meme, les ions Co2+ c&it une inhibition totale pour 
une concentration &gale a 2 x IOw4M. 

Les techniques d&rites prevent s’appliquent 
done, SW s&paration pr~a~le, au dosage des ions 
cyanure libres. Le dosage des cyanures totaux pour- 
rait Btre effectd classiquement aprcs distillation en 
milieu acide. 

Etalonnage Conclusion 

Par la methode dite de la regression simple,‘O 
nous avons montre que, pour chacune des mbhodes 
propokes, il existe une relation lineaire entre les 
absorbances des phases chloroformiques (A) et la 
inundation en ions cyanure (c) des solutions a 
doser. Si la concentration c est exprimce en mg d’ions 
cyanure par litre de solution a doser, les equations des 
droites sont don&es par les relations: 

Les techniques que nous prkconisons permettent, 
sans skparation prkalable, le dosage des ions cyanure 
libres lorsque leur concentration en solution est 
supkieure a 0,l mg/l. 11 est possible d’envisa8er leur 
application dans differems domaines (hydrologie, 
controle de ~llution, analyst alimentaire, etc.). 

A = 0,057~ - 0,011 avec r = 0,9994 (technique A) 
A = 0,144c - 0,042 avec r = 0,9998 (technique B) 
A = 0,7 12~ - 0,060 avec r = 0,999O (technique C) 

Les absorptivitb molaires apparentes, obtenues 
dans nos conditions opkratoires, sont respectivement 
&gales a I,5 x lo3 l.mole-‘.cm-* (technique A), 

La presence de nombreux anions n’est pas g&mnte, 
m&me ii des teneurs t&s supkieures d celle des ions 
cyanure. Ces mkthodes donnent d’excellents rkultats 
sur le plan de la linkrite et sur celui de la re- 
productibilite. Elks sont rapides et dune grande 
simplicitt d’exkution. Par ailleurs la technique C est 
100 fois plus sensible que la methode antkieurement 
propoke par &hilts utilisant le complexe ferreux de 
la phenanthroline-1 , 10 non substituee. 
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Snmmary-Five dif8erent digestion procedures have been investigated. In the recommended procedure 
5 ml of concentrated hydrochloric acid-nitric acid mixture (1: 1) were added to a 5-ml urine sample. After 
1 min the sample was diluted to 100 ml with distilled water. The sample was divided into two 50-ml 
samples and to one of them a standard addition of 10 pg/l. lead(I1) was made. The two samples were 
analysed fully automatically by means of computerized flow potentiometric stripping analysis, the main 
features of the procedure being mercury-8lm precoating, electrolysis of the sample for 90 set and 
subsequent stripping in 1M calcium chloride/O.lM hydrochloric acid. Tin and copper were found not to 
interfere if present at concentrations below 50 mg/l. but high concentrations of tin had to be masked by 
the addition of copper in order to form a copper-tin intermetallic compound. Complexing agents used 
in lead poisoning therapy did not interfere with the determination. The lead concentration in a Seronorm@ 
reference urine sample was found to be 93 pg/l. with a standard deviation of 8 pg/l. (n = 5), the certified 
value being 88 &l. 

Elevated human concentrations of lead are normally 
determined by analysing whole blood samples. Be- 
cause of the simple sampling procedure, however, 
preliminary investigations are often done on urine 
samples. Such samples are also analysed in epidemio- 
logical studies and for patients with lead poisoning 
who are under treatment with chelating agents. 

Graphite-furnace atomic-absorption spectrometry 
is the most frequently used technique for the deter- 
mination of lead in urine. Graphite-furnace spec- 
trometers are, however, rather expensive and the 
possibility of using simpler instrumentation has 
therefore been investigated. Various reports suggest 
the use of anodic-stripping voltammetrylJ and Jagner 
et al. have proposed the use of potentiometric strip 
ping analysis3 In the batch mode the latter technique 
was capable of determining lead in urine at concen- 
trations down to 0.2 pg/l. The organic constituents of 
the urine sample caused problems, however, one of 
these being that the mercury flm could not be formed 
in situ. Furthermore, the glassy-carbon electrode used 
as substrate for the mercury film had to be repolished 
frequently. Since the recently developed technique 
based on flow potentiometric stripping analysis with 
carbon-fibre electrodes ought to overcome these 
problems and at the same time increase the degree of 
automation of the analysis, it was decided to re- 

*Permanent address: ScientitIc Instrumentation De- 
partment, Xiamen (Amoy) University, Fujian Province, 
People’s Republic of China. 

investigate the determination of lead in urine. A 

major difference between the batch and flow pro- 
cedures is that in the latter the electrolysis precon- 
centration step and the stripping step are performed 
in different solutions. Thus in changing from a batch 
procedure to a flow procedure the sample pretreat- 
ment must be re-investigated and the composition of 
a suitable stripping solution studied. 

EXPERIMENTAL 

Apparatus 
How system. The flow system consisted of a peristaltic 

pump with which six different solutions could be drawn, in 
any order, into the flow-cell through magnetically-activated 
valves. The electrolysis potential, flow rate, and operation of 
the valves were under computer control. During stripping, 
the computer recorded the potential vs. time transient signal 
with a real-time sampling rate of 19.2 kHz. 

The flow system and the computer program have been 
described in detail elsewhere.’ 

Electrode system. The working electrode was a carbon 
fibre with a diameter of approximately 10 pm, inserted 
perpendicular to the direction of flow into a PVC tube with 
an inner diameter of 0.5 mm. The counter-electrode was a 
platinum tube and the reference electrode a silver tube 
coated with silver chloride. All potentials given below are 
with respect to the Ag/AgCl electrode at the relevant 
chloride concentration in the solutions. The construction of 
the carbon-fibre electrode has been described elsewhere.s 

Reagents 
Mineral acti. All mineral acids used were of Suprapur 

grade (Merck). 
Stock solutions of memuy(ZZ) nitrate and lead(ZZ) nitrate. 

Stock solutions were prepared by diluting the contents of 
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Titrisol ampoules (Merck) with Milhpore Q water to give was renewed by electrolysis for 10 set at - 1.10 V in the 
solutions wn~ning 4 g/l. mercury(H) or 4 g/l. lead(H). mercury plating solution. 

Mercury coating solution. Stock mercury(H) nitrate sol- 
ution was added to 5M calcium chloride and diluted with 
Millipore Q water to give a total concentration of 50 mg/l. 
mercury(II) and 2.5M calcium chloride. 

Stripping solution. Hydrochloric acid was added to SM 
calcium chloride and the mixture was diluted with Millipore 
Q water to give O.lM hydrochloric acid/lit4 calcium 
chloride. 

SampIes 
Urine samples were taken from laboratory personnel and 

acidified with 0.544 nitric acid. Seronorm@ urine reference 
sample (batch 108) with a creatinine concentration of 1.5 g/l. 
was obtained from Nycomed AS, Oslo, Norway. 

Electrolysis of sample solutions. The sample solution was 
drawn into the cell and a potential of -0.10 V was applied 
for 2 set in order to reoxidim trace lead@) impurities in the 
mercury plating solution. A potential of - 1.15 V was then 
applied for 90 set, after which the stripping solution was 
passed into the cell for 30 sec. The potential vs. time 
stripping cmve was then recorded for the potential interval 
from - 1.15 to -0.20 V. The stripping solution was then 
electrolysed for 3 set at - 1.15 V and the background 
stripping curve was recorded over the same potential 
interval. 

Sample ~retreat~nt 

Five different pretreatment procedures (previously used in 
connection with eiectrochemical stripping analysis of urine6) 
were tested on each urine sample. 

1. Hydrochloric acid treatment. Ten ml of lh4 hydro- 
chloric acid were added to 10 ml of urine sample. 

2. Hydrochloric acid :nitric acid treatment. A mixture of 
2.5 ml of concentrated hydrochloric acid and 2.5 ml of 
concentrated nitric acid was added to 5 ml of urine sample. 
After 1 min. the mixture was diluted to 100 ml with 
Millipore Q water. 

Graphical and digital presentation of the results. After 
~ffe~ntiation, subtraction of the background, and digital 
filtration, the lead stripping peak was located by searching 
the potential interval from -0.35 to - 0.55 V, and the peak 
was then integrated in the interval f0.06 V around the peak 
potential. The differentiated and tiltered stripping curve was 
then displayed on the printer/plotter for the potential 
interval from -0.30 to -0.60 V. Filtering was achieved 
with an averaging fllter of 30 mV and a Savitsky-Golay 
filter of 15 mV.’ The results from the analysis of the 
lead(II)-spiked sample were evaluated and displayed in the 
same way. Finally the lead(H) concentration in the sample 
was evaluated and reported, the normal equation for single 
standard-addition being used. 

3. Evaporation to dryness. A mixture of 2.5 ml of concen- 
trated hydrochloric acid and 2.5 ml of concentrated nitric 
acid was added to 10 ml of urine sample and the mixture was 
evaporated to dryness on a sand-bath. After cooling, the 
residue was dissolved in 100 ml of OSM hydrochloric acid. 

4. Ultraviolet treatment. A mixture of 2.5 ml of concen- 
trated hydrochIoric acid and 2.5 ml of concentrated nitric 
acid was added to 10 ml of urine sample. The mixture was 
kept 25 cm below a 100-W ultraviolet source for 8 hr and 
then diluted to 100 ml with OSM hydrochloric acid. 

5. High-pressure digestion. Concentrated nitric acid (2.5 

The mercury-Rim renewal procedure and subsequent elec- 
trolysis in the sample and in the spiked sample could be 
repeated any preset number of times. In the results reported 
below, the procedure was repeated five times in order to 
obtain info~ation on the ~pr~ucibility. The mean value 
of the live standard-ad~tion determinations and the rele- 
vant standard deviation were then obtained automatically. 

ml) was-added to 10 ml of urine sample and the mixture was 
held at 180” for 8 hr in a PTFE-coated bomb. After cooling, 
the mixture was diluted to 100 ml with 0.5M hydrochlo& 
acid. 

A&&ion of mercury(ZZ) and lead(ZZ) 
Me~~~I) stock solution was added to 5 ml of the 

pretreated sample to yield a total mercury(H) con~ntration 
of 10 mgfl. To another S-ml Portion of the pretreated 
sample, mercury(H) and lead(H) stock solutions were added 
to yield total concentrations of 10 mg/l. and 10 @g/l., 
respectively. The two solutions were connected to two of the 
inlets of the flow potentiometric stripping analyser. 

Flow potentiometric stripping procedure 

After connection of the pretreated sample and the 
lead(II)-spiked pretreated sample to two inlets of the flow 
analyser the analytical procedure and the evaluation of the 
results were performed automatically. The main features of 
the analytical procedure were as follows (all flow-rates were 
I ml/min). 

Mercury prepiating. Fresh carbon fibres, or carbon fibres 
which had not been used previously on the day of analysis, 
were precoated with a fflm of mercury. In this procedure the 
mercury plating solution was allowed into the cell and a 
ootential of -0.40 V was applied for 2 set, after which the 
potential was disconnected‘ ‘for 1 sec. The potential was 
changed to -0.5 V and applied for 2 se-c, then again 
disconnected for 1 sec. This procedure was repeated in steps 
of -0.1 V until a potential of - 1.10 V was reached. The 
final precoating stage consisted of electrolysis at - 1.10 V 
for 15 sec. 

Mercury-film surface renewal. Prior to electrolysis of the 
sample, or the sample spiked with lead(H), the mercury film 

RESULTS AND DISCUSSION 

Comparison between sample pretreatment procedures 

Forty different urine samples were subjected to the 
five different pretreatment procedures and then each 
was anafysed tive times for Iead by the automated 
~tentiomet~c stripping procedure. Four of the pro- 
cedures (Nos. 2-5) yielded results that all agreed 
within one standard deviation, for the entire sample 
range, with lead concentrations from 3 to 15 pg/l. 
For five of the samples, the other pretreatment 
procedure (No. l), yielded results which differed by 
more than three standard deviations from the average 
value obtained by the other four procedures. These 
five samples had in common that they were analysed 
immediately after sampling. After acidification with 
nitric acid and storage for one day these five samples 
yielded results in acceptable agreement with those 
obtained by the other four pret~a~ent procedures. 

Two of the pretreatment procedures, ultraviolet 
irradiation and high-pressure digestion (Nos. 4 and 
S), resulted in complete mineralization of the 
samples, That the much simpler method based on 
nitric acid/hydrochloric acid treatment (No. 2) 
yielded the same results as those obtained by these 
treatments strongly indicates that this procedure is 
sufficient for the flow potentiometric determination 
of lead in urine. 



Automated determination of lead in urine 541 

(a) 

1 
(b) 

1 
a.05 

I I 7 
> 

--n-l 40’ 
=zkiTie- . . -0.4 -0.5 

V 

Fig. 1. Differential potentiometric stripping curves obtained 
in the analysis of urine reference sample (pretreatment 
procedure No. 2) (a) before and @) after standard addition 
of 10 &l. lead(I1). Potentials were measured W. Ag/AgCl 

in 2.W chloride stripping solution. 

Analysis of urine reference sample 

The lead(I1) concentration in urine reference 
sample BCR was determined by using the nitric acid/ 
hydrochloric acid pretreatment procedure (No. 2). 
Figure l(a) shows the potentiometric stripping 
curve obtained from this sample and Fig. l(b) the 
stripping curve obtained from the sample spiked with 
lead(I1). The value obtained for lead in the reference 
sample, 93 pg/l. with a standard deviation of 8 pg/l. 
(n = 5), is in good agreement with the certified value 
of 88 pg/l. 

Effect of complexing agents 

To investigate the effect of complexing agents 
frequently used in the treatment of lead poisoning, 
1mM concentrations of Ca-EDTA and d-penicil- 
lamine were added to a urine reference sample prior 
to the nitric acid/hydrochloric acid treatment. The 
mean results differed from the certified value by less 
than one standard deviation. 

Stability of the carbon-Jibre electrode 

Since urine contains a large number of organic 
compounds it is a very complicated matrix for elec- 
troanalytical measurements. Previous experiments 
using glassy carbon as substrate for the mercury film 
have shown that frequent repolishing of the electrode 
is necessary for analysis of urine samples. This has 
been attributed to the adsorption of organic material 
on those parts of the glassy carbon surface which are 
not covered by the mercury droplets constituting the 
mercury “film”. The geometry of the carbon-fibre 
electrode seems to favour the formation of smaller 
mercury droplets and a more complete surface cover- 
age. Thus a carbon fibre can be used for several 
hundred electrolysis/stripping cycles before it has to 
be replaced. This is at least a factor of ten more than 
for a glassy-carbon disc electrode. 

Interferences and stripping medium composition 

The two elements most likely to interfere with the 
lead stripping peak are copper and tin. The degree of 
interference from copper depends on the chloride 

concentration of the stripping medium. At high 
chloride concentrations ( > 2M) amalgamated copper 
is reoxidized to copper(I) complexes, shifting the 
peak potential in the negative direction and closer to 
the lead stripping peak. In the stripping medium used 
in this investigation, copper(I1) interference with the 
lead stripping peak began at urine copper concen- 
trations of approximately 100 mg/l. This is more than 
three orders of magnitude higher than the copper(I1) 
concentrations normally occurring in urine. 

After the nitric acid/hydrochloric acid pretreat- 
ment, any tin in the urine sample will be present as 
tin(W). At the electrolysis potential used in this 
investigation tin(W) is reduced very slowly. Total tin 
concentrations below 0.2 mg/l. in the urine do not 
interfere with the lead stripping peak. Interference 
from higher concentrations of tin(W) can be elimi- 
nated by the addition of copper(H) to the urine 
sample. The Sn-Cu intermetallic compounds formed 
during electrolysis will completely mask the tin(W) 
interference. For example, the addition of copper(I1) 
at the 10 mg/l. level to the urine sample will com- 
pletely mask the interference from up to 50 mg/l. 
tin(W). Higher tin concentrations are unlikely to 
occur in urine. 

Accuracy and precision 

The accuracy of the method was tested by adding 
known amounts of lead to a urine sample, as well as 
by analysis of the urine reference sample. The nitric 
acid/hydrochloric acid pretreatment procedure 
(No. 2) was used and the results are summarized in 
Table 1. As can be seen, acceptable recoveries were 
obtained in the concentration range investigated, 
S-100 pg/l., but the precision is rather poor. This is 
due to the inherent imprecision of the standard- 
addition technique used.‘** 

CONCLUSIONS 

Owing to the simplicity of the sample pretreatment 
procedure and the high degree of automation, com- 
puterized flow potentiometric stripping analysis 
would appear to be an attractive alternative to the 
graphite-furnace technique for the determination of 
lead in urine. The reliability of the carbon fibre as 
sensor makes the technique accessible to personnel 

Table 1. Recoveries of lead(B) added to a 
urine sample prior to nitric aeidjhydro- 

chloric acid pretreatment 

Lead(B) added, Lead(B) found,* 
/J&78/1. /Kgll. 

0 6&2 
10 12&4 
20 26&6 
40 48 f 6 
60 60*9 

loo 112* 12 

*Mean f 1 standard deviation (n = 5). 
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with limited experience in analytical chemistry. Since 2. 
its installation does not demand access to ventilation 
or pressurized gases, the instrument can be used in a 3. 
somewhat primitive laboratory environment or even 4 
in field investigations. 
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DETERMINATION OF CALCIUM AND MAGNESIUM IN 
LIMESTONE AND DOLOMITE BY ENTHALPIMETRIC 

FLOW-INJECTION ANALYSIS 

WALACB A. DE OLIVEIRA and AM)Nso s. MENDES 
Institute de Quimica, Universidade Eatadual de Campinas, C.P. 6!54, Campinas, SF, Brazil 

&nmuuy--A ~ow~~pi~~c metbod for the determination of cakimn and magnesium in limestone 
and dolomite is described. Calcium is determined by measuring the heat evolved from the substitution 
reaction with Mg-EDTA. The amount of magnesium is calculati from the calcium content and the 
enthalpimetric signal for the reaction of the sample soWian with disodium=EDTA, which gives the total 
concentration of calcium md magnesium. Analysis of referent% materials and other samples indicates 821 
error not exceeding 0.3% of CaO and MgO, and a sampling rate of 100 samples per hour. 

Several methods are available far the determination 
of calcimn and magnesium in limestone and dolo- 
mite. Conventional gravimetric procedures involve a 
number of laborious steps and are subject to cross- 
~nt~~t~on of the precipitates (though fortunately 
this is to some extent compensatory). Atomic- 
absorption spectrometry is rapid and very useful for 
the detezmination of small amounts, but matrix 
effects may cause interferences. The development of 
new procedures for these determinations is desirable’ 
because the increasing demand for more analytical 
results requires faster methods and automated 
procedures. 

Thermometric and entbalpimetric methods have 
Z-l been proposed for the d~te~nation of calcimn 

and magnesium in limestone and dotamite- These 
Whniques have proved useful because they are 
simple and involve inexpensive inst~~n~tion- 

In this work, the application of enthalpimetric 
flow-injection ana&sis to the determination of cal- 
cium and magnesium is describ&. The use of precipi- 
tation and complexation reactions was investigated, 
to find the best choice for these determinations. The 
results obtained are compared with those found by 
other techniques. 

EXPERlMENTAL 

A recently described Bow enthalpimete? was used. It 
consists of a peristaltic Pump which imp& the l&ids 
through the injector and flow manifolds, which are placed 
in an insulated g-litre water-bath. Temperature difference 
are measured with two thermistors connected in a d.c. 
wheat&one bridge, the outrmt voltage from which is regis- 
ted on a stripEhart re&der, - 

Manifold 
The manifold used is shown in Fig. 1. Polyethylene tubing 

of 0.5 mm bore was used for the sample, reagent and carrier 

streams. Pulse dampers (Dt and Dl), similar to those 
described earlier: were used for the reagent and 6er 
streams. The fluids pass through temperature ~ui~bmtion 
coils l&-E, before passage through the injector block and 
the reactor arid through a similar coil (I&) after passage 
through t&e indicator fIow-celI (Ti). All four coils are l-m 
long W-mm bore stainless-steei tubes. A home-made acrylic 
proportional injector’ (I) was used for introduction of IO0 
~1 of sample. The indicator vi) and refeiena (Tr) flowcells 
had a volume of about 17 ~1 and were home-made acrylic 
blocks modelled as T-connectors, with the thermistor 
mounted peqendicular to the fluid stream. The reactor (Rt) 
WBS mado of Tygon tubing, 3.0-mm bore and 2 cm long, 
packed witi glrrss beads (60-80 mesh) coated with sikone. 

Proceke 
About 1 g of sampIe (loO_mesh, dried at 100” for 1 hr) 

was accura&ly weighed and transferred into a iOO-ml 
porcelain cup, covered with a watch-glass. Small portions of 
distilled water were added to moisten the sample. About 15 
ml of 6&f hydrochloric acid werz added, with stirring by a 
glass rod, followed by addition of 2 ml of concentrated nitric 
kid. The liquid was boiled off and the residue was dissolved 
in about 35 ml of hot distilkd water. The coolad solution _ 
was filtered through a Whatman No. 40 paper into a Xl-ml 
standard flask, tbe residue being washed with IW v/v 
hydrochloric arid and the solution made up to vohm~e with 
distilled water. For the determination of calcium, S ml of 
this solution were transferred into a 25-ml standard flask 
and the followinn solutions were added: 1 ml of 100/o 
hydroxylmnine hy&ochIoride solution, 5 ml of ammonium 
chloride btier (PH 10; 34 g of ammonium chloride and 285 
ml of concentrated ammonia soiution diluted to NO ml) and 
1 ml of 40% v/v ~e~ol~ne solution containing 6% 
potassium cyanide, tht solution was made up to the mark 
with distiikd water. The solution was mixed and introduced 
into the Row manifoid shown in F”tg. I. The carrier was the 
pH-10 ammonium chloride buffer solution and the reagent 
was 0.2M Mg-EDTA in the same buflbr. Calculations were 
performed by comparing the enthalpimetic signal for the 
sample with those for standard solutions of calcium, under 
the same experimental conditions. The procedure used 
for calcium was also employed for the determination of 
magnesium, @x-t that a borate btier @H 9.2) W&TL wed 
and tha reagent was 0.2M disodium=EDTA. 

Analytic&reagent grade chemicals were used throughout. 
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Fig. 1. Flow manifold for the determination of calcium and magnesium in limestone and dolomite. 
R, reagent; C, carrier; S, sample; P, peristaltic pump; D, and D,, pulse dampers; E,-E,, equilibration coils; 
B, insulated water-bath; I, injector; Rt, reactor tube; Ti and Tr, indicator and reference thermistor cells; 

0, overhead stirrer; W, waste. 

RESULTS ANR DISCUSSION 

Preliminary experiments 

Initially an attempt was made to adapt con- 
ventional procedures to the flow-injection system. 
Calcium was precipitated in the presence of mag- 
nesium with 0.2M ammonium oxalate in pH-8 borate 
buffer, with the same buffer solution as carrier. 
Jordan and Billingham have reported that thermo- 

metric titration of calcium with oxalate, in the pres- 
ence of magnesium, with these solutions permitted 
determination of calcium without interference from 
magnesium. Under these conditions magnesium gave 
quasi-isothermal titration curves. However, the re.- 
sults obtained with the flow enthalpimeter, as shown 
in Fig. 2, indicate that magnesium yields endothermic 
signals proportional to its concentration, and the 
signal for mixtures of calcium and magnesium is the 

Fig. 2. Enthalpimetric signals for the reaction of oxalate with: A, standard solutions of calcium with 
concentrations (mN) shown above the peaks; B, standard solutions of magnesium with concentrations 
(mM) shown below the peaks; C, standard solutions of calcium with a concentration equal to 2OmM, 

containing magnesium with concentrations equal to 5 (C,), 10 (C,) and 2OmM (C,). 
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sum of the individual signals for the components. 
This finding hindered the use of precipitation with 
oxalate for the purpose of this work. It is interesting 
to note the difference between the results of the 
thermometric titration and flow-injection enthalpi- 
metry. Apparently, the experimental conditions pre- 
vailing in the flow-injection enthalpimetry have 
modified the kinetic behavior observed in thermo- 
metric titration. 

The complexation reaction with EDTA has been 
usedk9 to determine calcium and magnesium by 
means of thermometric titration. The heat of com- 
plexation of calcium with EDTA is exothermic 
(AH = -23.4 Id/mole) and that of magnesium is 
endothermic (AH = 20.1 kJ/mole). Preliminary ex- 
periments revealed that, under the working con- 
ditions of the flow enthalpimeter, the complexation of 
calcium and magnesium gives good enthalpimetric 
signals, proportional to their concentrations. When 
both calcium and magnesium are present in solution 
the magnitude of the resulting signal is a function of 
the concentration of the two elements. In this case 
also, the results of flow-injection enthalpimetry are 
different from those’ obtained by thermometric ti- 
tration. Complexation with EDTA was used for the 
determination of the sum of calcium and magnesium, 
the exchange-reaction with Mg-EDTA for deter- 
mining calcium. The magnesium content could then 
be calculated. 

Determination of calcium 

The substitution reaction between calcium and 
Mg-EDTA has been usedi for the thermometric 
determination of calcium. Besides avoiding the co- 
titration of magnesium, the substitution reaction 
yields an enthalpimetric signal which is 25% higher 
than that for the complexation reaction. Because of 
these advantages, the substitution reaction was 
chosen for the determination of calcium. It was found 
that the concentration of calcium, Co, (M), is linearly 
related to the enthalpimetric signal, S (degrees), by 
the equation S = --a + bC, with a correlation 
coefficient of 0.9993. The standard deviation (ten 
replicates) was 0.00041” for 20mM calcium and 
0.00055” for 40mM calcium, corresponding to uncer- 

Table 1. Effect of interferents on the enthalpimetric deter- 
mination of calcium 

Concentration 
taken, mM 

ca Relative 
Ca Mg Al Fe found, mM error, % 

20.0 20.0 - - 19.9 -0.5 
20.0 - 0.4 - 20.1 +0.5 
20.0 - - 0.3 19.9 -0.5 
20.0 - 0.4 0.3 20.0 0 
20.0 20.0 0.4 0.3 20.1 +0.5 

tainties of 0.10 and 0.14mA4, respectively, at these. 
concentration levels. 

To study the effect of potential interferents, such as 
magnesium, aluminium and iron, synthetic samples 
containing these elements were analysed. The results 
are listed in Table 1 and show that the difference 
between the concentration taken and found is within 
the experimental error. 

Table 2 shows the results for analysis of diverse 
samples from different parts of Brazil. Three refer- 
ence materials are included in the table 
(WI-Instituto de Pesquisas Tecnologicas, SP, Brazil, 
numbers 35, 48 and 46). The percentages of FqO, 
and Al,03 are also listed, when available. For the 
reference materials, the certified values are reported. 
For the other samples the reported values were 
obtained by using standard methods based on 
atomic-absorption and classic titrimetry. Each value 
is the average from three determinations encompass- 
ing the complete procedure, including the sample 
dissolution. Table 2 shows that the results for the 
enthalpimetric method are in good agreement with 
the accepted values, the average difference being 
0.3% (absolute) CaO. 

Determination of magnesium 

It was observed that the magnitude of the en- 
thalpimetric signal for the complexation reaction of 
calcium and magnesium with d&odium-EDTA varies 
with the pH of the reaction medium. A borate buffer 
of pH 9.2 gave the best results. 

The enthalpimetric signal of a solution containing 
calcium and magnesium, S,, is the sum of the 

Table 2. Comparison of results for the analysis of samples of limestone and dolomite 

CaO, % Mgo, % 

Sample FqO,, % A&O,, % Reported value Enthalpimetric Reported value Enthalpimetric 

IPT-35 
IPT-48 
IPT-46 
CAL-OP 
DAX-363 
DAX-364 
DAX-397 
PI-AA 
PQ-016 
PQ-018 
CIM-VO 

0.14 0.24 
0.17 0.17 
2.34 4.7 
- - 

0.22 3.23 
0.32 0.88 
1.09 0.74 

- - 

53.8 53.3 0.7 0.8 
31.0 31.4 21.2 21.7 
60.9 60.6 6.2 5.9 
54.3 54.0 0.5 0.6 
33.5 33.8 12.4 12.8 
50.2 50.0 1.8 1.9 
40.0 40.0 6.2 6.7 
26.1 26.1 23.5 24.0 
21.6 21.8 25.5 24.8 
17.6 18.1 29.4 29.5 
51.9 51.8 2.7 2.5 



546 WAWCE A. DE kWRA and AFONSO S. Merr>rs 

~nt~butions of the two elements, S, and S,,; values equal to 0.3% of Mgo. As can be seen from 

s,=s,+s,, 
(1) equation (4), the error in the concentration of mag- 

nesium depends on the uncertainties in determination 
The experimental results have shown that the of both Co, and S, . The contribution due to the error 

signals of each element can be represented by in the measurement of S, was found to be the larger, 

S ti=a,Ca+b, 
(2) The absolute mean error for MgO is the same as that 

for CaO, although it would be expected to be larger, 
S Mg=a&‘Mg-+b2 (3) since the MgO value is obtained by difference; this 

where a,, a2, b, and b2 are constants and C, and C,, 
represent the -concentrations of calcium and mag- 
nesium, respectively. Substituting equations (2) and 
(3) into equation (I) gives 

CM, = 
ST-a,(&,--b,-b, 

a2 

The values of a,, a,, b, and b2 are obtained from 
calibration runs with standard solutions. Since C, is 
known from its separate determination, CM8 can be 
calculated with equation (4). 

The signals for calibration with standard solutions 
of calcium and magnesium fitted equations (2) and 
(3) with correlation coefficients of 0.9999. The signals 
for blank runs in this case, as well as in the deter- 
mination of calcium, were small, indicating that heat 
effects due to evolution, neutral~tion and other 
factors are almost negligible. Interference from 
iron and aluminium was investigated and was not 
observed. 

Results for the determination of magnesium in 
several samples of limestone and dolomite are shown 
in Table 2. These results indicate an average absolute 
difference between the reported and enthalpimetric 

apparent anomaly arises from the conversion factor 
from molarity to w/w concentration. 

Although the precision and accuracy of the en- 
thalpimetric method reported here are lower than 
those of classic methods, the en~lpimet~c pro- 
cedure is faster, allowing a sampling rate of 100 
samples per hour. Also, the instrumentation required 
is simple and inexpensive. 
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Summary-A new chelating resin based on macroreticular acrylonitrile+livinylbenzene copolymer and 
containing hydroxamic acid functional groups has been synthesized. It is highly stable in acidic and 
alkaline solutions. The sorption characteristics of Cu(II), Cd(II), Pb(II), Zn(II), U(W), Cr(VI), V(V), 
Co(H), Ni(II), Ca(I1) and Mg(I1) have been investigated over the pH range 1.0-6.0. The effect of various 
electrolytes at different ionic strengths on the & values for Cu(II), Cd(H), Pb(I1) and Zn(I1) has ti 
studied systematically. Chromatographic separations of copper(H) and nickel(I1) from cobalt (II), and of 
uranium(W) from chromium(W) by selective sorption at controlled pH, have been developed. The 
ion-exchanger can be used for purification of inorganic salts, and analysis of brass and bauxite. 

The at~ntion paid to removal of trace metals from 
industrial effluents and the degree of sop~sti~ation of 
separation methods have both increased enormously 
in recent years. Use of chelating resins for removal 
and separation of metal ions is of wide interest owing 
to its simplicity, elegance and range of variations. 

The strong chelating power of hydroxamic acid 
ligands has been utilized in the manufacture of 
chelating resins containing these acids as functional 
groups. Poly(hydroxamic acid) resins have been 
synthesized from polymethacrylate,’ Amberlite IRC- 
SO,’ Amberiite XAD-4 and styren~i~nyl~~ene 
copolymer,3,4 and a~lo~t~l~i~nyl~~ne co- 
polymer.” So far no ~ly~ydrox~~ acid) resin 
based on ~-bromophenylhy~oxamic acid has been 
reported. Introduction of the bromo group at the 
puru-position increases the basicity of the ligand and 
hence its chelating power and the distribution 
coeEicients for various metal ions. 

In this paper the synthesis and characterization of 
the p-bromophenylhydroxamic acid resin are re- 
ported, together with the conditions for the effective 
separation of copper(I1) and lead(II), zinc(I1) from 
cadmium(II), copper(I1) and nickeI(I1) from 
cobalt(B), and urani~~1) from chro~~~1). 
The resin has been applied to analysis of brass and 
bauxite, and pu~fi~tjon of inorganic salts. 

Reagents 

EXPERIMENTAL 

All chemicals used were of analytical grade. The acrylo- 
nitrile monomer was obtained from Pluka. Solvents were 
distilled prior to use. 

*Author for correspondence. 

Metal ion solutions 
Metal solutions were prepared by dissolving appropriate 

amounts of tbe acetates of the metals in doubly distilled 
water and standardized by FDTA titration9 or spec- 
trophotometcically.‘O 

Synthesis of the chelating resin 
Poly(acrylic acid), synthesized by the method reported 

earlier,* was heated with p-bromophenylhydroxylamine at 
75-80” for 18 hr. The p-bromophenylhydroxylamine was 
synthesized by partial reduction of p-bromonitrobenxene 
with zinc powder at 60” in the presence of ammonium 
chloride. The product was recrystallizd from a mixtm of 
petroleum ether f&p. 40-W) and benzene and then coupled 
with the poly(acrylic acid). The resulting poIymer was 
washed thoroughly with methanol then with 2M hydro- 
chloric acid and finally with dent water until free 
from chloride. A small portion was vacuum-dried prior to 
elemental and infrared analysis. 

The water regain, true density, apparent density, void 
volume fraction, sodium exchange capacity, rate of ex- 
change for sodium ion, rate of equilibration with metal ions, 
resin stability, effect of metal ion concentration on l,,*, and 
the effect of different eluents were studied according to 
literature methods.llJ* 

Metal ion capacity 
The resin- was equilibrated with acetate bulfers (pH 

1.0-6.0) for 12 hr. The buffer solutions were decanted and 
the r&n samples (0.25 g) were equilibrated for 24 hr with 
25 ml of 0.2iW metal acetate solutions at appropriate PH. 
After 24 hr the metal ion ~n~tration in the supernatant 
liquid was estimated. The results were cross-checked by 
eluting the chelated metal from the resin with 1M hydro- 
chloric acid and determining it. Copper, chromium and 
uranium were determined spectrophotometrically,lo and the 
other metal ions by EDTA titratioa9 

I& values for metal ions in the presence of electrolyte solutions 
A 0.25-g portion of resin (H+ form) was suspended in 

50 ml of electrolyte solution of known concentration. The 
pH was adjusted to the value at which the resin shows 
maximum atIinity for the metal ions. The mixture was 
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wuilibrated for 24 hr. Then 2 ml of 5-m&l solution of the 
&al ion under study were added, and the pH was adjusted 
to 5.0, 4.0, 4.0 and 6.0 for Cu(II), Cd(II), Pb(I1) and Zn(I1) 
msoectivelv. The solution was further equilibrated for 24 hr, 
wiih inter&ent shaking, and then filt&ed. The solid was 
washed with demineralized water, and the filtrate and 
washings were combined and analysed for metal ion con- 
tent. The procedure was repeated with 0.05-1M solutions of 
sodium chloride, sodium nitrate and sodium sulphate as 
electrolytes. 

Chromatographic separations 
A resin sample (I-I+ form) was equilibrated with buffer 

and packed into a chromatograpbic glass tube to form a bed 
z 17 cm in length and 0.5 cm in diameter. Mixtures of 
metals (10 mg of each per 25 ml) in the appropriate buffer 
were passed through the column at a flow-rate of 0.2 
ml/min. During elution a flow-rate of 1 ml/min was used. 

Analysis of brass 
A l-g sample of brass was dissolved in 5 ml of concen- 

trated nitric acid and the solution evaporated just to dry- 
ness. The residue was dissolved in 5 ml of 0.1 M hydrochloric 
acid and the solution filtered. The filtrate and washings were 
diluted to volume in a NO-ml standard flask with water. A 
25-ml aliquot of this solution, adjusted to pH 5.0, was 
passed through the resin column at a flow-rate of 0.2 ml/min 
to separate the constituents of the brass. 

Analysis of bauxite 
A l-g sample of bauxite was heated with 3 ml of 

concentrated nitric acid and 9 ml of concentrated hydro- 
chloric acid. When dissolution seemed complete, the mlx- 
ture was evaporated to dryness. The residue was dissolved 
in 5 ml of 0. 1M hydrochloric acid. Silica was filtered off and 
the tiltrate and washings were diluted to volume in a IOO-ml 
standard flask with water. The silica was ignited, cooled, 
treated with a few drops of concentrated sulphuric acid and 
hydrofluric acid and evaporated to dryness. The residue was 
fused with 0.8 g of potassium bisulphate, and the cooled 
melt was dissolved in dilute hydrochloric acid, no iron and 
aluminium were detected in this solution, indicating their 
quantitative dissolution in the aqua regia treatment. A W-ml 
aliquot of the 100 ml of sample solution containing iron and 
ahnninium was adjusted to pH 2.0 and passed through the 
resin column at a flow-rate of 0.2 ml/mm. 

RESULTS AND DISCUSSION 

The infrared spectrum of the polyacrylonitrile- 
divinylbenzene copolymer showed a stretching band 
at 2260 cm-i (-CEN), whereas the spectrum of the 
hydrolysed product exhibited stretching bands at 
1720 and 920 cm-’ (-COOH). The spectrum of the 
final product showed bands at 1650 cn-’ (M), 
2960 cm-’ (O-H), 500 cn-’ (C-Br), 3030 cm-’ 
(benzene aromatic C-H stretching) and 1613-1471 
cm-’ (ring skeletal vibrations of a). From the 
elemental analysis it was found that the conversion of 
carboxylic acid into hydroxamic acid was -80% 
complete. The physicochemical properties of the 
resins are listed in Table 1. The reported sodium 
exchange capacities of the p- and m-chlorophenyl- 
hydroxamic acid resins are 5.24 and 5.16 meq/g (dry 
resin) respectively. The sodium exchange capacity of 
the m-bromophenylhydroxamic acid resin may be 
lower because of the less acidic character of the 
functional group. The resin exhibits cation-exchange 
capacity for sodium only at pH > 10.5. The time 

Table 1. Physicochemical properties 

Moisture content, % 
True density, g/cm’ 
Apparent density, g/cm’ 
Void volume fraction 
Sodium exchange capacity 

meq/g (dry resin) 
t,,, for sodium exchange, min 

4.83 
1.40 
0.60 
0.57 

5.06 
8 

required for 50% exchange is 8 min; complete 
exchange takes 12 hr. 

The resin has high thermal stability. The capacity 
increases with temperature. A differential scanning 
calorimetry study showed that the resin decomposes 
at temperatures ~385”. The resin can withstand 
repeated acid-base washing cycles, without change in 
sodium exchange capacity, indicating high chemical 
stability. 

Metal ion capacity 

The capacity as a function of pH, for the metals 
under study, is shown in Fig. 1. The resin exhibits 
good selectivity for these metals, the order of affinity 
being Ca(I1) < V(V) < Mg(I1) < Ni(I1) < Co(I1) < 
Pb(I1) < U(V1) < Cd(I1) < Zn(I1) c Cu(I1). The same 
order was observedi for a macroreticular iminodi- 
acetate resin, except for Mg(II), for which the affinity 
was less than that for Ca(I1). It is expected that the 
metal capacities of the resin should increase with 
increasing stability of the metal complexes formed 
with the chelating resin. The capacities for the tran- 
sition metal ions follow the Irving-Williams order, 
except for cobalt. The capacity of the resin for cobalt 
is higher than that for nickel. This may be due to 
aerial oxidation of cobalt(I1) to cobalt (III), resulting 
in higher crystal-field stabilization energy for the 
cobalt complex than for the nickel complex. In the 
case of cadmium, lead, calcium and magnesium, 
purely electrostatic factors are involved. The 
hydrated-ion radius of cadmium is greater than that 
of zinc. This will result in lower electrostatic inter- 
action between the metal and the co-ordinating 
group, lower complex stability and hence lower ca- 
pacity. Calcium and magnesium, being alkaline-earth 
metals have less tendency to form co-ordination 
compounds. 

From Fig. 1 it is clear that chromium can be 
separated from the other metal ions under study, at 
pH 5.0. It was found that the times needed for 50% 
exchange of 0.2M solutions of Cu(II), Cd(II), Pb(II), 
Zn(II), Cr(VI), U(VI) and V(V) are 6, 23, 14, 30, 23, 
22 and 30 min respectively and that t,,* is inversely 
proportional to the metal ion concentration. 

Effect of different electrolytes on K, values of metal 
ions 

Table 2 shows that the distribution coefficients for 
Cu(II), Cd(II), Pb(I1) and Zn(I1) increase with de- 
creasing concentration of sodium chloride, nitrate or 
sulphate. This is because the heavy-metal ions chelate 
with the hydroxamic acid groups in the resin, whereas 
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Fig. 1. 

60 (A) (B) 

0123456701234567 

PH 

Effect of pH on metal ion capacity. (A) 0 Cu(II), l Pb(II), 0 Cd(II), n Cr(VI), A V(v), A 
WI); (B) 0 Zn(II), 0 Co(II), Cl NW), m Mg(II), A Ca(II). 

the background electrolyte is simply sorbed in 
the resin. The efficiency of exclusion of electrolyte 
(Donnan potential effect) increases with decreasing 
electrolyte concentration and thus favours increased 
& for heavy-metal ions. The electrolyte exclusion is 
found to be more efficient for counter-ions of low 
charge and co-ions of high charge. The decrease in K,, 
at O.OSM background electrolyte concentration is 
regarded as a deviation from ideal behaviour, similar 
to that reported for Au(III), Fe(III), Ga(II1) and 
Tl(II1) by Kraus ef ~1.‘~ 

Study of eluents 

The eluents tested were 1-6M hydrochloric acid, 
nitric acid, sulphuric acid, acetic acid, sodium chlo- 

ride, 5-30% v/v perchloric acid (70%), and 0.25&U 
tartaric acid. Of these, hydrochloric, nitric and sul- 
phuric acids were found satisfactory but could give 
only 80% recovery for chromium(W). Complete 
recovery of chromium from the resin was not 
achieved even after prolonged elution. Eluents made 
with mixed solvents (aqueous methanol or acetone) 
were useless. 

Applications 

Removal of iron from cobalt acetate. Iron(II1) 
present in cobalt acetate can be removed by passage 
of a solution of the salt at pH 2 through a column of 
the resin; cobalt does not form the hydroxamic acid 
chelate at pH 2, and passes through the column. The 

Table 2. Effect of different electrolytes on &, values of metal ions 

Metal 

Copper 

Cadmium 

Lead 

Zinc 

Concentration 
of electrolyte, 

M 

1.0 
0.5 
0.1 
0.05 

1.0 
0.5 
0.1 
0.05 

1.0 
0.5 
0.1 
0.05 

1.0 
0.5 
0.1 
0.05 

Sodium 
chloride 

109 
165 
330 
223 

58 
92 

123 
74 

19 
42 
55 
19 

23 
30 
30 
11 

Kd 

Sodium 
nitrate 

126 
210 
554 
257 

20 
66 

148 
20 

30 
70 
a7 
19 

77 
128 
221 
40 

Sodium 
sulphate 

256 
350 

1471 
490 

74 
135 
193 
51 

70 
87 

150 
30 

32 
69 

225 
32 



iron can be duted with 3&f hydfocbloric acid. A 
sample containing 0.02% of iron was purified in this 
way, the iron content being reduced to 0.0~~. 

Analytical separations. Separations of copper@) 
from lead(I1) and zinc(II) from cadmium(I1) (10 ml 
of 1 mg/ml solution of each metal ion) were per- 
formed at pH 5.0 by selective elution of lead with 6M 
sodium chloride and of copper with 1M nitric acid, 
and by gradient elution of zinc and cadmium with 
OSM hydrochloric acid. No cross-contamination was 
observed in either of the separations. 

Separation of cobalt(U) from copper(B) and 
niekel(IQ (10 ml of 1 mg/mI solution of each metal 
ion) was achieved by st%x%iw sorption of copper and 
nickel at pH 2 and their gradient &&ion with 0.25M 
tartaric acid. Effective separation of cobalt is 
achieved but copper and nickel are co-eluted. 

The separation of chromium(VI) from uranium- 
(VI) (10 ml of 1 mg/ml solution of each metal ion) 
was achieved at pH 5, at which uranium remains on 
the resin and chromium in the column effluent. The 
chelated uranium was quantitatively eluted with 25 
ml of l&f nitric acid. 

An&s& of bauxite. Bauxite solution was passed 
through the resin column at pH 2.0. Alu~ni~ does 
not form the hydroxamic acid chelate at pH 2.0, and 
is thus separated from iron; the iron was eluted with 
3.84 hydrochloric acid. The sample contained 1.6% 
iron, which was determined with 1.2% reiative error. 

Analysis of brass. Brass solution (25 ml) was passed 

through the resin cohmm at pH 5. Chelated zinc and 
copper were eluted with O.lM nitric acid, followed 
by elution of iron with 3M hydrochloric acid. There 
was considerable overlap in the eiution of zinc and 
copper. 
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Summary-A voltammetric cell with a prapltite-paste cathode and silver-wire anode was designed for 
dissolved oxygen determinations in water. Its most important features were evaluated in laboratory and 
field studies. Several advantages such as higher sensitivity, wider linear response interval, negligible 
interference due to carbon dioxide, and shorter response time, besides its low cost and simple construction, 
were found when it was compared with sensors having a platinum cathode. 

The chemical methods used for dissolved oxygen 
(DO) determination in aqueous solutions are time- 
consuming and sometimes require expensive re- 
agents. The instrumental methods available are faster 
and can be automated. 

Electrochemical methods such as polarography, 
coulometry, voltammetry and amperometry have 
been reviewed by Brownman.’ Polarographic analysis 
with the dropping-mercury electrode (DME) was the 
method that first simplified DO determination and up 
to the present is perhaps the most accurate instru- 
mental method for laboratory analysis. However, the 
characteristics of the DME make it less useful in field 
work. Gold and platinum electrodes overcome some 
of the difficulties experienced with the DME, but 
themselves fail in some biological media in which the 
reduction produced by organic substances and even 
by certain ions lowers the selectivity. Clark2 proposed 
the use of polymeric membranes (e.g., polyethylene) 
permeable to oxygen, but impermeable to water and 
organic and inorganic solutes, to eliminate the 
difficulties above by thus keeping the electrodes out 
of close contact with such reducing substances. 

Lately, papers have appeared on use of noble- 
metal electrodes and non-stoic~omet~c oxides and 
solid electrolytes’ and on a membraneless sensor 
consisting of a silver-amalgam cathode and a zinc or 
ion anode, the cathode surface being continuously 
cleaned by a rotating abrasive4 rod. Another mem- 
brane sensor has a spongy Pb:Hg (81: 16) alloy anode 
to give a greater active surface, and a potassium 
hydroxide electrolyte containing primary alkylamine 
alcohols to suppress carbon dioxide.” Finally, an 
optical sensor for DO has been developed.6 

The cell described by Aiba’ has long been used in 
our laboratory for DO dete~nation in natural 
waters, This sensor was chosen because it is strong, 

*Author for correspondence. 

simple, and easy to construct. However, the high cost 
of platinum as electrode material and its relatively 
slow response required a detailed performance evalu- 
ation, and simultaneously several modifications were 
tried. 

Graphite was studied as the electrode material and 
a sensor using it as cathode was designed. 

EXPERIMENTAL 

Potentiomet~c rn~s~~en~ were made with a Corning 
110 pH-meter ~l~voltmeter (with +O.l mV accuracy). 
Polarographic measurements were made with a Radiometer 
Polariter PO4 polarograph, and voltammetric measurements 
with a conventional polarization source. Solutions were 
stirred whenever necessary, by means of a Metrohm Type 
E 402 magnetic stirrer. 

Reagents 
High-purity nitrogen was used for removing the DG from 

solutions. The oxygen used for the preparation of samples 
was also of high purity. Solutions with different oxygen 
concentrations were prepared by bubbling the gas for 
various times into O.OlM potassium chloride. Two aliquots 
were taken from each, one being used to determine the true 
oxygen ~n~ntmtion by the polarographic method,* pre- 
viously calibrated by the Winkler rne&nL9 and the other to 
study the sensor performan=. Measurem ents were made on 
stirred or unstirred solution at 25 f 0.5”. Spectral grade 
graphite powder was used to prepare the cathodes. High- 
quality liquid parafIln (checked by NMR) was used for paste 
preparation. All other reagents were of analytical grade. 

Sensors 
(a) Aiba cell.’ [Fig. l(a)]. 
(b) An Aiba cell modified by replacing the external glass 

body with a threaded Teflon tube [Fig. l(b)] to obtain a 
better fit of the platinum disk and an airtight seal to avoid 
the entrance of oxygen into the internal solution and make 
replacement of this solution easier. 

(c) Graphite4lver cell. The altinium tube anode was 
replaced by a l-mm thick silver wire about 5cm long, 
wound round a Teflon tube as a support. A copper wire was 
passed through the centre of the tube, with its bottom end 
welded to a small copper disk attached to the base of the 
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Original (a) Modification lb) 

cap _____ 

Aluminium 
tubmg _-_____ 

I 

Ntchrome 
wire ________ 

Rubber 
tubing --__ 

Alummium 
electrode 

Plotmum 
electrode Plo,inum 

plate ----*- 

Copper 
wire ___----- 

!f Sliver 
--- wire 

Teflon ___- 
rod _---- 

Graphite 

20pm 

Polyethylene 

-IF?- 

---- 0 Rmg 
membrane __ 

paste _______ 

Modification (c 1 

Fig. 1. Different designs of DO sensors used. 

Teflon well containing the graphite paste, thus giving better 
electrical contact [Fig. l(c)]. Between measurements, the 
probes were kept immersed in oxygen-free 0.1 M potassium 
chloride. For the modified Aiba sensor, 0.01 and O.lM 
potassium chloride solutions were used as internal electro- 
lyte. For the other sensors a 2.OM solution of the same salt 
was used. The cathodes were coveted with 15 and 20pm 
thick polyethylene membranes, which later were replaced by 
a 20 pm thick Teflon FEP membrane. 

(d) Graphitbaluminium cell, a device similar to 
modification (b) but with the platinum cathode replaced by 
graphite paste.r” It was tested with and without a protective 
membrane. 

RESULTS AND DISCUSSION 

Modjied Aiba cell 

With cell (b) the response time varied according to 
the oxygen concentration (Fig. 2). The potential 
reached constant values after 5 min for oxygen 
concentrations between 2 and 20 pg/ml, but for 0.5 
rg/ml the signal continued decreasing even after 

20 min. When the cell was transferred from a solution 
of high oxygen concentration to one of low, the 
response of the cell was much slower. 

The membrane thickness did not significantly affect 
the response time. The cell showed a linear response 
within a range of DO concentrations between 3 and 
20 pg/ml. This was proved by performing two series 
of 15 trials each, with 15 and 20 pm thick membranes 
respectively. The average slopes obtained were 57 
mV/decade with 8.6 mV/decade standard deviation 
and 62 mV/decade with 6.3 mV/decade standard 
deviation respectively. The slight differences in the 
values of average slopes can hardly be ascribed to the 
membrane thickness. 

Although this device can be regarded as satis- 
factory in several of its features such as linear 
response and reproducibility, it showed some disad- 
vantages: (i) relatively slow response, (ii) memory 
effect making it difficult to pass from concentrated to 
dilute solutions when making measurements, (iii) 



Determination of dissolved oxygen 553 

I I 

0.0 5.0 uo t (min) 

Fig. 2. Potential us. time curves for the Pt/Al ctll. DO 
concentration: 1, 2 &ml, 2, 20 pglml; 3, 0.5rg/ml. 

instability of the internal electrolyte solution (95% 
ethylene glycol saturated with potassium chloride, 
which had to be changed quite frequently). 

Other sensors 

The limitations of the modified Aiba sensor 
justified testing electrodes made with other materials 
and different internal electrolyte solutions by re- 
placing the galvanic operating mode of the sensors by 
a voltammetric mode, which was expected to give 
shorter response time. 

Graphite paste-aluminium cell. Carbon-paste elec- 
trodes are simple and practical, but the accuracy that 
can be attained with them in limiting-current mea- 
surements can hardly ever be equal to that obtained 
with noble-metal electrodes. Although graphite-paste 
electrodes have been widely used in anodic volt- 
ammetry,‘O they have seldom been used for cathodic 
voltammetry, particularly in DO reduction. There is 
some information on use of pyrolytic and spectro- 
graphic graphite in rod form.“*” It was decided to try 
a graphite-paste cathode. 

The current-voltage curves obtained with this 
device, without the membrane, in both stirred and 
unstirred solutions, showed good definition. The 
performance was similar to that of the dropping- 
mercury electrode,i3 with two plateaus due to oxygen 
reduction (Fig. 3). The response was linear from 
0.5 to 20 pg/ml DO. The average slope was 0.23 
pg/decade and the cell showed no change after one 
month of daily use. 

The results showed the graphite-paste electrode has 
two advantages over platinum: lower cost and a 
considerable hydrogen overpotential which allows 
more flexibility in control of the applied potential and 
less risk of interference by carbon dioxide.” 

Tests of the same sensor with the cathode covered 
with a 20 pm thick polyethylene membrane yielded 
poor results. The current-voltage curves were well 
defined but the sensitivity of measurement decreased 
rapidly with time. This was ascribed to the accumu- 
lation of aluminium hydroxide gel near the cathodic 

div. 

V vs Al 

Fig. 3. Current US. Potential curve: graphitepaste cathode, 
3 nun diameter; aluminium tubing anode. Sensitivity, 0.2 

pA/divn.; no stirring, no membrane. 

area because of the severe metal corrosion in chloride 
solutions. This difhculty could be solved neither by 
modifying the internal electrolyte pH nor by adding 
complexing agents. 

Graphite paste-silver cell. Because of its un- 
desirable features, the altinium was replaced by 
silver wire as anode. This sensor showed a very well 

Fig. 4. Curreut VS. potential curve: graphite-paste cathode, 
3 nun diameter; silver-wire anode, 1 nun diameter. !Sensi- 
tivity 0.2 ~A/divn.; 2Opm thick polyethylene membrane, 

stirring at 500 rpm. 
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Table 1. Linear response and ~nsiti~ty of the graphite paste-silver cell 
to oxygen dissolved in O.lM KC1 

Operating 
condition 

Linear response 
interval, Sensitivity, SD,t 

&r/ml d.ml.pg-l n* fig/ml 

Without stirring and 
with membrane 

With stirrina and 
0.2-28 0.33 I 0.024 

with membrane 0.2-28 0.49 9 0.032 

*n = number of trials. 
tSD = standard deviation. 

Table 2. Comp~son of the grapbite paste-silver @p-s) cell and 
Winkler methods 

DO found, a/ml 

Origin of water Gp-s cell Winkler method 

Tap water (San Luis City) 5.60 5.90 
Tap water (San Luis City) 6.14 5.90 
Lake (Cruz de Piedra) 6.77 6.22 
Lake (Potrero de 10s Furies) 6.42 6.30 
River (Rio Grande) 6.24 5.97 

defined response with a wider linear range than that 
of the other devices tested. Table 1 shows the linear 
response and sensitivity data for this cell. As ex- 
pected, the current increased when the solution was 
stirred, the increase being large enough for operation 
with stirred solutions to be preferred. These results 
agree with those reported by others.* 

Within the linear response range the time required 
to produce stable currents was 2 min, irrespective of 
oxygen concentration. Replacing the polyethylene 
membrane by a Teflon FEP membrane decreased the 
response time to 30 set, while maintaining the other 
characteristics. With this cathode the plateau on the 
current-voltage curve (Fig. 4) was twice as wide with 
the silver cathode as with the gold or platinum one.ls 

The most outstanding features of the graphite 
paste-silver system, compared to the modified Aiba 
sensor, were fi) shorter time needed to produce a 
constant response, (ii) wider linear range, (iii) larger 
overpotential for hydrogen reduction than that ob- 
tained with platinum or gold cathodes. 

Applications 

The graphite paste-silver sensor was used to deter- 
mine the DO concentration in natural waters of 
different origins. Potassium chloride solutions equili- 
brated with air were used for calibration, their oxygen 
content being obtained from the atmospheric pres- 
sure and tabulated data.’ To verify the accuracy of 
the values obtained, the same samples were analysed 
by the Winkler method.9 The results are shown in 
Table 2. 
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POLAROGRAPHIC ADSORPTIVE WAVES OF 
ALKALINE-EARTH METAL COMPLEXES 

WITH THYMOLPHTHALEXONE 
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Summary-Sensitive derivative polarographic adsorption waves have been observed for alkaline-earth 
metal-TP complexes in O.lSM potassium hydroxide containing 3 x 10mSM thymolphthalexone (TP). The 
limit of detection for calcium, strontium and barium was 7.5 x lo-‘M and for magnesium 4.0 x lo-%. 
The proposed method has been used successfully for determining trace amounts of calcium in natural 
waters and hair samples. The composition of the complex has been shown to be 1: 1 alkaline-earth 
metal:TP and various experiments have confirmed that the wave is an adsorption wave. The reaction 
mechanism has been studied by a number of methods. 

Alkaline-earth metal ions are very difficult to reduce 
at the dropping mercury electrode (DME) in aqueous 
solution and so they cannot be determined by con- 
ventional dc polarography. There is, however, a novel 
approach to improving the analytical sensitivity by 
making use of electro-reduction of the ligand in a 
complex formed between an alkaline-earth metal ion 
and a suitable dye or other organic reagent. Over the 
last few years, polarographic studies on the com- 
plexes of calcium and magnesium with murexide,’ 
Eriochrome Black T,*s3 meso-tetra(4-trimethyl- 
ammoniumphenyl)porphine4 and Alixarin Red Ss 
have been reported. 

Although thymolphthalexone, 3,3-bis[N,N-bis(car- 
boxymethyl)aminomethyl]thymolphthalein (TP), has 
been used as a reagent for the determination of 
rare-earth (RE)6*7 and alkaline-earth AE* metals by 
spectrophotometry, nothing on the polarographic 
behaviour of its complexes with the alkaline-earth 
metals has been reported, though Zhang and Gao’ 
have reported on the polarographic behaviour of TP 
itself and of RETP complexes. No well-defined wave 
was observed for the RE-TP complexes. 

We have used TP and its analogues as ligands 
forming complexes with the alkaline-earth metals, for 
polarographic determination of these metals. In this 
paper a sensitive polarographic adsorptive wave of 
the TP complexes of the alkaline-earth metals is 
reported, which can be used for analytical purposes. 
Rather satisfactory results have been obtained for the 
determination of calcium in natural waters and hair 
samples. 

The adsorptive properties, composition and struc- 
ture of the complexes and the mechanism of the 
electrochemical reduction have also beon in- 
vestigated. 

*Present address: Division of Chemical and Physical sci- 
ences, Deakin University, Waurn Ponds, Victoria 3217, 
Australia. 

EXPERIMENTAL 

Appororus 
A single-sweep polarograph and a voltammettic analyser 

were used, both in the three-electrode configuration, with an 
x-y recorder. A Metrohm Polarecord ESO6, with model 501 
thermostat (set at 25 f 0.2”), was also used in the three- 
electrode configuration. A dropping mercury electrode was 
used as working electrode, except for the cyclic voltam- 
metry, for which a hanging drop mercury electrode was 
used. All potential were measured against an amalgamated 
silver electrode. 

Reogenrs 

Standard calcium, magnesium, strontium and barium sol- 
utions were pt~pared.‘~ The thymolphthalexone, analytical 
grade, was made by the Shanghai Third Chemical Reagent 
Co.; 0.1080 g of it was dissolved in distilled water containing 
1 ml of IM potassium hydroxide and the solution was 
diluted to give a 1.5 x lo-)M working solution. The sol- 
ution was stable for at least one day when stored at room 
temperature. Other reagents were of analytical grade or 
better. Water distilled in a fused-silica still was used 
throughout. All solutions were stored in polyethylene 
bottles. 

Calibration graphs. Transfer an aliquot of the standard 
solution of an alkaline-earth metal into a IO-ml fused-silica 
standard flask, add 0.2 ml of 1.5 x 10e3M TP, 1.5 ml of 1M 
potassium hydroxide and dilute to the mark with water. 
Pour the solution into the polarographic cell and record the 
derivative polarogram, starting the potential scan at 
-0.5 v. 

Analysis of samples. Transfer 1 .O ml of water sample into 
a NJ-ml standard flask, and continue as above. For analysis 
of hair, ash the sample as described elsewhere.” 

RESULTS AND DISCUSSION 

Single-sweep polarography 

Figure 1 shows derivative single-sweep polaro- 
grams of TP and its complexes with alkaline-earth 
metals in 0.15M potassium hydroxide. In this system 
TP has two small waves (Pl and P2) at about -0.65 
and -0.78 V. After the addition of small amounts of 
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0.5 0.6 0.7 O-8 0.9 1.0 

-E(Vf 
Fig. I. Derivative single-sweep poiarograms of the TP and 
AE-TP systems. a, O.ISM KOH i- 3 x IO-‘M n?, b, 
a+2 x lo-r&i Mg2+; c, a+ 2 x iO-s~ Ca2+; d, 
a + 2 x 10m5k4 S$+; e, a + 2 x 10-‘&f Paz*. JP-1A single- 

swamp, man-rate 250 mV,/aec, s = currant m~tiplier. 

Ca2+, S8+, 13a2+ or Mg2+ and TP, these waves are 
suppressed and a new wave (P3) appears at a poten- 
tial about 60 mV more negative than P2 of Tp; this 
is the reduction wave of the complex and can be used 
for analytical purposes. It is quite different from that 
of the BE-TP systemp 

Further, we have found that the complexes of the 
alkaline-earth metals with other t~phenylmethane 
dyes such as o-cresolphthalexone (OCP}, Xylenol 
Orange (X0) and Methyl~ymol Blue (MTB), etc., 
give similar waves. 

The ~~s~urn hydroxide con~ntration a&cts 

r 

Fig. 2. Effect of KOH concentration on the peak height 
for 3 x 10-5M Tp plus 2 x lWJIK AE: a, Ca*+; b, Sti+; 

c, Pa*+; d, Mg’+. 

both the formation of the complex and the electrode 
processes (Fig. 2). In auf experiments its concen- 
tration was kept at 0.194. At higher con~nt~~on~ 
the blank value increases, so the linear range becomes 
narrower and the analytical sensitivity is decreased. 

Cal”, SrZ+, Ba** and MgZ+ do not give any 
reduction peak in 0.iSM potassium hydroxide in the 
absence of TP. The height of the peaks at about 
-0.84 V for the AE-TP complexes is constant and 
maximal over the TP range 2.0 x 1O-5-4.O x 10-‘&f. 
We chose 3 x lO-SM for further work. 

Under the conditions selected, the peak heights for 
Caz+, Sr2+, Ba” and Mg2+ complexes are a linear 
function of the metal-ion concentrations over the 
ranges showu in Table 1. 

Table 1. Detection limits and linear ranges 

Detection limit, M Linear rang% .&f 

Ca2+ 7.5 x IO-7 2 x 10-6-3 x 10-J 
Sti+ 7.5 x 10-r 2 x 10-6-3 x 10-J 
Ba2+ 7.5 x IO-’ 2 x 10-4-3 x lo-’ 

MgZC 4.0 x 1o-6 8 x 10-Q x 10-S 

Table 2. Analysis of various water and hair samples for calcium 

Ca added, Ca found, Recovery,+ Content,t 
Sample NJ irg % Pprn 

Fuzhou running water, 0 3.00 3.00 * 0. to 
I.Omi 1.6 4s 94 

3.2 
4.8 f :;: fZ 

Ming River water, 1 .O ml 0 6.00 6.00 4 0.06 

418 :z 10:4 c; 

106 
91 
92 

Hot-spring ground 
water, 1.0 ml 

0 
1.6 
3.2 
4.8 

8.50 
10.1 
11.5 
12.9 

IO0 
94 
92 

8.50 $- 0.1q 

Hair, 50.0 mg 
8i 

97.5 
174 95 

1950 f 45 

160 246 

*Mean of three dete~nations. 
TMean of ten detonations f standard deviation. 
@L&km level found by AA& 8.2ppm. 
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Alkaline-earth metal complexes 

Interference studies 

The effect of potential interferents was investigated 
with 8 pg of Ca2+ in 10 ml of solution. The amounts 
of other ions which did not interfere are as follows: 
large amounts of K+, Na+, Fe2+ and common an- 
ions; 800 pg of Ee2+, W(VI), Mo(VI), Bi’+, Ti(IV), 
Tl+, A13+, Cr(VI), Sn(IV), Mnz+, Ce3+, Ga3+, V(V), 
In’+, Cu2+, Zn2+ and Se(IV); 320 pg of Pb2+; 16 pg 
of Cd2+ and 4 pg of Fe’+. 

Because the sensitivity is the same for Ca-TP, 
Sr-TP and Ba-TP in this system, a determination 
actually measures the total of all three. It is inter- 
esting that up to a 5-fold amount of Mg2+ does not 
interfere in the determination of calcium. It is thus 
possible to determine the calcium content of natural 
waters and hair samples because their magnesium 
levels are normally lower than those of calcium. 

Detestation of calci~ in water and hair 

The method has been used for the dete~nation of 
calcium in natural waters and human head hair 
samples. The results are shown in Table 2. 

Aa%orptive character of TP and AE-TP peaks 

The following experiments were performed to 
verify tbe adsorptive character of the peaks for TP 
and its alkaline-earth metal complexes. 

Temperature coeficient. The dependence of the 
peak heights and peak potentials of the Ca-TP 
system on temperature was examined over the range 
9-50”. The peak height for Ca-TP had a temperature 
coefficient of -4.4%/deg and the peak potential 
shifted by +40 mV when the temperature was in- 
creased from 9” to 50”. This behaviour is typical of 
an adsorptive reduction peak. 

Relationship between peak height and the standing 
period before scanning. If a process is 
diffusion-controlled, the peak current will be inde- 
pendent of the standing time before scanning. In 
the case of adsorption, the peak current increases 
with increasing standing time, owing to accumulation 

- 35/1X_ 
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a 

b( P3)/ 
. 

0 5 IO 15 20 

t(sec) 

Fig. 3. The relationship between peak height and standing 
period. a, 0.15M KOH + 3 x IO-‘M Tp; b, a + 2 x 
lo-‘114 Cat+. Pl , IQ-tlie derivative polarographic waves of 
TP at -0.65 and -0.78 V respectively; P3-the derivative 

polarographic wave of 01-n). 

96, 

\ 
86 t\ 

0 0.2 0.4 0.6 0.8 1.0 

-E(V) 
Fig. 4. Electrocapillary curves. a, 0.15M KOH; b, 

a+6 x 10-SM Tp, c, b+4 x W5A4 Ca*+. 

of the adsorptive species.‘f’3 In performing llnear- 
sweep polarographic experiments with the JP-IA and 
a DME, we can change the standing time before 
scanmng by adjusting the variable resistance 
(OS-10 x IO6 Q) which is corrected in series with 
R73 of the JP-IA. When the head of mercury is 
adjusted so that the free mercury drop-time syn- 
chronizes with the knocking time, the area of each 
drop in different scans will be almost the same. The 
relationship between derivative peak height and the 
standing period in the TP and Ca-TP system is 
shown in Fig. 3. The peak heights for TP and Ca-TP 
both increase with increasing standing period before 
scanning. This is another ch~cte~stic feature of 
adsorptive waves. 

Electrocapilary curves 

These curves can give some information about the 
adsorption of a particular species. A solution con- 
taining TP and potassium hydroxide has an electro- 
capillary curve lower than that of the supporting 
electrolyte, 0.15M potassium hydroxide (see Fig. 4, 
a,b), owing to the adsorption of TP on the surface of 
the DME changing the surface tension of the mercury 
drop. The eleetrocapillary curve of a solution con- 

0.6 0.7 0.8 0.9 

-E(V) 

Fig. 5. Cyclic voltammetri~ ~UIVCS. a, 0.15M KOH + 
6 x lO-s&4 Tp; b, a +4 x 10asM Ca2+. Scan-rate IS0 

mV/scc. 
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0.90 0.85 0.80 

-E(V) 

Fig. 6. Differential pulse polarogram for Ca-TP; 0.15M 
KOH + 6 x lo-‘A4 TP + 4 x lo-‘M CaZ+; scan-rate 4 

determinations) were 0.048 and 0.050 V at 25” re- 
spectively. Substituting these results into the equation 
gives values of n for the reduction of AE-TP. In both 
cases n = 2. This indicates that two electrons are 
involved in the reduction of AE-TP, (which may take 
place in two single-electron steps.) 

Composition of the electroactive complex 

Under the analytical conditions TP (I) exists 
mainly in the form of H,L4- (II). The stoichiometry 
of the reaction between H2L4- and alkaline-earth 
metal ions (AE) has been determined by the polar- 
ographic linear method’6J7 (see Fig. 7) and found to 
be l:l. 

The complex may have structure III: 

mV/sec. 

(HOOCHK),NFH, yH,N(CH,COOH), 

taming Ca-TP will be depressed further than that of 
the TP solution. This shows that the complex is 
adsorbed more strongly than TP (see Fig. 4, b,c). The 
change of capacitance of the TP solution relative to 
the electrolyte alone, clearly illustrates the adsorption 
of TP at the DME. 

Cyclic voltammetry 

The cyclic voltammetry of the systems was in- 
vestigated with a Model 82-1 voltammetric analyser. 
Typical cyclic voltammetric curves are shown in Fig. 
5. TP gives two indefinite cathodic peaks, Pl and P2, 
at about -0.69 and -0.81 V respectively, owing to 
its reduction. The peak of the Ca-TP complex, P3, 
appears at -0.87 V, and is due to reduction of the 
ligand in the complex. No peak was observed on the 
anodic branch, from which we conclude that the 
reduction of TP and the Ca-TP complex is irre- 
versible. 

Electron numbers involved in the electro-reduction 

Zhang and co-workers14,r5 proposed a simple 
method for measuring the electron numbers involved 
in the electro-reduction. We have used it here. For an 
adsorptive electrode process, the following equation 
can be derived: 

W,,, = 3.52 g = EPP 

where WLjz is the width of the differential pulse 
polarographic peak at half height, and EPP is the 
difference in the potentials of the positive and the 
negative peaks for the derivative single-sweep polar- 
ography of the adsorbed complex. EPP or W,,2 can be 
determined by experiment, so the electron number n 
can be calculated. We measured EPP and Wliz for the 
derivative single-sweep polarograms (Fig. 1) and for 
the differential pulse polarograms (Fig. 6) of the 
AE-TP complexes respectively, and the results (six 

I- 

(III) 



Alkalinecarth metal complexes 559 

EIectr~-re~ct~~ mechanism polarography. Linear ~latio~~~ hold between 

First H,L’- (Il) and an AE metal cation form an peak height and concentration for these cations in a 

electroactive complex H,(AE)Lz- (IID in solution. certain range. 

This complex diffuses to the electrode and is adsorbed It is concluded that the AE-TP complex is more 

on its surface. In single-sweep polarogfaphy the strongly adsorbed than the ligand. The reaction 

~C&,)=O group in the complex is reduced as scheme may be a’ follows: 
soon as the scan potential reaches -0.84 V. The 
analytical sensitivity is greatly increased because of 

H,L’- + AEZ+ +H,(AE)L’- in solution (1) 

the adsorption on the electrode surface. Hz (AE)L*- z$ H, (AE)LL% . at surface (2) 

. 

+lH,0+2e q 

Ids 

+2OH- 

da 

CONCLUSION The electrode reaction of H,L’- corresponds to peaks 

In 0.15&f potassium hydroxide medium, alkaline- 
earth metal ions &a**, SrZ+, Ba2+ and M$+) and 
thymolphthalexone (‘IP) can form an eleetroactive 
complex H2(AE)L2-, which gives a sensitive reduc- 
tion peak at -0.84 V by derivative single-sweep 

3 

-2 v 

/ 
l 

0’ ’ 1 1 I I I 1 

0 1 * 2 -x 103 1 /CM-‘) 

0 4 8 x 10’01/C2tM-2, 

0 2 4 x 1o’61 /c3 lrvi3, 

Fig. 7. Relation between l/i and l/C!&.. 

Pl. and P2, and the adsorbed complex is reduced to 
give peak P3, as shown in equation (3). 
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Smmary-This paper describes an electrochemical stripping procedure for ultratrace measurements of 
zirconium, in which precoaceatratioa is achieved by the adsorption of a zirconiur+Solochrome Violet 
RS complex onto a hanging mercury drop electrode. Cyclic voltammetry was used to characterize the 
interfacial and redox behaviour. For a IO-mia preconceatratioa time, the detection limit found was 
2.3 x lo-“M. Optimal experimental conditions were found to be use of a stirred acetate but&r (PH 4.6) 
solution with Solochrome Violet RS concentration 1.5 x 10b6M, a precoaceatratioa potential of -0.3 V 
and linear scan mode. A 60-fold enhancement of the response is obtained following 5-min precoa- 
centration. With precoaceatratioa for 60 set, calibration plots for zirconium are linear for the 
1.1 x lo-*-l.1 x lo-‘M range. The relative standard deviation at 5.5 x 10m8M is 1.7%. Possible 
interferences by surface-active organic materials and other trace metals have been investigated. Zirconium 
added to a sea-water sample at the 10 ag/ml level was readily determined. 

Few analytical techniques possess the sensitivity 
required for trace and ultratrace determination of 
zirconium. Since zirconium forms refractory com- 
pounds which are difficult to vaporize or dissociate, 
the sensitivity of atomic-absorption spectrometry is 
limited by the difficulty of generating free zirconium 
atoms.’ Micromolar and nanomolar zirconium levels 
can be measured by X-ray fluorescence spectromet$ 
and inductivelycoupled plasma atomic spec- 
trometry3 respectively, both of which require costly 
instrumentation. The electrochemical behaviour of 
zirconium makes its voltammetric determination very 
difficult. Only indirect electroanalytical procedures 
have been suggested, allowing measurements of 
submicromolar and nanomolar concentrations of 
zirconium. Among these are recent polarographic 
assays based on the adsorptive wave of the 
zirconium-xalic acid-cupferron-diphenylguanidine 
complex at the dropping mercury electrode,’ and the 
formation of molybdozirconophosphoric acid and 
subsequent measurement of its molybdenum content 
by its catalytic effects on the polarographic reduction 
of hydrogen peroxide.5 

This work describes an extremely sensitive voltam- 
metric procedure for the determination of ultratrace 
amounts of zirconium in which preconcentration 
is achieved by adsorption of the zirconium chelate 
with Solochrome Violet RS (SVRS) on the hanging 
mercury drop electrode. The ability of dihydroxyazo 
dyes to form electrochemically active chelates with 
zirconium has been known for many years.6*7 
Combining the voltammetric activity of the 

*Author for correspondence. 
tOn leave from: Chemistry Department, Hangzhou Univer- 

sity, Haagzhou, China. 

zirconium4ihydroxyazo dye complexes with their 
surface-active properties results in an effective ad- 
sorptive stripping procedure. Similar procedures 
based on the formation and interfacial accumulation 
of metal chelates of dihydroxyazo dyes have been 
developed recently for trace measurements of alu- 
miniurn? titanium,9 thorium,” and uranium.” Other 
ligands, such as catechol or dimethylglyoxime, can 
be employed for analogous trace measurements of 
vanadium,12 iron,13 and nickel.” As illustrated in 
the present study, subnanomolar concentrations of 
zirconium can be determined by using SVRS 
as chelating reagent, and carefully optimizing the 
operational conditions. 

EXPERIMENTAL. 

Apparatus and reagents 

The equipment used to obtain the voltamperograms, a 
PAR 264 voltammetric analyser with a PAR 303 static 
mercury drop electrode, has been described in detail before.’ 
All solutions were pnpared from doubly-distilled water. A 
1000 mg/l. zirconium stock solution (atomic-absorption 
standard, Aldrich) was used, and diluted as required for 
standard additions. A lo-‘M stock solution of SVRS was 
prepared daily. The supporting electrolyte was a O.OSM 
acetate buffer (pH 4.6). The sea-water used was unfiltered 
surface water collected at San Diego (CA) and stored 
frozen. 

Procedure 

The supporting electrolyte solution (10 ml), SVRS con- 
centration 1.5 x 10T6M, was pipetted into the polarographic 
cell, and purged with nitrogen for 8 min. The precoa- 
centration potential (usually -0.30 V) was applied to a 
fresh mercury drop while the solution was stirred. Following 
the precoacentratioa period, the stirring was stopped, and 
after 15 set the voltamperogram was recorded by applying 
a negative-going linear sum, terminated at - 1.0 V. ARer 
the background stripping voltamperogram had been ob- 
tained, aliquots of the zirconium standard were introduced. 
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Fig. f, Linear scan vei~~ro~a~s for 1 rig/r& zirconium after dit?&ent preconcentration perio& 
a, 0; b, 60, c, 120; d, 180; e, 300 sec. Preconcentration at -OX V with 400 rptn stirring. F&ctrolyte, O.OSM 
acetate buffer @H 4.6) containing 1.5 x IO”94 SVRS, scan-rate, SO mV/sec. Also shown, current us. 

preconcentrstion time plots for 1 (A) and 4 (B) n&l Zr. 

Throughout this operation, nitrogen was passed over 
the solution surface. All data were obtained at room 
temperature. 

Figure 1 shows linear scan vo~~rn~ro~s for 
1.1 x 10-BM (1 ng/rnl] zirconium, in the presence of 
I.5 x 10m6M SVRS, after di%xent preconcentration 
periods @l--300 set (a-e)]. The chelate stripping peaks 
are well-defined, with a peak potential of -0.446 V 
and peak half-width of 53 mV. A rapid increase of the 
chelate peak is observed with increasing precon- 
centration time, indicating an enhanment of the 
chdate concentration on the mercury surface. For 
example, 2- and S-min preconcentration periods 
yielded 24 and 60-foId enhancement of the peak 
current, respectively, relative to that obtained without 
p~~~tra~on (compare curves a, c, and e}. As a 
result, zirconium can easily be determined at the 
sub-ng/ml level; such m~surements are not feasibie 
by conventional vo~t~met~c methods (without pre- 
concentration, e.g., curve a). Also shown in Fig. 1 are 
current us. preconcentration-time plots for 1 (A) and 
4 (B) n&ml zirconium. While the current peak at 
1 ng/ml increases linearly with preconcentration time 
(slope 1.02 nA/sec, correlation coefficient 1 .OOO), that 
for 4 ng/ml exhibits deviation from linearity for 
preconcentration periods longer than 180 SW: (slope 
of initiai linear portion 3.83 nA/sec, correlation 
coefficient 0.996); such deviation from linearity is 
expected for rneas~~~~ limited by adsorption of 
the analyte. 

Cychc vohammetry was used to obtain a better 
understanding of the interfacial and redox processes, 

Figure 2 shows repetitive cyclic voltamperograrns for 
1.5 x 10m6M SVRS recorded in the absence (A) and 
presence of(B) of 25 ng/ml zirconium. The response 
was recorded following stirring for 60 set at - 0.1 V. 
The first scan (vottamperograms 1) shows two dis- 
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Fig. 2. Rep&i% cyclic voitamperograms obtained f&ow- 
ing stirring for 60 set at -0.X V. A, Respoaae for 
15 x IO-‘M SVRS; B, same as A but afta addition of 

25 q/ml &conium. 0&r conditions as for Fig. 1. 
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Fig. 3. Effect of pH (A), SVRS concentration (B), and 
p~on~ntmtion potential (C), on the adsorptive stripping 
current. ~~~~ ~n~ntration, 5 (A), 2 (B), and 3 (C) 
na/mI. F’reconcentration time, 60 sec. Other conditions as -. 

for Fig. t. 

tinct cathodic peaks due to the reduction of the 
adsorbed dye at -0.23 and -0.31 V, and a separate 
reduction peak of the adsorbed Zr-SVRS chelate at 
-0.44 V. The chelate competes with the free dye for 
adsorption sites, resulting in lower dye peaks (com- 
pare A and B). No peaks are observed upon scanning 
in the positive direction. Subsequent scans yielded 
significantly smaller, but stable, reduction peaks, 
indicating that the dye and chelate are being rapidly 
desorbed from the surface. A similar adsorption- 
desorption behaviour has been observed for several 
metal chelates of SVRS. When a potential of 
-0.30 V was applied during the stirring period, only 
a single peak due to the reduction of the adsorbed 
chelate was observed (not shown). Under these con- 
ditions maximum adsorption density was observed 
after stirring for 60 sec. The maximum charge ob- 
tained by integrating the adsorbed-chelate reduction 

peak was found to be 4.6 PC, ~~~pon~ng to an 
adsorbed layer of 7.8 x lo-” mole/cmr. The effect of 
potential scan-rate on the peak current and potential 
was also evaluated at maximum adsorption density. 
The plot of log (peak current) us. log (scan-rate) was 
linear, with a slope of 0.630 over the 5-200 mV/sec 
range. The peak potential shifted negatively, from 
-0.410 to -0.480 V, upon increasing the scan-rate 
from 5 to 200 mV/sec, yielding a linear (peak potential) 
us. log (scan-rate) plot (correlation coefficient 0.997). 

The suitability of various supporting electrolytes 
and azo dyes was examined. Small Zr-SVRS peaks 
were observed in phosphate buffer @H 9), and in 
PIPES solutions of pH 9.4 and 11.4. Best results were 
obtained in acetate buffer (PH 4.6). A definite zir- 
conium response was observed in the presence of 
Eriochrome Black T and Mordant Blue 9, but since 
SVRS yielded a zirconium peak about two and half 
times bigger, it was used in all subsequent work. The 
effect of other solution and instrumental conditions 
on the Zr-SVRS adsorptive stripping response is 
shown in Fig. 3. The solution pH has a pronounced 
effect on the magnitude of the chelate peak (curve A). 
The peak increases rapidly upon increasing the pH 
from 3.2 to 4.6, then a sharp decrease is observed at 
high pH values. A negative shift in the peak potential, 
from -0.35 to -0.53 V, was observed upon chang- 
ing the pH from 3.2 to 6.1. As expected, the Zr-SVRS 
peak depends strongly on the SVRS concentration 
(curve B). The peak increases with the dye concen- 
tration, until it levels off at 1.5 x 10m6M. This con- 
centration was used in all subsequent trace measure- 
ments. The effect of the accumulation potential on 
the peak current was evaluated over the range from 
-0.1 to -0.4 V (curve C). The largest peak was 
observed for accumulation at -0.3 V. Accordingly, 
the potential was used for all further work. The 
increase in chelate peak upon changing the potential 
from -0.1 to -0.3 V is att~buted, in part, to 
reduced competition on surface sites, because of 
desorption of the free dye (see cyclic voltammetric 
data). Other conditions affecting the Zt-SVRS ad- 
sorptive stripping peak include the mass-transport 
(during the preconcentration step) and the potential- 
time waveform (during the measurement step). For 
example, a stirring rate of 400 rpm resulted in a 
4.5-fold enhancement of the response, compared 
to that obtained in a quiescent solution (5 ng/ml 
zirconium, 1 min preconccntration). The linear-scan 
stripping mode yielded slightly better signal-to- 
background characte~sti~ than the differential pulse 
waveform. The latter resulted in a Zr-SVRS peak at 
-0.40 V, with half-width of 42 mV. As a result of its 
response characteristics and speed advantage, the 
linear scan mode was used throughout this study. 

Response characteristics 

Figure 4 shows voltamperograms obtained after 
increasing the zirconium concentration in I-ng/ml 
(1.08 x 10-8M) steps (a-e). Well-defined stripping 
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Fig. 4. Stripping voltamperograms obtained for solutions of increasing zirconium concentration, l-5 
&ml (a-e). Reconcentration for 60 sec. Other conditions as for Fig. 1. Also shown are calibration plots 

for 60 (A) and 120 (B) set preconcentration. 

E(V) 

peaks are observed when a 60-set pr~on~ntration 
period is used. These five measu~ments are from a 
set of ten concentration increments, up to 10 ng/ml. 
Also shown is the dependence of the stripping peak 
current on zirconium concentration, for different pre- 
concentration periods. For 60-set preconcentration 
(A) the response is linear over the entire l-10 ng/ml 
range examined (slope 74 nA. ml.ng-‘, correlation 
coefficient 1,000). With preconcentration for 120 set, 
the response is linear up to 6 ng/ml, and then it starts 
to level off as full surface coverage is approached 
(slope of the initial linear portion 117 nA .ml. ng- ‘, 
correlation coefficient 0.999). Such curvature is 
consistent with a process that is limited by adsorption 
of the analyte. 

Because of the effective preconcentration, as- 
sociated with the interfacial accumulation of the 
zirconium-SVRS chelate, extremely low detection 
limits are obtained with short preconcentration times. 
The detectability was estimated from measurements 
of 1 ng/ml (1.08 x lO-*M) zirconium after precon- 
centration for 10 min; the resulting voltamperogram 
is shown in Fig. 5. The limit of detection- 
calculated from 3 times the noise--was found to be 
22 pg/ml (2.3 x 10-‘“M). This value means that in 
the 10 ml of solution used, 220 pg can be detected. 
Hence, the signal enhancement associated with the 
ambulation of the Zr-SVRS chelate yields a sub- 
stantial lowering of the detection limit compared to 
those of previously reported voltammetric measure- 
ments of zirconium.4*s Adsorptive stripping pro- 
cedures for measuring other metals have yielded 
similar detection lim.its.*-‘4 The adsorptive accumu- 
lation of the zirconium-SVRS chelate results in re- 
producible stripping peak currents. Eight successive 
measurements of S-ng/ml zirconium yielded a mean 

peak current of 222.5 nA, range 215-225 nA, and a 
relative standard deviation of 1.7% (conditions as for 
Fig. lb). 

Stripping measurements of trace metals based on 
chelate adsorption are subject to interference from 
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Fig. 5. Linear scan voltamperogram for 1 ng/ml 
(1.1 x lO+M) zirconium following preconcentration for 10 
min. The dotted line represents an analogous voltam- 
perogram for the blank solution. Other conditions as for 

Fig. 1. 
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Fig. 6. Effect of humic acid (a), gelatin (b), camphor (c), and 
sodium dodecyl sulphate (a) on the 5-ng/ml zirconium 
response. Fkconcentration for 60 sec. Other conditions as 

for Fig. 1. 

two sources. First, co-existing metal ions that are also 
capable of forming chelates with SVRS may affect the 
Zr-SVRS response through overlapping response 
(i.e., there is an increase in the Zr-SVRS signal) or 
by competition for adsorption sites (decrease in 
Zr-SVRS response). Secondly, organic surfactants 
may also compete with the chelate for space on the 
mercury surface. Figure 6 shows the effect of four 
model surfactants on the Zr-SVRS peak. Significant 
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depression of the peak current is observed upon 
addition of humic acid (a) and gelatin (b) (up to 82 
and 38% reduction, respectively, at the 10 pg/ml 
surfactant level). Some broadening of the Zr-SVRS 
peak accompanied these reductions. Humic acid is a 
natural chelating agent as well as a surface-active 
compound. Hence, the large current diminution ob- 
served in the presence of humic acid is attributed to 
both complexation and sorption effects. In contrast, 
similar additions of camphor (c) had no effect on the 
zirconium response, and sodium dodecyl sulphate (d) 
caused a slight enhancement (up to 15%) of the peak. 
The organic interference in metal-chelate adsorptive 
stripping measurements is commonly eliminated by 
ultraviolet irradiation.12 The following metal ions 
were tested at the 15-ng/ml level and found not to 
affect the 5-ng/ml zirconium peak: Pb2+, Cu2+, Cd2+, 
Zn2+, Ag+, Fe’+, Ni2+, Hf.+, Mn2+, Al’+ and Bi’+. 
The addition of Fe’+ at 15 ng/ml level resulted in the 
appearance of a new peak (cu. 0.15 V more negative 
than the Zr-SVRS peak), associated with reduction 
of the F+SVRS chelate. I5 This peak separation is 
sufficient to permit simultaneous measurement of the 
two metals. Similar addition of Ti4+ resulted in a 
50% diminution of the 5-ng/ml zirconium peak, and 
the appearance of an overlapping Ti-SVRS peak (cu. 
0.07 V more positive than that for zirconium). 
Titanium, a member of the zirconium group, is 
known to yield a well-defined adsorptive stripping 
response in the presence of SVRS.9 (Another member 
of that group, hafnium, does not interfere at the 
15-ng/ml level; see above.) 

Figure 7 demonstrates the selectivity and sensitivity 
of the method when applied to an untreated 
sea-water sample (from a coastal source). Three 
5-ng/ml concentration increments (b-d), yielded well- 
defined Zr-SVRS peaks, and a linear standard- 

100 nA 
t 

0.2v 

E(V) 

Fig. 7. Standard additions of zirconium to sea-water (8 ml of sea-water + 2 ml of buffer/l.5 x l0-6M 
SVRS). a, Voltamperogram for the sample following preconcentration for 60 set; b-d, successive 
increments in zirconium concentration, each 5 ng/ml. Also shown is the resulting calibration plot over 

the 5-15 no/ml range. Other conditions as for Fig. 1. 
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addition plot. The response of the original sample (a) 
indicates the absence of major interferences in the 
region of the zirconium peak. (The absence of zir- 
conium response is expected because of the short, 
60 set, preconcentration time used, and the very low 
level of zirconium in sea-water.) 

In conclusion, the method described provides a 
simple approach to the determination of zirconium at 
trace and ultratrace levels. The effective interfacial 
accumulation results in a substantial enhancement of 
the voltammetric response, hence permitting con- 
venient quantification at the ng/ml level. Destruction 
of organic surfactants or removal of interfering 
metals may be required in some cases, depending on 
the complexity of the sample matrix. 
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LIQUID-LIQUID EXTRACTION SEPARATION AND 
SEQUENTIAL DETERMINATION OF PLUTONIUM AND 

AMERICIUM IN ENVIRONMENTAL SAMPLES BY 
ALPHA-SPECTROMETRY* 

K. SEKINE, T. IIW and A. KAW 
Environmental Research Laboratory II, Japan Atomic Energy Research Institute, Tokai-mum, 

Ibaraki-ken 3 19-l 1, Japan 

(Received 9 .June 1986. Revised 8 September 1986. Accepted 23 December 1986) 

Summary-A procedure is described by which plutonium and americium can be determined in environ- 
mental samples. The sample is leached with nitric acid and hydrogen peroxide, and the two elements are 
co-precipitated with ferric hydroxide and calcium oxalate. The calcium oxalate is incinerated at 450” and 
the ash is dissolved in nitric acid. Plutonium is extracted with tri-n-octylamine solution in xylene from 
4M nitric acid and stripped with ammonium iodide/hydrochloric acid. Americium is extracted with 
thenoyltrifluoroacetone solution in xylene at pH 4 together with rare-earth elements and stripped with 
1M nitric acid. Americium and the rare-earth elements thus separated are sorbed on Dowex 1 x 4 resin 
from IM nitric acid in 93% methanol, the rare-earth elements are eluted with O.lM hydrochloric 
acid/O.5&4 ammonium ~~anate/SO% methanol and the americium is finally eluted with I.&W 
hydrochloric acid in 86% methanol Plutonium and americium in each fraction are electrodeposited and 
determined by ~pha-s~rome~. Overall average recoveries are 81% for pluto~~ and 59% for 
americium. 

Plutonium-239 and -240 occur in environmental 
samples as the result of fall-out from nuclear deto- 
nations in the atmosphere; 241Am is a decay product 
of 21*Pu, which is also a fall-out nuclide. Among the 
transuranic radionuclides, B%, Uopu and 24’Am are 
ecologically the most important because their concen- 
trations are relatively high’ and their radiotoxicities 
are in the highest group. In assessing the safety of 
disposal of high-level radioactive waste, they are also 
important radionuclides because of their physico- 
chemical properties. Further studies to clarify their 
environmental behaviour are required. One of their 
main characteristics is their strong interaction with 
soil and sediments.* 

Many procedures have been described for the 
determination of plutonium and americium, in which 
the radiochemical separation is usually based on a 
combination of co-precipitation, ion-exchange and 
solvent extraction.“5 Since ion-exchange separations 
can be rather slow, solvent extraction is more attrac- 
tive. Thus Sill et CZZ.~ developed a method for the 
~rn~~n~us dete~nation of the alp~~~tting 
nuclides of the elements from radium to califomium 
in soil by liquid-liquid extraction with Aliquat-336. 
Bemabee et al? also reported a solvent extraction 
separation with di(24hylhexyl)phosphoric acid 

*Presented at the 33rd Annual Meeting of the Japan 
Society for Analytical Chemistry, Nagoya, October, 
1984. 

(HDEHP) for determination of plutonium and 
americium. 

In the present work, on soil samples, a procedure 
has been developed for sequential separation of plu- 
tonium and of americium with tri-n-octylamine and 
thenoyltrifluoroacetone. Americium is subsequently 
separated from the rare-earth elements by the method 
of Holm and Fukai,s by ion-exchange in meth~o~c 
nitric acid media. The procedure has been tested 
on some certified reference samples of soils and 
sediments. 

EXPERIMENTAL 

Reagents 
Thenoyltrt@uoroacetone (TTA), 0.5M. Dissolve 45 g of 

TTA in 400 ml of xvlene. 
Tri-n-octylamine (TOA) solution. Dissolve 25 g of TOA 

in 250 ml of xylene. 
Cresol Red solution. Dissolve 100 mg of Cresol Red in 26 

ml of O.OlM sodium hydroxide and dilute the solution to 
250 ml with water. 

Methyl Red solution. Dissolve 100 mg of Methyl Red in 
100 ml of ethanol. 
Ammonium ~d~~y~~hiori~ acid solution. Mix asnmo- 

nium iodide solution (10.2 g in 200 ml of water) with 
concentrated hydrochloric acid in the ratio 29:71 v/v just 
before use. 

Standard %rn solution. Wm. 7.415 x 10s Bq/g, im- 
purity eO.l%, from LMRI, France, was used. 

Standard wPu solution. NBS SRM 4334b(USA), 21.29 
Bq/g, impurity<O.2%, was used. 

Iron carrier solution (Fe 20 mg/ml). Dissolve 98 g of 
hydrated iron chloride in 50 ml of concentrated hydro- 
chloric acid and dilute the solution to 1 litre with water. 
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Ca&um cattier ~o~uf~n (Ca IO0 mgjrnl). Dissolve 295 g 
of hydrated calcium nitrate in 500 ml of water. 

Mefhanolic IM niftic acid..Mix 35 ml of concentrated 
nitric acid with 465 ml of pure methanol. 

Methanolic 0.1 M hydrochloric acid/OJM ammonium 
fhiocyanafe solufion. Mix 50 ml of IM hydrochloric acid and 
50 ml of 5M ammonium thiocyanate with 400 ml of pure 
methanol. 

Methanolic 1.5M hydrochloric acid. Mix 65 ml of concen- 
trated hydrochloric acid with 430 ml of pure methanol and 
dilute to 500 ml with water. 

Appatafw 

The anion-exchange resin column used was made with 
Dowex I x 4 (100-200 mesh), bore 1 cm, volume 7 ml. 

Prefteafmen f 

Weigh the sample (about 50 g) into a porcelain dish and 
add =?u and 2UCm (to give an activity of - 1 dpm for each) 
as tracers. Ignite the sample in an electric furnace at 450” for 
at least 8 hr. Transfer the c&&d sample to a I-litre conical 
beaker, rinse the porcelain dish into the beaker with 200 ml 
of concentrated nitric acid and add 5 ml of 30% hydrogen 
peroxide. Boil the mixture for about 30 min on a hot-plate. 
Filter the solution while hot through a glass-fibre filter 
(Toy0 GA-lOO), with suction, then wash the residue with 
three 25-ml portions of hot 8M nitric acid. Reserve the 
solution in a I-litre beaker. Transfer the residue to a 200~ml 
Teflon decomposition vessel with 100 ml of O.lM 
hydrofluo~c acid solution in 1OM nitric acid. Seal the vessel 
with its lid and heat it in an electric oven at 175” for 10 hr. 
Cool, remove the lid and tilter the solution through a fllter 
paper (Toy0 No. SC). Wash the residue with 8M nitric acid. 
Combine the tiltrate and washings with the solution reserved 
in the I-litre beaker and evaporate the mixture nearly to 
dryness. Add 20 ml of concentrated nitric acid and again 
evaporate nearly to dryness. Repeat this evaporation pro- 
cedure once more. Dissolve the residue by heating with 50 
ml of concentrated nitric acid plus 5 ml of 30% hydrogen 
peroxide, then heat further to decompose the peroxide 
completely. If a residue remains, filter the solution through 
a glass-fibre filter (GA-100). If the iron content is not 
enough for precipitation add 100 mg of iron(II1) as carrier. 
Dilute the solution to 500 ml with water, and add 25 g of 
solid sodium hydroxide then 2.5M sodium hydroxide to 
raise the pH to about 10. Age the precipitate by heating. 

Centrifuge, then discard the solution and dissolve the 
precipitate in a small volume of concentrated hydrochloric 
acid, and transfer the solution to a l-litre beaker. Add 5 ml 
of 30% hydrogen peroxide and heat until all the precipitate 
has dissolved. Dilute the solution to 450 ml with water, add 
500 mg of calcium carrier and 45 g of oxalic acid. After 
heating to dissolve the reagent, add ammonia solution to 
raise the pH to 1.5 to precipitate the calcium oxalate. Allow 
to settle overnight, filter off the precipitate on a Millipore 
membrane filter @ore size 3 pm) and wash the beaker and 
precipitate with small quantities of 0.1% ammonium ox- 
alate solution. Dry and ignite the precipitate together with 
the filter in a crucible at 450” for 2 hr. 

Exttacrion sepatafion 
Transfer the ash to a 100~ml beaker by rinsing with IO ml 

of 8M nitric acid, add 0.5 ml of 30% hydrogen peroxide, 
cover the beaker with a watch-8lass, and heat to dissolve the 
ash. Remove the watch-glass, evaporate the solution to 
about 1.5 ml and add 50 ml of 4M nitric acid. 

Filter through a 3-pm membrane filter into a SO-ml 
separatory funnel, washing with a little 4M nitric acid. 
Shake the solution for 3 min with 10 ml of TOA solution. 
Drain the aqueous phase into a second separatory funnel 
and shake it with 10 ml of TOA solution for 3 min. Transfer 

the aqueous phase to a lOO-ml beaker. Combine the organic 
extracts, which contain the plutonium (Extract P). 

TO the aqueous phase add 1 drop of Cresol Red solution, 
and concentrated ammonia solution until the colour turns 
to yellow (the pH of the solution must be l-5-2.0). Transfer 
the solution to a lOO-ml separatory funnel and shake it with 
10 ml of 0.5M TTA for 15 min to remove thorium, Drain 
the aqueous phase into a 100~ml separatory funnel and 
shake it with 10 ml of 0.5M TTA for 10 min. Drain the 
aqueous phase into a lOO-ml separatory funnel and discard 
the two ‘ITA phases. Add 5% ammonium acetate solution 
to the aqueous phase until the pH is 4.0 f 0.2 (pH-paper), 
then shake it with I5 ml of 0.5M TTA for 5 min. Drain the 
aqueous phase and shake it with 15 ml of 0.5M T’I’A for 
5 min. Discard the aqueous phase. Combine the two organic 
phases and strip the ~e~~~ by shaking with two 25-ml 
portions of 1M nitric acid, for 5 min each. Shake the 
combined nitric acid extracts with 15 ml of xylene for 1 min. 
Transfer the aqueous phase to a 100~ml beaker and evapo- 
rate it to dryness. To the residue add 5 ml of concentrated 
nitric acid and 0.5 ml of 30% hydrogen peroxide. Evaporate 
the solution to dryness (Residue A). 

Sftipping of plutonium 
Shake Extract P with 20 ml of 4M nitric acid for 3 min, 

then discard the aqueous phase. Shake the organic phase 
with two 20-ml portions of 1OM hydrochloric acid for 3 min 
each, discarding the aqueous phases. Shake the organic 
phase with two 25-ml portions of ammonium 
i~id~hy~~~o~c acid solution for 3 min each time, to 
strip the plutoni~. Discard the organic phase and shake 
the combined aqueous phases for 1 min with 15 ml of 
xylene. Transfer the aqueous solution to a 100-ml beaker 
aid evaporate to dryness. To the residue add 5 ml of 
concentrated nitric acid and a few drops of 70% perchloric 
acid. Evaporate the solution to dryness. 

Ion-exchange for americium 
Dissolve Residue A, containing americium, in 15 ml of 

methanolic 1M nitric acid. Pass the solution through the 
conditioned ion-exchange resin column at a flow-rate of 
0.5 ml/min. Wash the column with 40 ml of methanolic IM 
nitric acid, then with 100 ml of methanolic hydrochloric 
acid/ammonium thiocyanate solution to remove rare-earth 
elements, and finally with 50 ml of methanolic 1M nitric acid 
to remove tram of iron. Elute the tervalent actinides into 
a IOO-ml beaker with 60 ml of methanol& hydrochloric acid. 
Evaporate the solution to dryness. To the residue add 5 ml 
of concentrated nitric acid and 1 ml of 30% hydrogen 
peroxide. Evaporate the solution to dryness. To the residue 
add 3 ml of concentrated nitric acid and a few drops of 70% 
per&lo& acid. Evaporate the solution to dryness. 

Eleclro-&position 
To the residue containing plutonium or americium add 10 

ml of 2M sulphuric acid, and heat to dissolve. Cool, add a 
drop of Methyl Red solution, and concentrated ammonia 
solution until the colour turns to yellow, then 2M sulphuric 
acid until the colour turns to pink, and then 1 drop in excess 
(pH 2-3). Transfer the solution to an electro-deposition c&i, 
rinsing it with a little water. Deposit the plutonium or 
americium on a stainless-steel disc cathode at a current 
density of 0.57 A/cm2 for 2 hr, with a plating wire anode. 
Add 2 or 3 drops of concentrated ammonia solution and 
continue plating for 1 min. Remove the solution with a 
Komagome (or -&uivaIent) pipette and switch off the pow& 
SUDD~Y. Dismantle the cell. Rinse the disk with water and 
th& &th acetone. Ignite the disk at dull red heat in the 
flame of a Bunsen burner, then let it cool. 

Alpha-specfromtry 
Count the activity on the disc with a silicon barrier-layer 

detector coupled to a multichannel analyser, for 2-6 x 10’ 
sec. 



Determination of plutonium and americium 

Sample - Acid leaching - Fe(OHb, Ca(COO)2 pptn. 

“i” 
1M HNQ 

aq. 
(Am,Cm, REs) 

Elect rodeposition 

Fig. 1. Outline of procedure. 
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BESULXS AND DISCUSSION 

In determining plutonium and americium in envi- 
ronmental samples it is important to separate them 
from natural a-nuclides, especially those of uranium 
and thorium. For separation of plutonium, extraction 
with TOA was adopted. The sequential separation of 
uranium, thorium and rare-earth elements by solvent 
extraction has already been established.‘* Americium 
may be extracted along with rare-earth elements by 
TTA. The method of Holm and Fukai* and of 
Yamatol’ was used for separation of americium from 
the rare-earth elements. The separation scheme is 
shown in Fig. 1, 

Single co-precipitations with ferric hydroxide and 
calcium oxalate are considered sufficient, because the 
subsequent solvent extraction procedure is selective. 

For electro-deposition a sulphuric acid-ammon- 
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Fig. 2. Alpha-spectrum of Pu separated from NBS 4353 
(Rocky Flats soil). 

ium sulphate electrolyte at about pH 2.0 was used 
because it gives high recovery of actinides and is 
simple to manipulate.‘* 

Figure 2 shows the a-spectrum of plutonium separ- 
ated from a standard soil sample. Peaks of u2Pu 
(added as tracer), *?u, ?u and 238Pu can he seen. 
Figure 3 shows the a-spectrum of americium separ- 
ated from standard river sediment. Peaks for *“‘Am 
and MCm (added as tracer) are also seen. These 
figures indicate that the procedures described achieve 
sufficient removal of uranium, thorium and other 
naturally occurring a-nuclides, and no serious inter- 
ference has been encountered. 

Because we could not obtain pure B3Am when this 
work was started, *%!m was used as a radioisotopic 
tracer for *“Am. As curium behaves like americium 
in the separation,” it is believed that the chemical 
recovery is correct. However, u3Am (e.g., NBS 

60 

t 

244Cm 

* 
* * 
E 30- 
a 

“IAm I). 

u 
: 
I. : 
. . 

. - 
f .* 1 

Oh’ 
. ..“. . I . . ..- 2. I..“... * . 

Ener;y (MeV) 
6 

Fig. 3. Alpha-spectrum of Am fraction separated from NBS 
RM 45b (River sediment). 
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Table 1. Summary of the results 

Sample 

NBS 4353 Rocky Flats soil 

NBS 4350B River sediment 

IAEA SD-N-1 Sediment 

NBS 4355 Pervian soil 

NBS 45b River sediment 

Surface soil 

*By double HNO,-H,O, leaching. 

Nuclide 

239,240~” 

n’Am 
239,240pu 

24LAm 
239. qu 
24’Am 
239,240hi 

%‘Arn 
239, ucpu 

xlAm 
239.2AOp” 

241Am 

Present, 
m&lg 

8.03 
1.25 
0.508 
0.15 
0.56 
0.49 
0.0076 
0.004 

Found, 
m&/g 

7.2*, 5.7*, 7.9, 8.1 
1.3, 1.4, 1.4, 1.3 
o.sO*, 0.53 
0.14 
0.54 
0.46 
0.008* 
0.004, 0.005 
1.3*, 1.3*, 1.4+ 
0.40, 0.44, 0.38 
1.8’ 
0.62 

4332B) is the preferred tracer and should be used 
when available. 

The results for the detonation of 23?u, vu 
and “‘Am in several standard reference materials, a 
standard material and a surface soil are presented in 
Table 1. For plutonium in the Rocky Flats Soil, 
values about 20% lower than the certified value were 
obtained by double leaching with nitric acid/ 
hydrogen peroxide, but satisfactory values were ob- 
tained by decomposing the sample with nitric acid/ 
hydrofluoric acid. SillI stated that treatment of the 
sample with nitric acid alone was grossly inadequate 
for dissolution of refractory compounds of plu- 
tonium. If refractory compounds of plutonium are 
known to be present, as in the Rocky Flats soil, 
treatment with nitric acid/hydro~uo~c acid should be 
included in the procedure. 

week, about a third of that for the LASL method.’ 
There is also less interference by other nuclides, such 
as *‘oPo, than in the ion-exchange method.15 

REWNCES 

1. R. W. Perkins and C. W. Thomas, in Trarrstaru& 
Elements in the Environment, W. C. Hanson (ed.), 
DOE/TIC-22800, pp. 53-82. NTIS, Springfield, VA., 
1980. 

2. R. L. Watten, T. E. Hakonson and L. J. Lane, Radio- 
chim. Acta, 1983, 32, 89. 

3. R. A. Wessman and L. Leventhal, Analysti Meth- 
odology for Transuranics, in Transurwdcs in Natural 
Environments, M. G. White and P. B. Dunaway teds.), 
USERDA Report NVO-178, pp. 545-574. NTIS, 
Springfield, VA., 1978. 

4. ~iro~ental Meawrements ~or~tory Procedtires 
Map, HASL 300, with 8 supplements, J. H. Harley 
fed.), New York, 1980. 

The NBS RM 45b river sediment was analysed to 
assess the spread of results given by the proposed 
method. There are no certified values for plutonium 
and americium in this material. Undisturbed surface 
soil (O-3 cm) at the site of JAERI was also analysed. 

The chemical recovery for plutonium was Sl-99%, 
average 81%, and for americium 21-86%, average 
59%. The chemical yield for americium after plu- 
tonium extraction was about 70% and total ameri- 
cium recovery was about 60%. 

The procedure is rapid and reliable; the separation 
by extraction takes about 2 days less than the ion- 

5. D. Knab, Los Alamos Schti& Laboratory Report, 
LA-7057, 1978. 

6. C. W. Sill, K. W. Puphal and F. D. Hindman, Anal. 
Chem., 1974, 46, 1725. 

7. R. P. Bemabee, D. R. Percival and F. D. Hindman, 
ibid., 1980, 52, 2351. 

8. E. Holm and R. Fukai, Talunta, 1976, 23, 853. 
9. Science and Technology Agency, Manual for Plutonium 

Assay in Environmental Materials in Japan, 1979. 
10. H. Onishi and K. Sekine, Talanta, 1972, 19,473. 
11. A. Yamato, J. Radioanal. Chem., 1982, 75, 265. 
12. N. A. Talvitie, Anal. Gem., 1972, 44, 280. 
13. C. W. Sill, HeaIth Phys., 1975, ts, 619. 
14. M. Thein, S. Ballestra, A. Yamato and R. Fukai, 

Geocfiim. Cosmochim. Acta, 1980, 44, 1091. 
exchange method”’ and the whole procedure takes 1 15. T. Imai, K. Sekine and A. Kasai, unpublished work. 



Tahta, Vol. 34, No. 6, pp. 571-573, 1987 
tinted in Great Britain. All rights reserved 

SHORT 

0039-9140/87 $3.00 + 0.00 
Copyright 0 1987 Rrgamon Journals Ltd 

COMMUNICATIONS 

FLUORESCENCE IN THIN LIQUID FILMS: 
A SIMPLE MODEL 

R. VON WANDRUSZKA* and J. D. WINEFORDNER~ 
Department of Chemistry, University of Florida, Gainesville, Florida 32611, U.S.A. 

(Received 3 October 1986. Accepted 6 February 1987) 

Semma~-A model is proposed to account for the effect of various parameters on the fluorescence 
characteristics of dyesttis in thin iilms during drainage of the films. 

We recently reported on an investigation of 
fluorescence emission from thin liquid films.’ Fluo- 
rescent dyes were dissolved in surfactant solutions 
and thin films were drawn in metal frames from these. 
The films were excited with laser radiation and the 
fluorescence emission was monitored as a function of 
time. 

EXPERIMENTAL 

The experimental details were fully described earlier’ and 
will only be summarized briefly here. 

Surfactant solutions (sodium lauryl sulphate, tetra- 
decyltrimethylammonimn bromide, cetylpyridinium chlo- 
ride and Brij 99) were prepared from analytical grade 
reagents. The dyes (Rhodamine B, Rhodamine 6G, Cou- 
madn 440, Comnarin 450, Coumarin 540 and Oxaxine 720) 
were of laser grade and other chemicals were of analytical 
grade. The fthns were formed in a thick-walled closed cell 
made of blackened brass, with a circular stainless-steel 
frame attached to the lid. The solution was drained from the 
bottom of this cell and measurements were started as the 
iihn formed. No special temperature control was imple- 
mented. A l-mm* spot on the Slm was excited at 45” to the 
surface with radiation from an argon-ion laser (514.5 nm or 
broad-band ultraviolet radiation) and the fluorescence was 
measured (also at 45”) after dispersion with a double 
monochromator. The emission was monitored at a fixed 
wavelength over the lifetime of the film, and drainage 
profiles over periods extending from a few minutes to more 
than an hour were obtained (e.g., Fig. la). 

RESULTS AND DISCUSSION 

previous work’ on dyes in soap lamellae dealt with 
lightly doped films, having fluorescence intensities 
that were stable for several hours. Measurements 
were made of these relatively static films and the 
fluorescence emission intensity was observed to oscil- 
late. 

The present investigation was concerned with the 
highly mobile state of the film immediately after its 

*On leave from Department of Chemistry, University of the 
Witwatersrand, Johannesburg, South Africa. 

tAuthor to whom reprint requests should be sent. 

formation. The film was excited at a point near its 
middle, well above the wedge-shaped lower regions in 
which the drained solution accumulates. A strong 
periodicity was observed in the time-resolved emis- 
sion, which showed certain similarities to Newtonian 
reflectance fringes. Unlike these, however, the signal 
was exponentially damped (Fig. 1) and appeared to 
be superimposed on a similarly decreasing back- 
ground. 

The periodicity arises from interference effects be- 
tween the fluorescence emissions from the front and 
back surfaces of the f&n.‘** There is a significant 
accumulation of dye molecules at the surfaces within 

(a) 

1 2 3 4 

Time (mln) 

Fig. 1. Fluorescence drainage profiles of thin films contain- 
ing dyes; (a) 1% tetradecyltrimethylammonium bromide 
and Coumarin 440; (b) 1% Brij 99 with Comnarin 440. 
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seconds of film formation. Since these two main 
emitting regions of the film are separated by its 
thickness, constructive and destructive interference 
between the signals will occur alternately as the film 
drains. The resulting fluorescence fringe maxima are 
found to decrease with time, often after an initial 
sharp rise (Fig. 1 b). The background decreases at a 
usually somewhat faster rate. 

For an a priori treatment of the experimental 
results, we identify seven characteristics of the 
film-dye system, which we treat independently. We do 
not suggest that this represents an exhaustive list of 
variables or that the various parameters are not, in 
fact, related. The treatment aims to present a simple 
model consistent with experiment. The relevant char- 
acteristics are the following: 

(i) accumulation of dye in the film interior, be- 
tween the surfaces; 

(ii) dye present in the film interior, between the 
surfaces; 

(iii) movement of dye from interior to the surface; 
(iu) rate of drainage of dye from the surfaces; 
(a) rate of drainage of dye from the interior; 
(vi) initial thickness of the film; 
(vii) rate of film thinning (drainage of bulk solution 

from film interior). 

The experimental drainage profiles (Fig. 1) show 
sinusoidal oscillations with periods that appear to be 
exponentially expanding in time. Inspection suggests 
that the signal is exponentially damped and includes 
a similarly damped background. If it is assumed that 
the fluorescence signals arising from the film surfaces 
and from the tilm interior (background) are separable 
and additive, then a simple equation of the form 

Z(r) = Ibe-“’ + Z,e-” sin (Cc-D’) (1) 

may be proposed, where Z(t) is the total time- 
dependent fluorescence; Zb and Z, are the initial emis- 
sion intensities from the film interior and its surfaces, 
respectively; A is a parameter related to the rate of 
dye drainage from the interior; B describes the rate of 
dye drainage from the surfaces; C is related to the 
initial thickness of the film and D is related to the rate 
of thinning of the film. 

This equation can be used to reproduce adequately 
some of the drainage profiles obtained. Notably, 
when the factor C (initial film thickness) is increased, 
the number of peaks within a typical observation 
period of 4 min increases. This is to be expected, since 
the number of instances when the film thickness 
passes through values corresponding to constructive 
(or destructive) interference of emission from its two 
opposing surfaces, increases with film thickness. Fur- 
thermore, a large value of B (rate of surface dye 
drainage) leads to a quickly damped signal, owing to 
the rapid drainage of dye from the film surfaces. The 
parameter D relates to the rate of film thinning, and 
the larger its value, the more closely spaced the peaks 
will be at the beginning of the profile. Again, this 

A-O.06 
9’0.04 II- 
c-90 

I 0 ‘0.06 D - 0.09 
I\ 

I 
t21.3 

\ 

r- Time (mid n 

Fig. 2. Plot of equation (2); the top left profile has an 
arbitrarily assigned set of parameters and the others show 

the changes due to variations in individual parameters. 

should be expected, since the instances of similar 
interference follow each other more quickly in a 
fast-draining film. Parameter A describes the loss of 
dye from the film interior and therefore the steepness 
of the background emission curve (the troughs of the 
oscillations). These considerations are illustrated in 
Fig. 2, which was generated with a more elaborate 
form of the equation (see later). 

Some problems exist with the results obtained with 
equation (1). First, the oscillations are centred about 
a decreasing (background) curve, which causes the 
values in the later part of the profile to become 
negative. As a result, the trough of the last oscillation 
extends below the plateau reached when damping is 
complete. This is not consistent with the experimental 
profiles, which always show the lowest fluorescence 
intensities when oscillations have ceased. This prob- 
lem can be overcome by adding 1 to the sine term, 
thus rendering it positive without affecting the oscil- 
lations. 

Equation (1) is further deficient because it cannot 
generate the brief initial increase in oscillation ampli- 
tude that is often observed (Fig. lb). Related to this 
is the problem that the amplitude damping calculated 
from the equation is often excessive and does not 
provide the required flexibility to match experimental 
results. This is probably because no account is taken 
of characteristic (iii), the movement of dye from the 
film interior to the surface during draining. A factor 
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related to surface dye enri&nent must be included in 
the second term of the equation in order to modify 
the exponential damping factor. This variable must 
not only have a time dependence in order to have the 
desired effect, but must also have units of time so as 
to retain dimensional integrity, 

In its expanded form, the equation becomes 

Z(r)=Z~e-“‘+Z~~e-~~~sin(Ce-Dr)+ 11 (2) 

where to is a su~a~~n~~hment time constant. 
In the case of ionic surfaetants, the exponential 

nature of the dye drainage from the film interior 
could be vet-i&d ex~~meu~ll~ by rotation of the 
plane of polarization of the exciting radiation. In the 
experiments described above, vertically polarized 
light was used, i.e., with the plane of polarization at 
90” to the interference fringes. When the polarization 
was changed to horizontal (parallel to the fringes) by 
means of a compensator, no interference effects what- 
ever were noted; the fluorescence signal consisted of 
a relatively smooth, exponentially decreasing curve, 

not unlike the background noted above. Evidently, 
the surface orientation of dye molecules in ionic 
surfactant films is such that they are preferentially 
excited by vertically polarized radiation. Horizontal 
polarization mainly affects the randomly distributed 
dye molecules in the fdm interior. It should be noted 
that these results cannot be explained satisfactorily 
by consideration of penetration of the film by light of 
different polarization. Also, no such polarization 
effects were found with non-ionic surfactants (e.g., 
Brij). 

Equation (23 was generally successful in re- 
producing the experimental drainage profiles encoun- 
tered with different su~ac~nt~dye systems. The 
influence of the variables on the shapes of the curves, 
as explained above, was assessed through equation 

(21 

1. 

2. 

and the resulting profiles are shown in Fig. 2. 
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ANODIC-STRIPPING VOLTAMMETRIC 
DETERMINATION OF ARSENIC AT A 

COPPER-COATED GLASSY-CARSON 
ELECTRODE 
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Summary-The am&z-stripping voltammetric behaviour of arsenic(II1) at a glassy-carbon electrode 
copper-coated in siiu has been investigated. The effects of copper concentration, acidity, deposition 
potential and sweep rate on the stripping peak have been examined and criteria are given for the choice 
of experimental conditions. The procedure is applicable to the determination of 7.5-750 ng/ml of arsenic 
levels and is useful for the analysis of various types of water sample. 

The widespread use of arsenic compounds in industry 
and the concern over their acute toxicity and possible 
carcinogenesis, have prompted the development of 
numerous analytical methods for their determination 
at trace levels.lJ The voltammetric procedures utilize 
the reduction of As(II1) to the element-FS or the 
deposition of the element on gold,6 platinum6 or 
gold-coated electrodes. ‘J More recently, cathodic- 
stripping voltammetric determinations of arsenic 
have been developed which utilize a hanging 
mercury-drop electrode in the presence of selenium’ 
or copper. lo No studies have been reported so far on 
the stripping voltammetry of arsenic with the use of 
the glassy-carbon electrode (GCE), which is so widely 
used for the determination of mercury” and other 
metals.‘2~‘3 We have recently described the influence 
of copper on the deposition of mercury on a GCE,14 
and the resultant development of a sensitive anodic- 
stripping voltammetric (ASV) procedure for the de- 
termination of mercury. This paper describes a 
simplified linear-scan ASV (LSASV) method for de- 
termining arsenic by utilizing a glassy-carbon elec- 
trode copper-coated in situ, and its possible applica- 
tion in monito~ng polfuted natural waters and 
sea-water samples. 

Reagents 

EXPERIMENTAL. 

All solutions were prepared with analytical grade reagents 
and conductivity water. 

Arsenic(lll) solution, 0.01 M. Dissolve 1.30 g of sodium 
arsenite (NaAsOz, m.w. 129.9) in water and dilute to 100 ml. 
Standardize the solution by any convenient standard 
method. Dilute appropriate volumes of this stock solution 
as required, to obtain the required concentration of arsenic. 

Copper(H) solution, U.OlM. Dissolve 0.624 g of cop- 
per(II) sulphate pentahydrate in water. 

Perchloric acid, IOM. 

*Address for correspondence: Regional Research Labora- 
tory, IndustriaI Estate P.O.. Trivandrum 695 019, India. 

Apparatus 

Voltammetric studies were performed with a Wenking 75 
M potentiostat and a Wenking potential-scan generator, 
with a 3-electrode cell assembly comprising a normal cal- 
omel reference electrode (NCE), a platinum-foil counter- 
electrode and a glassy-carbon (Tokai, Type V-10-50, 3 mm 
diameter) working electrode. A Digilog XY-2000 recorder 
was used. 

Procedure 
Transfer a suitable aliquot (up to 35 ml) of sample 

solution containing 0.38-3’7.5 Pg of arsenic into a SO-ml 
standard flask, add 1 ml of copper solution and 10 ml of 
1OM perchloric acid and dilute to volume with water. 
Transfer the soluton to the electrochemical cell and immerse 
the GCE. Electrolyse for 2 min at -0.6 V US. NCE with 
stirring. Scan the potential anodically from -0.6 to 0.7 V 
at a rate of 140 mV/sec after a rest period of 30 sec. 

RESULTS AND DISCUSSION 

Preliminary studies on the deposition of arsenic on 
a GCE and its subsequent stripping revealed that this 
element is effectively not deposited from a lo-‘A& 
solution {curve A, Fig. 1). Unlike me~u~,i4,*s arsenic 
is still not deposited either from higher concen- 
trations or after repeated cycling. However, if copper 
is present in the analyte solution, arsenic is deposited 
and gives a distinct stripping signal (curve C, Fig. 1). 

Curve B in Fig. 1 shows the stripping voltam- 
perogram obtained after the deposition of lo-,,44 
copper at -0.6 V for 2 min on a GCE. A single 
stripping peak (due to copper) occurs at 0.14 V. On 
addition of 10Y5M arsenic a stripping peak occurs at 
0.36 V (curve C, Fig. 1) in addition to the one due to 
copper. Further, the height of the stripping peak at 
0.36 V is linearly dependent on the concentration of 
arsenic in the test solution, and this forms the basis 
for the development of a sensitive LSASV procedure 
for determination of arsenic. 

574 
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Fig. 1. Anodic stripping voltamperograms of 10e5M 
arsenic(II1) (curve A), lo-‘M copper (curve B) and lo-‘M 
arsenic + lo-‘44 copper (curve C) in 2M HClO,. Deposi- 
tion potential Ed = -0.6 V as. NCE; time of deposition 

fd = 2 min. 

The role of copper 

Figure 2 shows the effect of the copper concen- 
tration on the stripping signal for 7.5 pg/ml arsenic 
obtained after deposition at -0.6 V for 2 min in 2M 
perchloric acid medium. The height of the stripping 
peak due to arsenic is constant for copper concen- 
trations 28 x 10-5M. 

The deposition potential 

The optimum deposition potential (Ed) was estab- 
lished by varying Ed from -0.5 to -0.8 V in steps 
of 0.05 V. As seen from Fig. 3 curve A, the stripping 
signal is at a maximum in the Ed range from -0.60 
to -0.65 V. The decrease in the stripping signal at 
deposition potentials more negative than -0.65 V is 
due to the reduction of elemental arsenic to arsine.” 

The scan -rate 

Curve B in Fig. 3 shows the results obtained when 
the scan rate was varied from 50 to 400 mV/sec. The 
optimal scan-rate was in the range 100-180 mV/sec. 
Further, the arsenic stripping signal was found to be 
the same for successive determinations. 

The optimum acidity was found to be l-3M 
perchloric acid. A linear calibration graph passing 
through the origin on extrapolation was obtained for 
arsenic in the range 7.5-750 ng/ml. Five replicate 
determinations of 75 ng/ml arsenic gave results of 

75.3,74.4,74.2,73.1 and 74.0 with a relative standard 
deviation of 3.5%. 

Interference studies 

The effect of various other cations on the LSASV 
determination of 75 ng/ml arsenic(II1) was next in- 
vestigated. Hundredfold amounts of zinc, cadmium, 
manganese and thallium and lo-fold amounts of lead 
(relative to arsenic) do not interfere, but bismuth 
interferes seriously. 

Analysis of sea-water samples 

Sea-water samples collected from the Bay of Ben- 
gal were analysed for arsenic (Table 1), but none was 
found. The recoveries obtained on addition of known 
amounts of arsenic to the sea-water and to synthetic 
sea-water solutions were satisfactory (Table 1) and 
illustrate the potential usefulness of the procedure for 
the analysis of polluted sea-water. The arsenic con- 
centration in the open sea is reported to be in the 
range 3-24 ng/ml.” 

CONCLUSION 

The procedure described is well suited to the 
determination of traces of arsenic(II1) in sea-water 
with good precision. In view of its sensitivity, the 
pollution monitoring of arsenic is possible either after 
initial preconcentration as arsine or by using 
differential pulse ASV. However, the present pro- 

I 25pA 

1 -I 
0.9 0.4 - 0.1 -06 

E, V(NCE) 

1 

Fig. 2. Effect of copper concentration on the stripping 
voltamperograms of 75 ng/mI arsenic(III) in 2M HClO,; 
Ed = -0.6 V us. NCE, r, = 2 min, curves A, B, C and D 
obtained with 10-6, 3 x lo-‘, 5 x 10-j and 8 x 10-5M 

copper respectively. 
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Table 1. Analysis of synthetic and Bay of Bengal sea-water samples 

Amount of 
Sample Composition of ArX.tliC arsenic 
taken, synthetic sample, added, recovered, Recovery, 

ml g/100 ml nglml aglml % 

35 None 20.0 19.0 95 
19.5 98 
20.6 103 

35 Na (1.05), K (0.04) 19.2 96 
Mg (0.13), Ca (0.04) 20.0 19.8 99 
Cl (1.89) 20.2 101 

30 Na (6.7), K (0.34) 19.5 98 
Mg (0.56), Ca (0.03) 20.0 20.5 103 
Cl(l1.2) 20.1 101 

15 Sea-water 20.0 19.8 99 
20.0 100 
20.5 103 

30 Sea-water 10.0 9.2 92 
9.8 98 

10.6 106 

01 ’ I I Y I I 
-05 -07 -09 

Ed ,V(NCE) 

Fig. 3. Effect of deposition potential (curve A) and scan-rate 
(curve B) on the anodic-stripping current for arsenic(II1); 
As(III) = 75 ng/ml, Ed = -0.6 V us. NCE; rd = 2 min, 

Cu(I1) = 10-4M. 

cedure is more sensitive than the LSASV procedure 
developed by For&erg et ale6 and can be used in 
monitoring arsenic in polluted natural and sea-water 
samples. The procedure is applicable only to deter- 
mination of arsenic(II1). It can be applied to deter- 
mination of total inorganic arsenic if the samples are 
heated with hydra&e, hydrochloric acid and hydro- 
bromic acid to reduce arsenic (V) to arsenic (III) as 

15. Idem, Analysr, 1985, 110, 1361. 
16. R. C. Weast (ed.), Handbook of Chemistry and Physics, 

59th Ed., CRC Press, Boca Raton, Florida, 1978. 
17. R. S. Sadana. Anal. Chem.. 1983. 55. 304. reported elsewhere.” 
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A PVC MEMBRANE pH-SENSITIVE ELECTRODE 
BASED ON METHYLDIOCTADECYLAMINE AS 

NEUTRAL CARRIER” 

%&.A3NG WV and Ru-QKN YU 
Department of Chemistry and Chemical Engineering, Runan University, Changsha, 

People’s Republic of China 

pf-f-sensitive PVC membrane e&rode based on m~~y~~~~~~a~~ as M%ltr& tier 
has been prepared. It gives linear response over the @-range 3.04 X .O and a slope of - 58.4 f 0,3 mV/pH 
(at 20Q). The electrode has fairly low resistance and good potenti& reproducibility. The sekctivity and 
other characteristics crf the &xtrode have been studied. 

Although the classical glass-electrode pIGsensor ex- 
hibits outstanding potentiomctric response character- 
istics and has for decades been used for routine pH 
m~~~m~nts, there are ~~~~~~n~ to 2s we under 
certain circumst~s. For Snstanee~ ft is &Ecu& to 
measure pH vahzes in hy~~~~~ acid so&ion with 
a glass &&rode. ~~~~~t~o~ of @ass eeCtrodes 
for biological application8 present3 proHems asso& 

ated with their high resistmm and fragility. There- 
fore, a non-glass pH-electroda is of considerable 
interest. Liquid-membrane electrodes responsive to 
pH have been studied by many invMigators. LeBlanc 
et al.’ prepared such an electrod@, based on a proton- 
carrier, p-octadecyloxy-m-chlorophenylhydr~one- 
mesoxalonitrile (oCPH}, which was improved and 
applied in physiological studies by Poole-Wilson and 
co-worker~_‘~ Simon and co-workersS7 reported on 
several PVC membrane ~~~~~~~~ based on neu- 
tral carriem oF which that based oxt ~d~d~~~~~ 
(TflDA) showed the be% rfspanse c~ara&eristics.~ fn 
our Iaboratory a number of organic compounds have 
been tested as possible hydrogen-ion carriers, and 
amines and other compounds capable of protonation 
have been found to produce B pH-sensitive response. 
Methyldioctadecylamine (MDODA) in particular 
showed promise. In this paper 8 pH-sensitive elec- 
trode based on this carrier is reported, 

(Shanghai). The -Ross glass pH%leGtrode~ type 231 glass 
pH-electrodes (Shanghai) or PVC membrane pH-ektmdes 
were used in conjunction with type 217 double-junction 

*Taken in part From the M4 S, ‘I%@& of H.-L. Wu, Hunan 
University, 1985. 

reference &&odes (Shanghai) with 3M sodium nitrate 
solution in th& outer compartments. The typical oFtI used 
W&3 

For evaluation of the pH-el~~trod~~ sec.on&ry NBS stan- 
dard buffers, phasphatitrak-borate buffers (#I 2-13) 
and tris bufk @I-i 7-10) were used. 

Tri-iso+ctyXamine (Riedel de Haen), Amberlit@ LA-I 
and LA-2 (Rohm and Haas), di-iso-octylamine snd 
di-n-octylamine (Beijing Chem. Co.), and octadeoylamine 
(Fluka) and various other primary amines were used 01s 
received. lXo&adecylamine, dihexadecylamine and dhecra- 
decylamine were synthesized by similar procedures from the 
corresponding primary amines. ~~y~~ty~~~e and 
~~y~~~y~~~ were sy&k&zed by reacting for- 
m~~yde and the corresponding ~ong~n primary 
amine i”n formic acid medium, mrding to the proe&ure 
reported fix synthesis of d~y~~~~~e.~g 

PVC membrane ekctrodes were prepared by standard 
procedures”o and conditioned in pure water for 10 hr. For 
activation they were left in contact alternately with dilute 
sodium hydroxide solution and hydrochloric acid.. The 
activation procedure should be repeated if the &&ode has 
been stord under dry conditions. 

DemineraXizd water was used throughout. 

phase, neutralize it s&h s&m hydrdde &d extract the 
DODA into banzene. Evaporate the benzene and purify the 
D0DA by frac3ional crystalliition from hot ethmml under 
nitrogen. Co&m the identity of the DODA by infrared 
spectroscopy”l and the melting point (71.5-72.5”). 

Mix 4 [s; of DODA with 2 ml of 90% formic acid, add 1.2 
ml of 35% formaldehyde solution and reflux the mixture at 

577 
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40” until bubbling ceases. Raise. the temperature to 105” in 
a glycerol bath and continue refluxing for 4-S hr. Add 100 
ml of 1M hydrochloric acid and continue heating for 1 hr. 
Leave the mixture standing overnight. Make the solution 
strongly alkaline with sodium hydroxide. Extract repeatedly 
with hot benzene. Distil off the solvent from the combined 
benzene extracts, to obtain white solid MDODA. Confirm 
the identity of the MDODA by infrared spectroscopy. 

RESULTS AND DJSCUSSION 

Quality of MDODA 

Most of the methods reported for synthesis of 
long-chain tertiary amines require reactions at high 
temperature and pressure. The products obtained are 
usually mixtures of amines and require time- 
consuming fractionation by vacuum distillation. It 
has been shown that MDODA synthesized by the 
simplified procedure reported above is quite suitable 
for use in the preparation of electrode membranes. 
Elemental analysis of the product gave C 82.7%, 
H 14.4%, N, 2.6%; C3,H7,N requires C 82.91%, 
H 14.48%, N 2.61%. The m.p. was 44-46”, in 
agreement with the literature.** The infrared spec- 
trum matched that in the Sadtler Standard IR Spec- 
tra collection.‘* 

Comparison of pH-electrodes based on dgerent 
amines 

Membranes were prepared from about 60 amines 
or other organic compounds containing functional 
groups capable of protonation and their potential 

PH 

Fig. 1. Comparison of pH-response of the electrodes based 
on various symmetrical amines: I-tri-iso-octylamine; 
2-tri-n-octylamine; 3-trinonylamine; 4-tri-n-propyl- 

amine; S-tri-n-butylamine; 6-tri-n-pentylamine. 

.’ 
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Fig. 2. Comparison of pH-response of electrodes based on 
some secondary amines: I-Amberlite LA-I; 2-Amberlite 
LA-2; 3-dioctadeeylamine; 4-dihexadeeylamine; 5- 
ditetradecylamine; G-dinonylamine; ‘Idi-iso-oetylamine; 

t-di-n-octylamine. 

response characteristics were compared. Figures l-3 
show some of the results obtained. Long-chain fer- 
tiary amines with 24 or more carbon atoms and some 
secondary amines such as Amberlite LA-l or La-2 
are useful hydrogen-ion carriers. In this study 
MDODA was chosen for the preparation of PVC 
membrane pH-electrodes. 

Optimization of membrane composition of the 
MDODA electrode 

The membrane composition was optimized by 
using an orthogonal experimental design with 
the electrode slope as the function for optimization. 
The optimum composition found was 1.0% 
MDODA, 67.0% di-iso-octyl sebacate (DIOS), 
31.7% poly(viny1 chloride) (PVC) and 0.3% sodium 
tetraphenylborate (NaTPB). 

Potential-response characteristics of the MDODA 
electrode 

The potential was a linear function of pH over the 
range 3.0-I 1.0. No super-Nernstian response was 
observed in the pH range 3.5-4.5, in contrast to the 
TDDA electrode.’ 

The potentiometric selectivity with respect to some 
clinically important ions such as Na+, KC and Ca2+ 
was determined by the fixed interference method and 
the values obtained were compared with those re- 
ported for the TDDA electrode (Table 1). 

The MDODA and glass electrodes gave identical 
end-points for potentiometric titration of O.lM 
sodium hydroxide with 0.5M hydrochloric acid. 
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Fig. 3. Comparison of pH-response of electrodes based on primary amines and miscellaneous amines: 
I-heptylamine; 2-dodecylamine; 3-tetradecylamine; 4-hexadecylamine; 5-octadecylamine; 
6-methyldioctadecylamine; 7-dimethyloctylamine; 8-dimethyloctadecylamine. Dashed line: initial 

potential readings; solid line: values of potential readings stabilized within +0.5 mV/min drift. 

Table 1. Selectivity characteristics of the hydrogen-sensitive 
PVC membrane electrode* 

log KH+,M~+ 

Metal ion MDGDA electrode TDDA electrode7 

Na+ - 10.3 - 10.4 
K+ - 10.0 -9.8 
I%+ < -It-t.6 <-11.1 

*Measured at the interfering ion concentration level of 1M 
for both electrodes. 

The MDODA electrode has excellent response 
characteristics in the pH range 8.5-6.5, which is of 
interest for biological studies. 

The combined standard deviations for 3 measure- 
ments of each of 3 mixed serum samples were 0.006 
pH for the glass electrode and 0.01 pH for the 
MDODA electrode. 

The response of the MDODA electrode at 20 f 1” 
gave standard deviations of 0.09 mV at pH 7.86 
(static measurement over 13 hr, 52 variates) and 0.2 
mV for alternating measurements on stirred solutions 
at pH 8.7 and 9.0 over 2 hr (11 variates). 

The resistance of the electrode membrane was 
1.49 f 0.14 MR (n = 6) with a membrane area of 
about 50 mm’ and a thickness of 0.4 mm. The 
resistance is much lower than that of a glass electrode 
and is favourable for electrode miniaturization. 

The response time of the electrode is about 0.5 sec. 
The electrodes have a lifetime of at least 4 months. 

Acknowledgement-This work was supported by the Science 
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DETERMINATION OF COPPER, IRON, MANGANESE,, LEAD 
AND CADMIUM IN AUTOMATICALLY WET-DIGESTED 

ANIMAL TISSUE BY G~HITE-FURNACE ATOMIC- 
ABSOR~rON SPE~ROMETRY WITH ZEEMAN 

BACKGROUND CORRECTION 
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8200 AB Lelystad, The Netherlands 
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Summary-An efficient wet digestion method is described which allows the determination of various 
elements in animal tissues. Copper, iron, manganese, lead and cadmium in one dilution of the digested 
sample can be determined by means of Capote-fear ato~~a~~tion spectrometry, with Zeeman 
background correction. Tests with the National Bureau of Standards Bovine Liver SRM as reference gave 
analytical results, obtained with calibration graphs as well as by the standard-addition method, which 
agreed well with the certified values. 

In analytical toxicology it is often necessary to anal- 
yse animal tissue for a number of elements. For such 
an analysis, digestion of the organic matter is a 
prerequisite, and a number of wet and dry ashing 
methods are known. ‘*’ A general disadvantage is the 
elaborate and ~~ons~ng sample preparation, 
and multi~l~ent dete~nation in one digested 
sample is often not possible. This study reports the 
development of a method for automated wet di- 
gestion of animal tissues and organs by means of a 
Knapp devicq3 followed1 by automated analysis for 
copper, iron, manganese, lead and cadmium in the 
same solution, by means of graphite-furnace atomic- 
absorption spectrometry with Zeeman background 
correction. The same digest can be analysed for zinc 
by flame atomic-absorption spectrometry,4 

Apparatw 
An instrument for automated wet digestion, the Knapp 

device model VAO’ (Hans Klrner Analysentechnik, Rosen- 
heim, F.R.G.), with a programmable temperature range 
from room temperature to 400” was used. The digestion 
tubes were long-necked Duran glass vessels, marked at 
40-ml volume. Determinations were performed with a 
Perkin-Eher Zeeman/3030 atomic-absorption spectro- 
meter, HGA-600 graphite furnace, AS-60 autosampler and 
an Anadex Silent scribe printer. 

Copper, iron and manganese were determined with 
Perkia-Elmer hollow-cathode lamns, lead and cadmium 
with electrodeless discharge lamps -as sources. 

Reagents 

All acids and reagents were of analytical grade (Merck). 
The solutions of the matrix modifiers, S-g/l. magnesium 
nitrate hexahydrate and 40-g/1. ammonium dihydrogen 

phosphate, in glass-distilled water, were purified by extrac- 
tion into isobutyl methyl ketone with ammonium pyr- 
rolidine dithiocarbamate. 

Working standards were prepared from MOO-mg/l. 
atomic-absorption “Titrisol” solutions (Merck) with glass- 
distilled water and 1 ml of concentrated sulphuric acid in 
40-ml digestion tubes. 

The tissue sample was cut, dried overnight in an oven 
at 100”, ground and homogenixed. A 0.245 g sample 
was accurately weighed into a long-necked digestion 
tube, some pieces of carborundum and 6.5 ml of a 
sulphuric/perchloric/nitric acid mixture (concentrated acids, 
2: 1: 10 v/v/v) were added and the tube was left to stand 
overnight at room temperature. The tube was placed in the 
Knapp digestion de&e, and the tempe.rat&programme 
was started; it gave heat@ at 170’. 210” and 240” for 20 min 
at each temper&e, followed by heating at 280“ for 40 min. 
This gave complete decomposition, with concomitant evag 
oration of the perchioric and nitric acids. After cooling, the 
sulphuric acid residue (ea. 1 ml) was diluted to 40 ml with 
gl~~still~ water. Copper, iron, acne, lead and 
cadmium were all determined in this solution. 

RFSJLTS AND DISCUSSION 

Sample preparation of biological tissue by the 
method reported in this study resulted in complete 
decomposition and a clear and colourless solution, 

The long neck of the digestion tube acts as an 
air-condenser and the solution boils gently despite the 
high temperatures in the different steps of the di- 
gestion procedure. 

Optimal analytical results were obtained with the 
spectrometer settings listed in Table I and the electro- 
thermal programmes for the graphite furnace listed in 
Table 2. 
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Table 1. Spectrometric conditions for determination of copper, iron, manganese, 
lead and cadmium with a Perkin-Elmer Zeeman/3030 atomic-absorption spec- 

trometer 

Element 
Wavelength, slit, Sample volume, 

nm mm fil Graphite tube 

Copper 324.8 0.7 
Iron 344.1 0.2 
Manganese 279.5 0.2 
Lead 283.3 0.7 
Cadmium 228.8 0.7 

10 Uncoated 
10 Pyrocoated 
10 Uncoated 
20 L’vov platform 
20 L’vov platform 

As reported by Smeyers-Verhcke et aI.,596 the re- 
sidual sulphuric acid after the digestion does not 
affect the sensitivity of the determination of copper 
and manganese. Although the 324.8 nm line used for 
copper gives an anomalous Zeernan pattern because 
the several isotopes split the line,’ this had no 
influence on the analytical results in the concen- 
tration range studied. 

Samples containing more than 80 mg of copper per 
kg of dry material were analysed with application of 
an internal argon flow of 50 ml/min during the 
atomization step. For manganese exceeding 20 mg 
per kg of dry material, the alternative wavelength of 
403.1 run was used, which is less sensitive than the 
normally used 279.5 mn. In those cases the cali- 
bration curves were adjusted accordingly. 

Pyrocoated tubes had to be used for optimum 
results to be obtained in the iron determination. 

For lead and cadmium determination the L’vov 
platform was used, with matrix modifiers. Losses of 
lead and cadmium occurred at temperatures of 300” 

and 500” respectively, if matrix modifiers were not 
added. Therefore, a lo-p1 portion of a mixture of 
ammonium dihydrogen phosphate and magnesium 
nitrate solutions (1:l) was added to the sample in 
the graphite tube, as recommended by Slavin et al.’ 
The pretreatment temperature of the graphite tube 
can be increased to 1000” and 900”, for lead and 
cadmium respectively, without any losses. When the 
L’vov platform is used a gentle two-step drying 
programme is necessary. If the tube is heated too fast 
the sample starts to splash and losses occur. The first 
drying step should be done at 10” below the boiling 
point of the solution, and the second step at 30-40” 
above it. The detection limits for lead and cadmium 
by this method are 1 and 0.5 ng/ml, respectively. 

In contrast to the standard solutions, solutions 
prepared from biological samples tended to produce 
tailing peaks during atomization. For this reason 
peak area measurement had to be used instead of 
peak height. To optimize the peak area measurement 
the graphite furnace was cooled down before the 

Table 2. Electrothermal programmes for determination of copper, iron, man- 
ganese, lead and cadmium in biological matrices with a Perkin-Elmer 

Zeeman/3030 atomic-absorption spectrometer 

Copper Iron Manganese Lead Cadmium 

Dry 1 
Temperature (“C) 
Ramp/bold (XC) 

Dry2 
Temperature (“C) 
Ramp/hold (set) 

Pretreatment 
Temperature (“C) 
Ramp/hold (set) 

Cool 
Temperature (“C) 
Ramp/bold (set) 

Atomize* 
Temperature (“C) 
Ramp/hold (set) 

Clean 
Temperature (“C) 
Ramp/bold (set) 

110 
l/20 

900 
10/30 

600 

115 

2300 2100 2200 1800 
0/4t 0/5t 0145 0/4t 

2650 

110 110 
l/l5 l/20 

1200 
10120 :g0 

600 600 

l/5 l/5 

2650 2650 2650 
l/5 l/5 l/5 

100 
10120 

130 
10/20 

1000 
30130 

300 
l/5 

:;20 

130 
10120 

900 
20130 

300 
l/5 

2650 
l/5 l/5 

*Peak area measurement. 
tIntemal gas flow reduction from 300 to 0 ml/mm argon. 
§Intemal gas flow reduction from 300 to 50 ml/min argon. 
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Tabte 3. Analysis for coPPer, iron, means, lead and cadmium in NBS Bovine Liver 
No. I577a 

Value found,* @g/g 

Certified value, Calibration Standard 
Element mtglg jc SD Braph addition 

Copper 158f7 
Iron 194rt20 
Manganese 9.9 f 0.8 
Lead 0.135 If: 0.015 
Cadmium 0.440 * 0.060 

*Mean &- SD of 6 re@icates. 

154;t2 159f8 
197&b 188 f 37 

10.0 f: 0.2 10.2kO.5 
0.14 f 0.01 0. I4 f 0.02 
0.42 f 0.01 0.44 rt 0.02 

ato~tion, otherwise the signal appeared too fast 
and the first part could not be integrated correctly. 

The results of analysis of the NBS Bovine Liver 
SRM are presented in Table 3. Comparison of the 
results with the certified values and those obtained by 
the standa~-addition method shows good agree- 
ment, and the variation in the results stays well within 
acceptable limits. 

As also reported by Salisbury and chant an 
automated wet digestion method is time-saving and 
less hazardous than other methods. It can be left 
unattend~ during operation and it is not necessary 
to add acid to the hot digest, which is a ~ten~aIly 
hazardous step. Clear and colourless ~Iutions are 
produced from tissue samples, ready for subsequent 
analysis by graphite-furnace atomic-absorption spec- 
trometry with Zeeman background cornxtion. 

The method presented in this study offers a pro- 

cedure well adapted for routine determinations for a 
range of elements in animal tissue. In our experience, 
the method can also be applied for the analysis of 
plant samples. 
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Summuy-Potentiometric titrations in dimethylformamide and dimethylsulphoxide have been performed 
in order to differentiate between the acidic groups of fulvic acids. With dimethylformamide as medium 
the best results have been obtained with potassium hydroxide as titrant, whereas both potassium 
hydroxide and tetrabutylammonium hydroxide yield good titrations in dimethylsulphoxide. The number 
of acidic groups differentiated depended on the solvent and titrant used; in the best case four sharp 
end-points were obtained. Titrations with potassium hydroxide are preferred. 

Humic substances behave like weak-acid poly- 
electrolytes because of their carboxylic and phenolic 
functional groups. These groups in humic substances 
have frequently been studied by potentiometric ti- 
trations in water, but numerical end-point detection 
method@ or numerical analysis by non-linear re- 
gression techniques’s4 must be used to distinguish 
between acidic groups of different strength, allowing 
the determination of up to four end-points in the best 
case. 

The differentiation between acids of nearly equal 
strength in water can be achieved by using organic 
solvents which do not have the levelling properties of 
water, such as dimethylformamide (DMF)s*6 and 
dimethylsulphoxide (DMSO)‘s* both of which are 
good solvents of humic substances. 

There are few reports on titrations of humic sub- 
stances in those solvents. Wright and Schnitzer’ 
obtained a single inflection point in DMF, whereas 
Van Dijk” was able to differentiate between carbox- 
ylic and phenolic groups by using high frequency 
conductometric titrations. Thompson and Chesters” 
used potentiometric titrations in DMF and obtained 
up to six inflections on the titration curve on different 
humic substances. In a more recent work,‘* titrations 
in DMSO containing known amounts of benzoic acid 
and phenol have been proposed. 

In our laboratory we have started research into 
methods for determining the acidity of humic sub- 
stances, and for differentiating between the acidic 
groups on the basis of acidic strength. Fulvic acids 
(FA) were chosen because of their solubility in a 
variety of solvents, and dimethylformatnide and di- 
methylsulphoxide as being good enough media for 
potentiometric titrations. The results obtained in this 
preliminary work concerning total acidic hydrogen 
determination and differentiation of the acidic groups 
are shown in this paper. 

EXPERIMENTAL 

Preparation of fulvic aciah 

A lignite from Puentes de Garcia Rodriguez (Corutia, 
Spain) was used. Its elemental analysis was: C 58.2%, H 
7.1%. N 0.86%. The ash content was 30.1%. The humic 
substances were extracted with OSM sodium hydroxide. 
After centrifugation the extract was acidified with concen- 
trated hydrochloric acid to pH 1 to precipitate the humic 
acids. The FA in solution were concentrated and purified by 
the method of Thurman and Malcolm” on Amberlite 
XAD-8 resin, until the ash content was less than 1%. The 
solution of FA was lyophilysed and the FA were stored in 
a vacuum desiccator. The elemental analysis of the FA was: 
C 48.8%, H 3.8%, N 0.94%. 

Apparatus 

Titrations were done in 20-ml beakers, by adding the 
titrant in 0.02~ml increments. The titrated solution was 
protected by an atmosphere of nitrogen. The average titrant 
volume needed was kept to about 1 ml to avoid high 
concentrations of isopropyl alcohol in the titration mixture. 
The titration was monitored with a combined glass electrode 
with an internal Ag/AgCl reference electrode (Ingold pH 
electrode), the internal reference solution of which had been 
replaced by methanol saturated with potassium chloride. A 
(Crison 517) digital potentiometer was used. The use of 
Pt-calomel modified electrodes did not improve the per- 
formance of the system. 

Reagents 

The solvents used (DMF, DMSO and isopropyl alcohol; 
Merck, GR) were distilled and stored in a nitrogen 
atmosphere. 

The potassium hydroxide and tetrabutylammonium hy- 
droxide (TBAH) used for making the titrants were also 
Merck GR quality. Both were dissolved in isoDroDv1 alcohol 
and standardized daily against benzoic a&l. ce titrant 
concentrations used were 0.2M for the potassium hydroxide 
and 0.2M and 0.08M for the TBAH. 

Calculations 

Two of the methods tested for numerical end-point 
determination made use of derivatives, which were calcu- 
lated by fitting a third-degree polynomial to an interval of 
seven adjacent points centred at the desired point, and 
differentiating the expression obtained. Although this is a 
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more complicated procedure, it is better suited than the 
simpler use of the quotient of increments because it 
smoothes the curve, reducing the effect of experimental 
errors. 

RESULTS AND DISCUSSION 

Three methods were tested to determine the 
inflection points on the titration curve: the dE/dV, 
Gran Ii4 (dY/dE), and Gran IFS (exp[ +n.KE/RTl) 
methods. Linearization of the branches was used in 
both Gran methods together with the correction for 
weak acids for more accurate determination of the 
inflection points.‘6~17 Gran II, though more accurate 
for simple acids, was too complex to deal with the 
mixture of acidic groups found in FA, so it was 
rejected. The dE/d Y and d V/dB methods are similar 
in the plots they produce. but the latter makes end- 
point calculation easier and was the preferred 
method. 

Three titrations were done with each combination 
of t&rant and solvent, for different concentrations of 
FA ranging from 0.5 to 1.25 g/l. Even though the 
shape of the derivative curves is very sensitive to the 
concentration of FA titrated, the position of the 
calculated inflection points remained constant. The 
Pt-modified calomel electrode pair was tested in 
DMSO with potassium hydroxide as titrant but did 
not improve the sharpness of the titration curves. 

Figure 1 shows the titration and derivative curves 

obtained for the combinations of solvent and titrant 
tested. To make the comparison between curves 
easier, the potential or dV{dE is plotted us. meq of 
base added per gram of FA. Table 1 shows the 
end-points obtained with each combination used, as 
well as the precision of the measurement. Informa- 
tion about potential ranges is included. 

The results obtained show a great variation in the 
effect of choice of titrant on the differentiation be- 
tween the acidic groups of FA. As shown in Table 1 
and Fig. 1, the resolution of acidic groups is better by 
titration with potassium hydroxide than with TBAH, 
the former being able to titrate weaker acid groups 
than TBAH can. This could be attributed to the size 
of the TBA cation preventing access to hindered 
groups if the titration is regarded as combined cation- 
exchange and neutralization, but wnflrmation is 
necessary. 

The total acidity values were higher for titrations 
in DMSO than in DMF, despite the more basic 

character of this solvent. However, Glare er al.‘* have 
found that for several acids the acidity constants are 
higher in DMSO than in DMF, so several very weak 
groups could be tit&able, in DMSO, though not in 
DMF. Onthe other hand, FA could be considered as 
a polymer with a spatial structure which is affected by 
the solvent or by the degree of titration.19vM This 
effect, together with the different solvation ability of 
the solvents tested, could account for the differences 

dV 
/dE 

I i I I I I I 

I 2 3 4 5 6 i’ 

meq base/g F.4 

Fig. 1. Titration of FA in DMF or DMSO with KOH or TBAH in isopropyl alcohol. A, Potentiometric 
titration curves; B, d V/dE curves. Combination codes: a, DMF-KOH, b, DMF-TEAH; c, DMSO-KOH; 

d, DMSCkTBAH 1. 
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Table 1. End-points obtained for FA with various solvent-titrant combinations 

Combination 6 E, m V 

DMF/KOH 815 0.20 
[<O.lO] 

DMF/TBAH 730 

DMSO/KOH 600 

DMSO/TBAH 770 

Water 

0.80 
[0.18] 

End-points, meq/g (bsse/FA) 

2.10 
[<O.lO] 

4.35 
[<O.lO] 

4.05 
[0.13] 

3.35. 3.85. 
[0.20] [O. 151 

6.80 
[<O.lO] 

6.30 
[<O.lO] 

5.70 7.05 
[0.25] [<O.lO] 

5.85 6.75 
[<O.lO] [<O.lO] 

6.75t 

*Indicates doubtful inflection point; values in brackets are standard deviations; tobtained by 
acid-base titration with potassium hydroxide. 

in the inflection-points obtained in the two solvents. 
In addition, slight precipitation appeared in DMF 
when potassium hydroxide was used, indicating 
poorer solvation of the potassium salts of FA by 
DMF. 

The intermediate values obtained could be attrib- 
uted to clusters of acidic groups of nearly equal 
strength in a given solvent, but differing from one 
solvent to another. No attempt was made to attribute 
pK, values to these groups either on the basis of the 
half-neutralization potential, or by comparison with 
benxoic acid, because of the dependence of the scale 
on the kind of group being titrated.‘*i8 

The values obtained in these non-aqueous ti- 
trations agree with those obtained for the ex- 
changeable acidity by acid-base titration in water. 
This acidity is often considered to be the carboxylic 
acidity, which would suggest there is great deacti- 
vation of phenolic groups (salicylic or gallic acid 
type) present in FA or more likely there is an 
overestimation of the phenolic groups by the com- 
monly accepted methods for humic substances (total 
acidity determined with barium hydroxide, minus 
carboxylic acidity). 

This work shows the potential of non-aqueous 
titrations for differentiating acidic groups in FA, 
especially with potassium hydroxide as titrant. The 
method is being extended to other solvents or humic 
fractions in order to evaluate its usefulness. 
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Summary-It has been proved that application of two indicator electrodes connected to the ordinary 
titration apparatus through an auxiliary electronic device (a summing operational amplifier) significantly 
extends the scope of multicomponent potentiometric titrations in which the analytes are determined 
simultaneously from a single titration curve. For each analyte there is a corresponding potentiai jump on 
the titration curve. By application of the proposed auxiliary device, the sum of the electrode potentials 
is measured. The device also enables the relative sizes of the potential jumps at the end-points an the 
titration curve to be varied. The advantages of the proposed signal processing are exemplitkd by 
compIexometric ~te~~orne~c titrations of Fe(II1) and Ck(II) in mixtures, with a platinum ektrode and 
a copper ion-sektive electrode as the indicator dectrodes. 

Titration is one of the most widely used methods of 
quantitative analysis. Its popularity results from the 
accessibility and relatively low cost of equipment, 
ease of operation and minimal maintenance require- 
ments, Moreover, titration techniques can easily be 
automated and computerized. In spite of the popu- 
larity and extensive development of titration tech- 
niques, their effectiveness and a~~i~b~ty can still 
be increased. This may be realized in the following 
ways: (a) tinding better reagents and procedures of 
sample preparation, (b) &ding and developing 
sensitive and selective analytical sensors and new 
ways of using them,‘” (c) improving signal pro- 
cessing, (d) finding the best means of data acquisition 
and the methods of mathematical and statistical 
evaluation that yield maximum information. The 
present paper is concerned mainly with point (c). 

One of the most attractive directions in which 
application of titration methods can be extended is 
m~ti~mpoRent analysis in which solution corn- 
ponents are determined s~~t~eo~ly from a single 
titration curve. Such destinations are speedy, re- 
quire only small amounts of sample, and may be 
easity automated, so their development becomes 
worth while. It has been shown theoretically3 that the 
practicability and efficiency of simultaueaus deter- 
mination of two or more cations or anions in solution 
from a single potentio:letric titration curve may be 
significantly increased it wo indicator electrodes are 
applied and the signals ,:lectrode potentials) pro- 
cessed in a special way. The signal processing is 
realized by the use of a simple electronic device 
directly connected to a standard potentiometrie ti- 
tration apparatus. The device makes it possible to 
take full advantage of using two indicator electrodes 
in potentiometric titrations of multicomponent sys- 
tems. The effectiveness of the device is demonstrated 

by the potentiometric complexometric titration of 
mixtures of Fe(M) and Cu(I1) in solution, with a 
platinum electrode and an ion-selective electrode for 
copper (CuISE). 

IWEORY 

In inventions ~tentiomet~ the electromotive 
force E_ of a galvanic cell is the difference between 
the potentials of two electrodes immersed in the test 
solution: E_ = Et - E,, where El and 4 denote the 
potentials of the indicator and reference electrodes, 
respectively. In potentiometric titration E_ is a func- 
tion of the titrant volume, V, added to the sample 
solution: E_ = E_ (V) = E,(V) - E2. If two indicator 
electrodes are applied, then E, also depends on I’: 
E2 = E2( V). When a platinum electrode and a CuISE 
are applied in the complexometric titration of Fe(II1) 
and Cu{II) in mixtures, the electrode potentials (mv) 
can be described approximately as follows, 
El = ET + 59 tog ([Fe3*]j[Fe2*j + L,) and E, = Ei + 
29.5 log ([Cu2’] + L2), where t, and L, denote de- 
teetion limits of the efectrodes (for the sake of 
simplicity terms including selectivity coefficients have 
been omitted). During titration the concentrations of 
the ions indicated in these formulae change. The 
shapes of the functions E,(V) and E,(V) depend on 
such factors as the conditional stability constants of 
the complexes the titrant forms with the metal ions in 
solution, the concentration of the metals in solution, 
the sample volume and the titrant concentration, as 
well as on the electrode parameters3 In order to take 
full advantage of using two indicator electrodes in the 
simultaneous determination of two or more metal 
ions (or anions) in mixtures, the sum of the electrode 
potentiats, E+ = Et f 4, should be measured instead 
of the ditTerence, E_. A device which makes it 
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Fig. 1. The auxiliary device for m~ticom~nent ~t~tiome~c titration with two indicator electrodes. 
The indicator ekctrodes are connected to inputs $ and 4 and the reference electrode to R. The output 
is connected to a pH-meter (vol~eter). The resistances for the results presented here were: 

R, = R2 = 3.3 Ma, lp, = R, = IO0 kS2, R, = IO ki2 (see Fig. 2 for R, and &). 

possible to obtain the E+(Y) titration curve is de- 
scribed below. 

SUMMING OPERATIONAL AMPLIFIER 

To obtain the titration curves (E, = I?, + E2) an 
electronic device (a summing operational amplifier) is 
proposed which is schematically presented in Fig. 1. 
The operational amplifiers indicated are adequate if 
electrodes of relatively low resistance are used. The 
device can be made more universal and its per- 
formance improved by application of high-quality 
(high input-impedance) operational amplifiers. This 
is especially important if liquid-membrane or glass 
electrodes are applied. 

The device also enables the relative sizes of the 
potential jumps at the first and second end-points on 
the titration curve to be controlled without adjust- 
ment of the span selector on the recorder during 
titration. This is realized by appropriate selection of 
resistors Rs and & (Fig. 1) and makes automation 
and ~mpute~tion of the titration easy. The refer- 
ence electrode may be any suitable electrode con- 
nected to the test solution through an electrolyte 
bridge. It is very convenient to use a platinum wire 
electrode inserted inside the delivery tip of the 
burette,’ so that only the two indicator electrodes are 
immersed in the sample solution. 

ExPERHmNTAL 

All reagents were of analytical-reagent grade. Redistilled 
water wss used in the preparation of sampie solutions and 
buffers. The results concern the analysis of sample solutions 
(2Oml) each containing ~b~~~ amounts of iron(H1) 
and qper(II) in 0.02M acetate buffer of pH 3.5; 0.01&f 
EDTA was used as the Want. 
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A Radiometer RTS622 titrator (ABUIZ autoburette with 
a 2.5~ml burette and lTA60 titration assembly) was used. 
The electrodes were a CuISE (DHN, Poland), a platinum 
electrode and a Radiometer SCE with a 1M potassium 
nitrate electrolyte bridge. The platinum electrode was pre- 
treated by rinsing it in concentrated sulphuric acid and then 
immersing it in hot (cu. SO’) 3% potassium dichromate 
solution in 10% sulphuric acid for cu. 15 min. Then the 
electrode was kept in water for several hours. To avoid the 

, Volume EDTA) 

Fig. 2. Potentiometric compleximetric titration of Fe(W) 
and Cu(I1) in mixture. Conventional titration [E_(V)]: (a) 
Pt us. SCE (KNO, bridge), (b) Pt us CuISE. Titration with 
use of the proposed anxihary device and two indicator 
electrodes (Pt, CuISE) and SCE @NO3 bridge) as reference 
b%VY: (~1 % = % = &, W-W 4 = %P = R,P- The 
CuISE was connected to input E I (Fig. 1). The test solution 
contained 0.28 mg of Fe and 0.32 mg of Cu (a)-(&), 0.28 mg 
of Fe and 0.032 mg of Cu (e). and 0.028 mg of Fe and 0.32 

mg of Cu (/). 
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possible influence of air, titrations were performed with the 
solution in an inert gas atmosphere. 

The results are presented in Fig. 2. 

RESULTS AND DISCUSSION 

As shown in Fig. 2a, Fe(II1) and Cu(I1) can be 
determined from a single titration curve by using a 
platinum and a saturated calomel electrodes with 
conventional potentiometric titration apparatus. The 
shape of the titration curve depends significantly on 
the way in which the electrode has been pretreated 
(because of kinetic effects)5*6 and also on the concen- 
tration of traces of iron(I1) in solution.3 A platinum 
electrode pretreated as described above gave the 
curve presented in Fig. 2~. The first potential jump on 
the curve indicates the end-point for titration of 
iron(III), and the second jump the end-point for 
copper(I1). Figure 26 shows that substitution of a 
CuISE for the reference electrode results in a reduc- 
tion of the potential jump at the second end-point (in 
some conditions the potential E_ at the second 
end-point may even change in the opposite direction 
to that observed when the SCE reference electrode is 
use.d3). Such behaviour occurs because both the Pt 
and the CuISE potentials change in the same direc- 
tion during the titration, so the measured potential 
difference E_ changes less than for the Pt/SCE sys- 
tem, especially at the second end-point. However, by 
appropriate signal processing, namely measurement 
of the sum E, = E1 + Ez ( + constant) instead of E_ , 
the advantages of replacing the reference electrode by 
the CuISE can be exploited. This is shown in Fig. 2, 
where conventional titration curves (Fig. 2, a,b) are 
compared with those obtained by application of the 
proposed auxiliary device (Fig 2, c-f). It is seen from 
Fig. 2, d-f that by appropriate selection switching of 
resistance R, (in the CuISE “channel”) the ratio of 
the potential jumps on the titration curve can be 
easily and efficiently controlled. In consequence, pre- 
cise determination of the end-points becomes possible 

even if there is a much more of one component than 
the other in the sample, as seen in Fig. 2, e,J The 
potential jump at the second end-point in Fig. 2e 
(which corresponds to the sum of the iron and 
copper) can be made still more distinct by selection 
of a lower value for resistance R, . For example, with 
Rs = R6/4 the apparent abrupt potential jump at the 
second end-point is cc. 100 mV and the determination 
of the end-point becomes very precise. When there is 
an abrupt change of the potentials of the indicating 
electrodes at the end-points, the determination of the 
solution components is easy. However, even small 
potential changes can be used in the determination of 
the sample components by appropriate numerical 
manipulation of the experimental data. Moreover, 
the device presented in Fig. 1 can be extended by 
adding other “channels” (inputs E,, E4, . . .) and 
used for titration of more than two solution com- 
ponents. With the use of appropriately selected elec- 
’ trodes and titrants the device may be successfully 
applied to titrations of mixtures of cations or anions, 
or both cations and anions can be determined to- 
gether. The practical analytical procedures will be 
presented separately. The device will shortly be incor- 
porated in commercial pH-meters in order to extend 
their capabilities as tools for the analyst.’ 
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ANALYTICAL DATA 
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R&s14---La chromatographie en phase gazeuse a permis de mesurer les isothermes d’adsorption de 
molecules organiques sur des fibres d’amiante. Les resultats indiquent que l’adsorption mesuree pour 
ces molecules se situe a un niveau intermCdiaire entre la physisorption et la chemisorption. 
L’adsorption relative des molecules ttudiees, a une mEme temp&ature, est dans l’ordre 
toluetre > THF 2 benzene 2 dichloromethane. 

Sunuuary-The isotherms for adsorption of some organic molecules on asbestos fibres have been 
determined by gas chromatography. The results show that the adsorption mechanism lies somewhere 
between physisorption and chemisorption. The degree of adsorption at a given temperature, for the 
compounds studied, is toluene > tetrahydrofuran > benzene > dichloromethane. 

Depuis quelques annees, l’etude des prop&es de 
surface des matitres particulaires a permis de tirer des 
conclusions interessantes au niveau de la toxicite.’ 
Dans le cas de l’amiante notamment, plusieurs 
preuves ont Cte accumulees dernontrant que celle-ci 
pouvait avoir des proprietes candrigenes.r~3 

Le chrysotile appartient a une famille de mineraux, 
les serpentines, qui ont comme composition chimique 
ideale 3MgO. 2Si02. 2H20. Les fibres naturelles ren- 
ferment cependant des quantites mineures et vari- 
ables de metaux qui peuvent remplacer le Mg ou le 
Si dans la structure cristalline. Le chrysotile contient 
aussi d’autres impure& comme la brucite, le talc et 
la magnetite.4 

La surface hydroxylee de l’amiante est un ad- 
sorbant de type III, selon Kiselev et Yashms et 
lui wnfere une grande afIinid pour les molecules 
polaires et/au aromatiques. Cette interaction que 
nous avons mesuree dans cette etude serait respons- 
able en grande partie de la toxicite de l’amiante. Les 
impure6 metalliques en surface doivent aussi jouer 
un role important.6 

Une etude sur les prop&es de surface de 
l’amiante, par chromatographie en phase liquide, a 
permis d’observer de fortes interactions avec les 
hydrocarbures aromatiques polycycliques.’ Nous 
&ions aussi in&e&s a savoir si la chromatographie 
en phase gazeuse donnerait des resultats compar- 
ables, dans le cas des molecules comme le benzene et 
le toluene. 

CALCUL DE L’JSOTHERME D’ADSORPTION 

La chromatographie en phase gazeuse sert au 
calcul de l’isotherme d’adsorption. Des per- 
fectionnement recents ont permis &augmenter 
sensiblement la precision des n%ultats obtenus, avec 
discussion des effets secondaires se produisant dans la 
colonne.s 

A partir de l’bquation de conservation de la masse 
de solute dans une tranche 616mentaire de la wlonnne 
on peut demontrer l’tquation suivante:5p9 

0 an - vn 
5, mRT (1) 

od n est la quantite adsorb&e, en kmole/g, p la 
pression partielle, m la masse d’adsorbant utili&e et 
V, le volume net de retention du solute. En i&rant 
on obtient 

1 s p 1 
n=- 

m 0 RT “’ 

En addition I l%quation (2) on utilise le facteur de 
compressibilite j pour le gradient de pression a 
l’interieur de la wlonne.” En assumant que la 
hauteur des pits, h, est proportionnelle a la pression 
partielle, cette derniere peut Ctre calcul6e par 

P = qihRT/Spic F,o, (3) 

od qi est la quantite de solute inject&e, en moles, spie 
est I’aire sous le pit correspondant a cette injection et 
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&, est le debit du gaz vecteur P la temperature de la 
colonne. L’equation (3) peut &tre corrigee pour l’effet 
de sorption, i.e., le changement de debit du au 
transfer-t de masse,’ 

F ClYd _ l+R 

q - 1 + KU -iv01 
(4) 

oii p0 = pression a la sortie de la colonne, 
y, = fraction molaire = p/pO, K = coefficient de dis- 
tribution de la masse du solute (capacitt), 
FtiY,,) = debit corrige pour l’effet de sorption: y0 est 
evalue approximativement par I’equation (3). La 
valeur de FoVoI est ensuite repartee dans (3) pour 
calculer la nouvelle valeur de p. 

Cette correction doit aussi s’appliquer ii la valeur 
du temps mort de la colonne: t,, ohs est le temps mort 
observe, et tm le temps mort corrige. 

G, = r,, ~~~~~/~~~~ (5) 

L.‘effet total de la correction due aux equations (4) et 
(5) fut toujours inferieur a 5%. 

CALCUL DE L’ENTHALI’IE D’ADSORFTION 

L’enthalpie isosterique differentielle est calcul&e a 
l’aide dune equation derivte de celle de Clausius- 
Clapeyron: 

On effectue une regression lineaire sur des points 
interpoles a intervalles constants de n sur les iso- 
thermes d’adsorption en fonction de la temperature. 
On obtient alors une courbe de A& en fonction du 
recouvrement et on calcule Ai?, la moyenne dans un 
intervalle de recouvrement de 0.1 a 10 pmole/g. 

On mesure l’isotherme par une serie d’injections 
des solutes purs variant de 0.10 ii 5.00 ~1 en utilisant 
la methode du maximum du pit pour faire les cal- 
~~1s.~ Les pits furent enregistres sur un integrateur. 
Ceux-ci Ctaient surimposables H 5%, i.e., on admet 
que la trainee dun pie a plus haute concentration 
cokcide avec les sommets des pits ii plus faible 
con~nt~tion. Le volume mot-t fut mesure par injec- 
tion de methane pour chaque isothetme. 

RESULTATS ET DISCUSSION 

Les causes determinantes affectant la re- 
productibilite des resultats sont: premierement, 
l’erreur sur le volume de liquide inject6 a l’aide des 
serbrgues, en moyenne 2%: deuxiemement le nombre 
peu eleve de plateaux theoriques que l’on peut obtenir 
avec une colonne remplie dun mat&au fibreux et 
heterogene comme l’amiante. On obtient 20 plateaux 
pour la colonne utiliske dans cette experience, (injec- 
tion de 1 .OOO ~1 de benzene a 180” au debit optimum), 
et ce fait peut &re responsable dune erreur totale 

d’environ 5%. Entin les equations utiliskes ici sont 
des equations simplifikes, que peuvent elles-mBmes 
introduire un certain pourcentage d’erreur.12 Cette 
analyse Concorde avec les resultats observes a la 
figure 1; les 3 isothermes sont reproductibles a 10%. 

L’utilisation dune colonne plus longue n’aurait 
pas augment6 si~fi~tiv~ent la prkision, car ii 
await alors fallu augmenter soit la chute de pression 
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Fig. 1. Reproductibilite de l’adsorption du benzene SIX 
l’amiante BC4-T a 180°C. L.es courbes ont Cte obtenues en 
faisant varier le d&bit du gaz vecteur (ramenb B TPN), et en 
changeant de colonne, courbe (1). (1) m = 3.227 g, 
F. = 6.07 ml/min, j = 0.6120; (2) m = 3.477 g, F,, = 6.20 
ml/min, j = 0.6485; (3) m = 3.477 g, F. = 7.45 ml/min, 

j = 0.6136. 
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Fig. 2. Adsorption du benzene sur l’amiante BC4-T. (1) 
180°C; (2) 200°C; (3) 220°C; (4) 240°C. 
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Fig. 3. Adsorption du toh&ne sur I’amiante BC4-T. (I) 
I8O”c; (2) 200°C; (3) 220°C; (4) 240°C. 
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plkPa1 

Fig. 4. Adsorption du dichloromCthane SW I’amiante 
BC4-T. (1) 120°C; (2) 140°C; (3) 160°C; (4) 180°C. 
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Fig. 5. Adsorption du TI-IF sur l’amiante BC4-T. (1) 18O”C, 
(2) 200°C; (3) 220°C; (4) 240°C. 

qui Ctait d&j& assez Bevke (environ une atmosph&e) 
ou bien obtenir des temps de r&ention plus longs, 
crux-ci pouvant dkj& aller jusqu’i environ 30 min 
pour les plus petites injections. 

Les figures 2, 3, 4 et 5 montrent l’absorption 
du benzlne, toldne, dichloromCthane et tttra- 
hydrofuranne I diff6rentes temfiratures. Dans tous 
les cas l’adsorption diminue r&guli&rement avec la 
tem&rature. 11 faut noter que l’adsorption se produit 
B des temp&ratures assez &lev&s par rapport au point 
~~bullition normal des substances Ctudibs. Ce type 
de complement n’est pas t&s courant lorsque le 
phirnom&e itudiC est de la physiso~tion.‘4 

D’autre part les enthalpies isost&ques mesur&s 
sont nettement sup&ieures g I’enthalpie de la vapor- 
isation (tableau l), ce qui indique que les interactions 
adsorbant-adsorbat sont tr&s importantes. De fait ces 

Tableau 1. Enthalpie isost&ique moyenne sur l’amiante 
BCCT dam un intervalle de recouvrement de 0.1-10 
pmole/g, I 210” et comparaison avec i’enthalpie standard de 

vaporisation (A@ mII) 

Wl,,,, W.298 *‘3 
Substance kJ]m& kJ/mok 

Benz&e 58 f 1 34.085 
ToluZne 70&2 35.901 
~c~ororn~~ane 43* 1+ 31.683 
T~tr~ydrofuranne s7;t2 - 

*Valeur B 150”. 

enthalpies isostCriques se situent dans une zone inter- 
mkdiaire entre la physisorption, (g&ralement moins 
de 40 kJ/mole), et la chemisorption, (g&ralement 
plus de 80 kJ/mole).‘S 

Le tableau 2 donne les constantes de Henry pour 
les isothermes Ctudi6s. La constante de Henry est la 
pente de l’isotherme ii dilution infinie. On y voit que 
les valeurs don&es pour le THF d&croissent moins 
vite avec la temp&ature de c&es du tolu6ne. 

Comparaison ri une mCme temp&ature, 180”, 
des isothermes d’adsorption pour les mol6cules 
ttudiies montre que la dquence d’adsorption est 
toluene > THF 3 ben&ne 2 dichloromtthane. 
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ANNOTATION 

JONIC STRENGTH DEPENDENCE OF FORMATION 
CONSTANTS-X 

PROTON ACTIVITY COEFFICIENTS AT VARIOUS 
TEMPERATURES AND IONIC STRENGTHS AND THEIR 

USE IN THE STUDY OF COMPLEX EQUILIBRIA 

SAN-II CAPONE, ALESSANDRO DE ROBEKTIS, CONCEITA DE STEFANO, SIL~IO SAMMARTANO and 
ROSARIO SCARCELLA 

Istituto di Chimica Analitica dell’Universit& Via dei Verdi, 98100 Messina, Italy 

(Receioed 25 Natember 1986. Accepted 15 January 1987) 

!%mmary-The activity coefficients of the proton were determined in aqueous solution in the presence 
of several background electrolytes at 10, 25, 37 and 45” and 0.01 6 I d 1M. The results indicate that the 
proton activity coefficients are fairly independent of the different salts used as background, in particular 
when ion-pair formation between cations and anions of the medium is taken into account. This result is 
in agreement with the findings of previous works in this series. Some previously published data were 
reanalysed for comparison, and showed excellent accordance with the present results. A general equation 
for calculating proton activity coefficients is reported. 

When equilibria in solution are studied, one of the 
most important problems concerns the activity 
coefficients. Since individual activity coefficients are 
not accessible, some inventions have been adopted 
in defining them for electrolyte solutions. According 
to Brsnstedi and Guggenheim,* it can be assumed 
that only linear interaction terms between pairs of 
ions of opposite charge cause deviations from the 
extended Debye-Htickel theory. On the basis of the 
Bjerrum3 and Davies4 model, as applied by some 
marine chemists (see, e.g., Garrels and Thompsonr), 
the deviations from the extended Debye-Hiickel 
theory are attributed to formation of ion-pairs 
and, in addition, the MacInnes convention6 

[YK+ = yn- = y+kcI ] holds. The mole-fraction statis- 
tics model’ assumes the chloride ion to be unhydrated 
in aqueous solution. According to Platford,* when 
ion-selective electrodes are employed, the liquid junc- 
tion is assumed to be unaffected by transfer from the 
calibration solution to the experimental solution. 
None of these conventions has been applied exten- 
sively, but hybrid models have generally been used. 
For example, the Bjerrum model is often used in 
connection with the ion-selective electrode conven- 
tion. Also the Bronsted-Guggenheim and Bjerrum 
models are often adopted together. Great success has 
been achieved by the constant-medium method, 
which asstmres the activity coefficients to be constant 
when an inert electrolyte is added in sufficiently large 
(and constant) amount. 

Extensive systematic work begun by us (and some 

colleagues in other laboratories) some years ago 
showed that a general equation for the dependence of 
formation constants (and hence of activity 
coefficients) on ionic strength can be formulated if 
allowance is made for all interactions occurring in 
the solution under study. Very different types of 
systems have been studied: the protonation of several 
inorganic and organic acids;“*” the formation of 
mixed-ligand’* and mixed-metal’3 complexes; the 
protonation of amines;14 the formation of La’+- 
carboxylate complexes;” the formation of alkali and 
alkaline-earth metal complexes with carboxylates,‘624 
complexones,25~26 sulphate,” phosphate,28 adenosine- 
5’-triphosphate,2g hexacyanoferrate(II),rO imines)’ 
and polyphosphates;2b the formation of alkali and 
alkaIine~a~h metal-low mol~ular-weight ligand 
complexes;32 the sohtbility product of some calcium 
compounds. 33 In addition, a great many literature 
values for several temperatures and ionic strengths 
have been analysed.“.3s 

In this work we report a potentiometric study 
(with the proton-sensitive glass electrode) of proton 
activity coefficients in several media at temperatures 
in the range 10-50” and ionic strengths (Z) in the 
range up to 1M. Alkali-metal nitrates, chlorides 
and perchlorates, alkaline-earth metal nitrates and 
chlorides, and tetra-alkylammonium chlorides and 
iodides were used as background electrolytes. 
Four sets of ~tentiomet~~ appa~tus were used 
in order to minimize systematic experimental 
errors. 
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~PERIMENT~ CARRION MFXHODS 

Materiais 
Lithium, sodium, potassium, rubidium and caesium chlo- 

rides and sodium and potassium nitrates (Erba or Fluka 
analytical grade) were dried in an oven at 110” or under 
reduced pressure, and used without further purification. 
Tetraethylammonium iodide cEt.,NI) and tetramethvl- 
ammonium chloride (Me,NClj were’ Fluka puriss. and 
purified by recrystallization from methanol, according to 
Perrin.‘6 Sodium perchlorate was Erba analytical grade; the 
concentration of its stock solution was determined by 
passing a known volume through a strong cation-exchange 
resin in H+ form and titrating the protons liberated. Mag- 
nesium, eaicium, strontium and barium chlorides (Fluka 
purum) were dissolved in water and the solutions standard- 
ixed by titration with EDTA.37 Phthahc and malonic acids 
were Fhtka puriss.; their purity, checked aik~imet~~lly, 
was ~99%. Doubly distilled water and grade-A glassware 
were used for the preparation of all solutions. 

Potentiometric readings obtained with the proton- 
sensitive glass electrode can be described by the 
equation 

RT In 10 
E=EO+ F - log au +,j, ai., (1) 

where E” is the standard potential of the electrode 
couple, uu is the proton activity and J, is the 
coefficient relating it to the junction potential 
(E,=j,au). Since ffu= c&u (cH is the free proton 
concentration and Jn the activity coefficient for H +), 
equation (1) can be written (with s = RT In IO/F) as 

E=E”+slogcH+slogf, 

+ jacH +j&u = E” + s log c, (2) 

where* 
Potentiometric apparatus 

In order to avoid systematic errors, four sets of poten- 
tiometric apparatus were used: (a) an Orion 801A poten- 
tiometer with Metrohm glass-saturated calomel electrodes; 
(b) a Metrohm E600 potentiometer with Metrohm 
glasssaturated calomel electrodes; (c) a semiautomatic 
home-made potentiometer built with an Analog Devices 
millivoltmeter, Printel printer, and Mosteck logic circuits to 
add a pre-established volume of titrant and print the 
corresponding e.m.f. value; (d) an Amel 337 potentiome~r 
with Metrohm glass electrode and Ingold saturated calomel 
electrode. 

In all cases the &rant solution was deiivered by an Amei 
model 882 dispenser, readable to 0.001 ml. The titration 
vessel was maintained within IjI0.I” of the required tem- 
perature; magnetic stirring was employed; a stream of 
purified nitrogen pre-equilibrated with test solution was 
passed through the solution in order to exclude carbon 
dioxide and oxygen. 

A 2%50ml volume of hydrochloric, nitric or perchloric 
acid (254OmM) was titrated with a Co,-free 0.2-0.5M 
standard solution of sodium or potassium hydroxide. In 
some cases the titrations were done in the presence of 
malonic or phthahc acid (2-8mM). 

Since one of the major requi~ents for the present work 
was to have maximal constancy of e.m.f. readings (under the 
same experimental conditions), we used several new elec- 
trode couples, and during the work these couples were 
frequently replaced. The constancy of the e.m.f. was checked 
in two ways: (i) by measuring the e.m.f. with the electrode 
couple immersed in buffer solution, and (ii) by performing 
>lO titrations on the same day for the same system and 
measuring the standard potential of the hydrogen couple. In 
both cases the variations were 0.142 mV for a time lapse 
of 3 hr and 0.1-0.8 mV for a time lapse of 12 hr. 

The calculations for determining E*’ (and in some cases 
other analytical parameters of the titrations) were done with 
the non-linear least-squares computer programs ACBA,= 
ESAB39 and/or ESAB2M.” The calculations for the 
refinement of the parameters for the dependence of the 
activity coefficients on ionic strength (see next section) were 
done by the non-linear least-squares computer program 
REGIS.4’ Concentrations and activity coefficients are al- 
ways expressed on the molar scale. 

*In our experimental conditions the termj,an is always less 
than 0.1 mV, so is neglected. 

E” = EQ + s log fu + j,aH N E” + s log fH (3) 

For the dependence of activity coefficients on ionic 
strength we can use a Debye-Hiickel type equation 

log& = --A JI/(l + bBJI) + cr + LV” (4) 

where A, If and B are constants of the ~by~H~cke1 
theory, and C and D are empirical parameters. Since 
A m OS and ifB N 1.5 (by assuming cf = 5 A for all 
ions), equation (4) can be written 

log fu = - J1/(2 + 3,/‘?) + CI + D1312 (5) 

The combination of equations (3) and (5) gives 

E”’ = E“ + s [ --G/(2 + 3&) + CI + 0Z3’q (6) 

If we can assume that overa reasonable period E” is 
a constant for the potentiometric equipment used, a 
series of m~s~ements of Ed at different ionic 
strengths allows, through equations (5) and (6), the 
activity coefficients of H+, together with their 
dependence on ionic strength, to be determined. 

In practice we adopted the following procedure. 
Five or six titrations were performed, in at most 4 hr, 
at different ionic strengths. Then we calculated E”’ 
values for each titration and recorded the differences 
E”‘(Z) - P’(I’) (where I’ is a reference ionic strength 
lying within the range studied). In this way all 
measurements became independent of the E” value 
and of the day on which the measurements were 
made. Therefore, instead of equations (5) and (6), the 
equations 

log&(i) - lOg.&i(l’) 

= -[Jr/(2 + 3JI) - P/(2 + 3fi)] 

+ C(I - I’) + D (Z3’* - P’*) 

= g@, I’) 

E”‘(Z) - E”‘(r) = s [s(I, I’)] 

can be used. 

(7) 

(8) 
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The dependence of the empirical parameters C and 
D on temperature (t, “C) was taken into account by 
a simple expansion” 

I c = c,, + C& - 25) + C&(t - 25)2 (9) 

D = D,, + D;& - 25) + D;;(r - 25)* (10) 

In order to estimate the error in E”, and then in 
log fH, a simple variance propagation 

data points); (bl) E“’ values obtained from some 
selected calibration curves from earlier work on the 
ionic-strength dependence of formation constants 
(366 titrations, 61 titration groups, 305 data points); 
(b2) as for bl, from some work on weak alkali-metal 
complexes (257 titrations, 47 titration groups, 210 
data points). Therefore, 1100 data points in total 
were taken into account. 

a*(E”) = a*(E) + T *a*(&) (11) 

(where xi are all parameters that can affect E”’ values) 
can be used. This calculation is necessary for com- 
paring estimates of errors with experimental ones: the 
agreement between these errors confirms that the 
procedure adopted is correct and systematic errors 
are absent. 

RESULTS AND DISCUSSION 

The following sets of data were used in the calcu- 
lations: (al) E”’ values obtained from solutions of 
strong acids, in the presence of all the various back- 
grounds [389 titrations, 71 titration groups, 318 data 
points, E”(I) - E”‘(r)]; (a2) E” values obtained from 
solutions containing malonic or phthalic acid and 
strong acids, in the presence of alkali-metal or tetra- 
alkylammonium salt backgrounds (19 1 titrations, 32 
titration groups, 159 data points); (a3) E” values 
obtained as for (al) and (a2), in the simultaneous 
presence of two or three of the various background 
electrolytes (135 titrations, 27 titration groups, 108 

The calculations were done in the following 
ways: (cl) by taking into account groups (al). . . (b2) 
separately; (~2) by considering M+ (alkali-metal and 
tetra-alkylammonium cations) and M*+ (alkaline- 
earth cations) separately; (~3) by taking into account 
groups (al). . . (b2) all together; (c4) by considering 
some backgrounds separately. In all cases equation 
(8) was found to fit the data quite satisfactorily and 
first-degree coefficients were sufficient for taking into 
account the dependence of the parameters C and D 
on temperature [equations (9) and (IO)]. In the (cl) 
calculations, no significant differences could be ob- 
served among various (al). . . (b2) groups. In the (~3) 
calculations, a fairly good fit was obtained for all the 
data. Nevertheless, the (~2) and (~4) calculations 
revealed some significant differences. These 
differences can be attributed to three factors: (fl) 
different experimental errors (different purity of var- 
ious salts); (f2) different degrees of dissociation of the 
different background electrolytes; (D) specificity of 
log& in different backgrounds. Factor (fl) is not 
important, because in the worst case it can account 
for only 0.2-0.5% of the total difference. Factor (f2) 
must be important however. In fact, it is known that 
many salts used as background electrolytes in this 

Table 1. Proton activity coefficients, calculated in different ways, at various temperatures and ionic strengths 

0.01 0.912 0.911 
0.864 0.859 
0.843 0.832 
0.840 0.821 

0.912 0.913 0.912 0.911 0.910 
0.864 0.867 0.865 0.861 0.858 
0.842 0.849 0.845 0.836 0.829 
0.838 0.852 0.844 0.830 0.817 
0.850 0.871 0.859 0.837 0.818 
0.873 0.905 0.887 0.857 0.828 
0.906 0.952 0.926 0.886 0.846 
0.946 1.01 0.974 0.923 0.869 
0.993 1.08 1.03 0.968 0.897 
1.04 1.15 1.09 1.02 0.927 

-0.9;; 
0.861 
0.836 
0.830 
0.837 
0.857 
0.886 

0.912 
0.864 

0.911, 
0.862 
0.839 
0.835 
0.846 
0.870 
0.904 
0.948 
1.00 
1.06 

0.04 
0.09 0.843 

0.842 0.16 
0.25 0.853 0.823 
0.36 0.877 0.833 

0.857 
0.886 
0.928 
0.981 
1.04 
1.12 

0.49 
0.64 
0.81 
1.00 

0.912 0.850 
0.955 0.871 
1.00 0.894 

0.923 
0.968 
1.02 1.06 0.917 

1 = 37” 
0.910 0.910 
0.858 0.856 
0.831 0.827 

t = 45” 
0.910 0.01 

0.04 
0.09 
0.16 
0.25 
0.36 
0.49 
0.64 

0.910, 
0.859 
0.832 

0.911 
0.862 
0.838 
0.834 
0.846 

0.911 0.910 
0.860 0.857 
0.834, 0.827 
0.828 0.816 
0.836 0.817 
0.856 0.830 
0.887 0.852 
0.928 0.883 

0.910 0.911 
0.860 
0.835 
0.829 

0.910 
0.858 
0.832 
0.823 
0.829 
0.847 
0.876 
0.915 
0.964 

0.855 0.857 
0.825 0.829 

0.821 0.814 0.823 
0.825 0.814 0.828 

0.812 
0.811 
0.821 
0.840 
0.867 
0.900 

0.818 
0.821 0.839 
0.836 0.862 0.841 0.824 

0.866 0.842 
0.899 0.868 
0.940 0.899 
0.988 0.934 

0.844 0.871 
0.870 0.909 
0.906 0.959 
0.949 1.02 

0.860 0.897 
0.894 0.944 
0.936 1.00 0.81 

1.00 
0.979 0.922 

0.999 1.09 1.04 0.968 0.940 0.986 1.07 1.02 

‘(c3) calculations. 
“@I) calculations (KNO, + KCl). 
‘(~2) calculations (M+), With correction for ion-pair formation. 
d(~2) calculations (M*+), with correction for ion-pair formation. 
*(c3) calculations, with correction for ion-pair formation. 
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Table 2. Proton activity coefficients, calculated from the data in previous work, at various temperatures 
and ionic strengths 

t = IO” 
I f; fH f;l fH fA .ftE a 

0.01 0.913 0.913 0.912 0.912 0.912 0.912 0.912 
0.04 0.866 0.866 0.864 0.864 0.863 0.865 0.864, 
0.09 0.847 0.847 0.842 0.843 0.841 0.845 0.844 
0.16 0.847 0.849 0.840 0.842 0.839 0.845 0.843 
0.25 0.864 0.868 0.853 0.856 0.852 0.861 0.857 
0.36 0.893 0.901 0.878 0.882 0.878 0.891 0.885 
0.49 0.933 0.947 0.913 0.920 0.915 0.933 0.923, 
0.64 0.982 1.00 0.957 0.967 0.963 0.986 0.972 
0.81 1.04 1.07 1.01 1.02 1.02 1.05 1.03 
1.00 1.10 1.15 1.07 1.08 1.09 1.12 1.09, 

.fH f-2 

0.912 0.911 
0.865 0.861 
0.844 0.838 
0.844 0.833 
0.859 0.843 
0.887 0.866 
0.927 0.900 
0.977 0.944 
1.03 0.997 
1.10 1.06 

ft; 
0.911 
0.862 
0.838 
0.834 
0.845 
0.868 
0.903 
0.948 
1.00 
1.07 

t = 25” 
.i-;l ftT ~ f,” 

0.912 0.911 0.911 

fi fd 
0.912 0.911, 

I f,” 
0.01 0.911 
0.04 0.861 
0.09 0.836 
0.16 0.830 
0.25 0.838 
0.36 0.859 
0.49 0.890 
0.64 0.930 
0.81 0.979 
1.00 1.04 

0.863 0.860 0.862 
0.840 0.835 0.838 
0.837 0.828 0.834 
0.850 0.834 0.844 
0.817 0.852 0.867 
0.915 0.880 0.900 
0.965 0.915 0.943 
1.03 0.957 0.994 
1.10 1 .OO, 1.05 

0.863 0.862” 
0.840 0.839 
0.837 0.834, 
0.849 0.845 
0.875 0.869 
0.912 0.903 
0.959 0.941 
1.02 1.00 
1.08 1.06 

0.01 0.912 0.911 0.912 0.911 0.910 0.911 0.911 0.911 0.911 
0.04 0.863 0.862 0.864 0.860 0.857 0.860 0.861 0.861 0.860 
0.09 0.840 0.838 0.842 0.835 0.829 0.835 0.836 0.836 0.835 
0.16 0.837 0.833 0.841 0.828 0.818 0.827 0.830 0.830 0.828 
0.25 0.848 0.844 0.855 0.837 0.820 0.835 0.839 0.840 0.836 
0.36 0.873 0.867 0.882 0.858 0.833 0.854 0.861 0.862 0.856 
0.49 0.909 0.901 0.922 0.891 0.854 0.884 0.894 0.895 0.887 
0.64 0.955 0.945 0.972 0.934 0.883 0.924 0.937 0.939 0.928 
0.81 1.01 0.999 1.03 0.988 0.918 0.971 0.990 0.992 0.978 
1.00 1.07 1.06 1.10 1.05 0.959 1.03 1.05 I .05 I .03, 

f =45 

“f-H” 
0.911 
0.859 
0.832 
0.823 
0.829 
0.846 
0.874 
0.911 
0.957 

I x 
0.911 
0.860 
0.834 
0.826 
0.833 
0.853 
0.884 
0.925 
0.976 

f;l J-2 fci 
0.912 0.910 0.910 
0.863 0.858 0.856 
0.841 0.831 0.825 
0.839 0.822 0.812 
0.852 0.828 0.811 
0.879 0.846 0.820 
0.919 0.875 0.838 
0.969 0.914 0.863 
1.03 0.964 0.893 

0.91 I 
0.860 
0.834 
0.827 
0.835 
0.856 
0.887 
0.929 
0.981 

0.01 
0.04 
0.09 
0.16 
0.25 
0.36 
0.49 
0.64 
0.81 

0.910, 
0.859 
0.832 
0.824 
0.830 
0.848 
0.877 
0.915 
0.962, 

1 .oo 1.10 I .02 0.929 1.01 1.04 1.04 1.02 _ 

“Ref. 13; bRef. 11; “Ref. 26; dRef. 26 (with calculations performed also on data of preceding works); 
“Ref. 32; aef. 35; smean values; “Ref. 34; ‘Ref. 15; ‘Ref. 10; “Ref. 12. 

Table 3. Recommended f, values at 10 < r EZ 45°C and 0.01 Q I d IA4 

I IO” 25” 37” 45” 

0.01 0.912 + 0.004 0.911, + 0.003 0.910 rf: 0.003 0.910 f 0.004 
0.865 + 0.006 0.862 f 0.005 0.860 f 0.005 0.859 f 0.006 
0.844 f 0.007 0.839 f 0.006 0.835 f 0.007 0.832 f 0.007 
0.844 + 0.009 0.835 f 0.008 0.828 f 0.009 0.823 f 0.009 
0.858 f 0.010 0.846 f 0.009 0.836 f 0.010 0.829 f 0.011 
0.886 f 0.011 0.869 f 0.010 0.856 + 0.011 0.848 + 0.012 
0.924 f 0.013 0.904 f 0.012 0.887, & 0.012 0.877 + 0.013 
0.972 f 0.015 0.948 f 0.013 0.929 f 0.015 0.916 f 0.016 

1.03 f 0.017 1.00 f 0.015 0.979 * 0.017 0.965 k 0.018 
1 .OQ + 0.02 1.06f0.017 1.04 f 0.02 1.02 f 0.03 

0.04 
0.09 
0.16 
0.25 
0.36 
0.49 
0.64 
0.81 
1.00 _ 

l + Standard deviations. 
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work are not completely dissociated. In particular, 
potassium nitrate, among the alkali metal salts, forms 
a comparatively stable ion-pair (in 1M ICNO,, 
N 30% of the salt is associated). We repeated all the 
calculations, taking into account ion-pair formation 
for several alkali- and alkaline-earth metal salts.* 
With these corrections the more relevant differences 
disappeared or, at least, were minimized. Therefore, 
the residual differences can be attributed to factor 
(f3). In Table 1 we report some details of the calcu- 
lations. As can be seen, the proton activity coefficient 
in KNOj + KC1 solutions (second column) are 
markedly lower than the mean values (first column), 
and the mean values calculated by taking into ac- 
count ion-pair formation (last column) are consid- 
erably higher than the mean values. Moreover, the l;i 
values calculated for M+ and M2+ solutions (third 
and fourth columns) are slightly different (2.4% at 
I = 0.25M; m 10% at I = l&f). Errors in both the 
formation constants of the ion-pairs (we think a 
slight overestimate of the stability of some M2+ 
ion-pairs is probable) and the specificity factors can 
account for these differences; therefore we consider 
these differences as the limit of our approach to the 
determination of fH values.? 

Finally, we must estimate the errors in E” by 
equation (11). If we consider the probable errors in 
the variables$ that can affect E“’ values, we can 
estimate a(E”) = 0.15-0.3OmV and a(&) = OS- 
1.5% These errors are significantly lower than the 
differences in fH discussed above. 

As already mentioned, in some previous works we 
studied ~stemati~ly the ionic-stray dependence 
of formation constants for several types of com- 
plexes. We reanalysed some of the data10-13*243234*35 in 
order to find the activity coefficients of singly charged 
species and then of fH . In Table 2 we report some of 
the results. Comparison of the last column fH values 
in Table 1 with the last column fH values in Table 2 
(mean values) shows surprisingly good agreement. 
Therefore, we calculated new averages, reported in 
Table 3, as recommended fH values. These values are 
described by the general equation 

log fn = -Jm + 3JI) 

+ E(O.335 - 2.3 x 10-3(t - 25)]Z 

+ [-0.109 + 1.8 x 10-3(t - 25)]f3p 

*The formation constants for ion-pair formation were taken 
from the litersture.42~s For Nail, KCl, MgCl, and 
C&l,, some of us have recently performed a careful 
analysis of literature data” and obtained fairly accurate 
values of the ion-pair stability constants. The lithium 
and tetra-alkylammonium salts were considered to be 
completely dissociated. 

tTo be correct, the limit of the equation used should also 
be taken into account. In fact, the simplifications (and 
captions) A * 0.5 and dA = 1.5 [equation fir)] can 
bias the fn values, especially at low Z values. 

$The follo~ng errors were considered: in E, 0.1-0.2 mV; in 
Z, 0.1%; in r, 0.05-0.2”; in the concentrations of reagents, 
0.1-0.2%. 

= g,w. (12) 
The estimated errors (reported in Table 3, as stan- 
dard deviations) range, at 25”, between 0.3 and 1.6% 
and are slightly higher at the other temperatures. 
These errors (but it would be better to call them 
variabilities, because they reflect specific different 
effects, rather than experimental and/or model errors) 
are sufficiently low to allow fH, calculated by equa- 
tion (l2), to be used in several fields of solution 
chemistry. Some examples are as follows. If during a 
potentiometric titration there is variation of ionic 
strength, the E*’ value, calculated by separate cali- 
bration at a certain ionic strength I’, can be cor- 
rected, for a point with I # I’ by the equation 

P’(z) = EO’(I’) + - 

+ C,(Z - I’) f D#3a - F3n) 
1 

= P’(r) + s kT(Z, F)] (13) 

where C, = 0.335 - 2.3 x 10-3(r - 25) and Dr = 
-0.109+ 1.8 x lo-j(t -25). Equation (13) can be 
inserted in computer programs for the calculation of 
protonation constants and complex formation con- 
stants, such as MINIQUAD,* ACBA% or SUPER- 
QUAD.“’ The same holds for calibrations with pH 
buffers: 

PHV) = PHV’) + gr(Z, 19 (14) 

Many protonation constants have been reported in 
the literature as mixed constants 

lu;““= ckilh/cA& 

related to concentration constants by the equations 

K@=d = Kj-/f ‘H I 

log K,co” = log Y -&ml (15) 
The errors associated with the use of equations 

(13)-(15) can be deduced from the errors in fH 
reported in Table 3. For example, in the case of 
equation (1 S), we have c (log KJ”=) = jo (log fw) = 
0.43j~(f~)/f~. 

Ae~~QwZ~~g~~f~-We thank CNR (Rome) and Ministero 
della Pubblica Istruzione for financial support, and Prof. C. 
Rigano for his helpful aid in calculations. 
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SOFTWARE SURVEY SECTION 

Software package TAL-001-87 
STATSTREAR 

Contributor: Dr. A. Bangham, University of East Anglia, Noruich, Norfolk. 

Brief numeri d;sc:;i;3;;; of S;::flREAB is . a versat i le and pouerf;: t;oissf;; 
It is invaluable to scientists, 

in the teaching of students. It can use pre-existing Apple files or 
VisiCalc files. The program has 76 procedures including: enter and edit 
data, draw and annotate graphs, open or close text window, display disk file 
data, find the mean of a column of data, statistical tests, fit a non-linear 
function to data, generate pseudodata, etc. These can be used very simply 
by: 

1. Calling the user-friendly menu-driven Statpack, uhich enables a 
variety of parametric and non-parametric tests to be performed after a 
single entry of data. 

2. By using the 32 demonstration programs designed to teach the user all 
about statistics and fitting functions to data. 

3. Uriting straightforward BASIC programs to incorporate the desired 
procedures. Command procedures include: mean, standard deviation, standard 
error and confidence interval, Student’s t test, ANOVA 1- and 2-way, F test, 
linear regression, correlation; chi-squared test, contingency tables; 
median, non-parametric confidence interval; signtest; Yi Lcoxon signed ranks 
test, Mann-Whitney, Kruskal-Uallace, Friedman t-test, F test; pseudodata 
generators for Gaussi an, s keued noi se etc.; minimization routines for 
non-linear function fitting and solving equations. Other command procedures 
can be added. 

Potential users: Beginner to statistics and computing to professional 
statistician or research worker; teachers. 

Fields of interest: Statistics and sciences. -- 

This application and utility package has been written in (structured) BASIC 
for the Apple II microcomputer, to run under DOS 3.3. It is available on 
single-sided double density 5.25-in f Loppy disc. The memory required is 
48K. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 ILA, UK. 
Price US $140, UK f80. 

The minimum hardware configuration is a 48K Apple II. The program is easy 
to use, and there is extensive external documention. The source code is 
available. 

The package has been fully operational for 18 months, and is currently in 
use at around 200 sites. The distributor is willing to deal uith user 
l nqui ries. 

Software package TAL-002-87 
TADPOLE 

Contributor: Dr. T.H. Caradoc-Davi es, Otago Hospital Board, Dunedin, New 
Zealand. , 

Brief description: TADPOLE is an easy-to-use general purpose numeric 
database management program with a built-in statistics package. Data files 
can contain up to 9999 records each uith up to 60 fields, and each field can 
contain a real number with up to 6 significant figures. Data files can be 
up to 320K in size on a floppy di se and much larger on a hard disc. 
Statistics files can be either created by sorting selected fields from a 
data file or entered directly from the keyboard. TADPOLE can convert 
printout files from LOTUS l-2-3 into either data or statistics file format 
for advanced analysis. Statistical tests available in TADPOLE include 
descriptive statistics such as means, standard errors, skewness, kurtosis, 
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mcdi an, frequency analysis including bar diagrams; parametric statistics 
such as Student’s t, linear regression and ANOVA for equal and unequa 1 
groups; and non-parametric statistics such as contingency tables, 
ch i-squa red 2x2 and N x K, Fisher’s exact test, McNemar’s test, Mann 
Yhitney U test, Yilcoxon signed-ranks matched-pairs test, Spearman’s rank 
correlation test, and many more. The TADPOLE manua 1 contains explanations 
of all the statistical procedures together with guidance on when a 
particular test is appropriate. To complement the explanations, the manual 
also contains examples and exercises on the different procedures. 

Potential users: Students and research workers needing to use numeric 
database andistics. 

Fields of interest: -- Statistics, quantitative sciences. 

This application program has been developed in BASIC for the IBM PC, XT, to 
run under DOS 1.1 or later. It is available on double-sided 5.25-in flopDy 
disc. The memory required is 128K. 

Distributed by Elsevier-Giosoft, 68 Hills Road, Cambridge, CB2 ILA, UK. 
Price US Sl40, UK f80. 

TADPOLE runs on an IBM PC uith one or two disc drives, and on the XT. It is 
easy to use, with menus artd screen based data entry, and it has a detailed 
instruction manual. The source code is available. 

The package is fully operational, and has been used for about 16 months at 
over 200 sites. The distributor is uilling to deal with user enquiries. 

Software package TAL-003-87 
UOLGRAF 

Contributor: Dr. R.G. Barlow, University of Bristol, Bristol, and C. 
O’Donnell, Elsevier-Biosoft. 

l3;13f,,d;;;riptio;: MOLGRAF is a comprehensive package that can display, 
exper ment with three-dimensional maps of chemical compounds. 

It is suitable for teaching and research purposes wherever it is desirable 
to visualize a molecular structure. MOLGRAF includes all the basic features 
one expects: entry of neu compounds using crystallographic co-ordinates and 
saving the data to disc; the ability to check, add, delete and correct data; 
calculation of bond lengths, bond angles and torsion angles. It also 
provides on disc the data for more than 200 compounds, including many common 
pharmaceuticals. Structures are displayed in high resolution graphics, and 
they may be rotated, expanded and moved a,cross the screen. The images may 
be printed or plotted. Different compounds may be superimposed. MOLGRA F 
includes a routine called LECTURE which displays a sequence of images 
prepared in advance by the user, to illustrate a talk or presentation. The 
user can also build compounds by specifying only atom names, bond lengths, 
bond angles and torsion angles. The co-ordinates are calculated by the 
program. 

Potential users: All kinds of chemists, pharmacologists, biochemists. 

Fields of interest: Crystallography, study of 3-dimensional structures. -- 

This application program in the area of molecular graphics has been 
developed in BASIC to run under PC-DOS 2.1 on the IBM PC, or DOS 3.3 on the 
Apple II series. It is available on 5.25-in f 1OPPY discs. The memory 
requi red is 256K (IBM) or 64K (Apple). The IBM requires a colour graphics 
card. 

Distributed by Elsevier-Giosof t, 68 Hills Road, Cambridge, CG2 lLA, UK. 
Price US 8140, UK f80. 

MOLGRAF is easy to operate, with a logical menu-driven program design, and 
clear data entry and editing procedures. There is an extensive user manual. 
The source code is not available. 

The package has been fully operational for about 3 months, currently at 25 
sites. The distributor is willing to deal with user enquiries. 
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Software package TAL-004-87 
REFSYS 

Contributor: J. Vickcrs, Dept. of Pathology, MeNaster University, Canada. 

designed to store bibliographic references, 
~~~ean’““:“,:~~~~~ing and printing selected lists of the 
references in specified . REFSYS therefore enables the user to 
create a personal database of the literature references which he or she 
cites most frequently. It also provides a means of cross-referencing the 
references by subject categories. The modu let include: Updat c - for the 
initial entry of the reference, for classifying the papers@ for 
cross-referencing and for choosing authors for indexing; Print - for 
printing reference lists (all stored references or a selected list 
identified by their citations can be printed); Xref - for the 
cross-referencing of stored papers. It can handle up to 10000 papers with 
100 categories. 

Potential users: Scientists. 

Fields of interest: -- Bibliographic storage and cross-referencing. 

This application program has been developed in Turbo-Pascal for the IBM PC, 

to run under PC DOS 2.0 or later. It is available on 5.25-in floppy disc. 
The memory required is 256K minimum. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 ILA, UK. 
Price US $120 UK f70. 

The minimum hardware configuration is an IBM PC or true compatible with one 
360K floppy disc drive. A system with two f Loppy drives or a hard disc is 
recommended, however, because it will prove more flexible and have greater 
capacity. There is extensive external documentation. The source code is 
not available. 

The package has been fully operational for 2 months, and is running at 5 
sites. The contributor is not available for user enquiries. 

Software package TAL-005-87 
REFSCAN 

Contributor: J. Vickers, McNaster University, Dept. of Pat ho logy, 
Ontario, Canada; and H.L. Nelson, Nillgrove, Ontario, Canada. 

~;::~,,,~;;;~ipti;n: REFSCAN is supplementary program to REFSYS 
T e program scans throuih reference files and identifies all 

references which contain specified words, phrases, parts of words, numbers, 
or sequences of characters and numbers. Entire references are searched and 
information from the titles or lists of authors can be sought. REFSCAN 
stores the citation from each selected reference in a citation list file, 
which may then be revieued by REFSYS and printed using any of the REFSYS 
formatting options. Refscan can also create, on printer or disc, a short 
list, which consists of a one-line summary of each selected reference, 
containing only the access number, part of the citation, the journal, page 
number and year. Optionally, each reference may be reviewed on screen as it 
is found, and it may then be included in or excluded from the citation list. 

Potentials users: Scientists. 

Fields of interest: -- Bibliographic storage etc. 

This application program for the IBM PC or TI Professional is written in 
Turbo-Pascal to run under PC DOS 2.0 or later. It is available on 5.25-in 
floppy di SC. The memory required is 256K minimum. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 lLA, UK. 

The minimum hardware configuration is an IBM PC or true compatible with one 
floppy disc drive (360K1, or a TX Professional. There is extensive external 
documentation. The source code is not available. 

The package has been fully operational for 1 month, at 5 sites. the 
contributor is not available for user enquiries. 
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software package TAL-006-87 
DADi SP 

Contributor: Elsevicr-Biosoft. 

grief Description: DADiSP is a powerful package for displaying and 
processing digital waveforms. It functions as the scientist’s equivalent of 
a business spreadsheet. It can accept data in a wide variety of formats, 
including ASCII, Lotus PRN, 8-bit byte, 16-bit integer and IEEE 32-bit 
floating point. Data are displayed graphically on screen through up to 64 
windows. DADi SP can process data with more than 150 functions, including 
fast Fourier transforms, wave-form generat ion, statistical analyses, signal 
arithmetic and calculus, peak analysis, complex arithqetic, signal cursoring 
and editing, “signal spreadsheet” operations, etc. It supports user-defined 
functions through its macro definition facility, and it has command files 
for automating data analysis. It is capable of virtual signal management. 
DADi SP window displays and menu-driven format make it exceptionally easy to 
use. A chain of processing steps is set up simply by typing in formulae; 
the results of each step are displayed in sequence, window by window. Neu 
data can be loaded into uindows for instant re-evaluation of the worksheet. 
Uorksheets can be saved, reloaded and applied to neu tasks, enabling the 
user to build up a library of analysis templates. DADiSP supports nine 
types of printer for hard copy output. 

Potential users: Scientists, engineers. 

Fields of interest: Analysis of waveforms in any discipline. -_ 

This application program in the field of data analysis has been developed to 
run on the IBM PC, XT, AT and compatibles, to run under DOS 2.0 or later, 
and is available on 5.25-in floppy disc. The memory required is 512K. 

Distributed by Elsevier-giosoft, 68 Hills Road, Cambridge, Cg2 ILA, UK. 
Price US 5795, UK f550. 

The minimum hardware configuration is a PC with an IBM colour graphics 
adaptor or IBM enhanced graphics adaptor or Hercules monochrome adaptor. An 
8087 or 80287 co-processor is optional (automatically detected), as is a 
printer. 

The program is easy to use; there is extensive external documentation. The 
package is fully operational. The distributor is willing to deal uith user 
enquiries. 

Softuare package TAL-007-87 
MULTI-Q 

Contributor: 2. Kruk, London Hospitals Medical College, Dept. of 
Pharmacology and Therapeutics, London, UK; and S. Day, Elsevier-Biosoft. 

grief des~r:ptio:tst,N~kT:~~ iiicd system for creating and presenting 
ZTTTple c 0 cc Questions can be entered and edited by 
using MULTI-g or word-processing packages. A revision feedback option and a 
student scoring facility are included in the package. Questions consist of 
a stem with up to 9 true or false options depending on it. Besides a true 
or false ansuer, each option can have up to 9 lines (about 80 words) of 
feedback to provide further information, explanation, references etc. Each 
question is stored on disc with a unique name. RULTI-4 test papers consist 
of up to 
complete 

50 questions selected from the whole ranget:;:llable, allowing 
flexibility in the range of know ledge . Optionally 

associated with each paper is an ‘acceptable’ score and comments relating to 
the paper as a whole. The question list, score and comments can all be 
edited in MULTI-g or by a word-processor. Test papers are stored on disc 
along with the relevant questions. MULTI-g can present the questions from a 
selected test paper either with feedback or without. At the end of the 
paper, the student’s score is calculated and stored on disc, and displayed 
on screen together with the comments on the paper. 

Potential users: Secondary- and tertiary-level teachers. 

Fields of interest: General teaching. -- 
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This program is available in compiled BASIC for the IBM PC and the Apple II, 
to run under DOS 2.0 or later. It is available on 5.25-in floppy discs. 
The minimum memory required is 48K. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 lLA, UK. 

The program is easy to use and has menus and informative screen prompts for 
guidance. There is extensive external documentation. The source code is 
not available. The package will be available in early i 987; the 
contributor is not available for user enquiries. 

Software package TAL-008-87 
KINETIC EBDA LIGAND LOYRY 

Contributor: G.A. RcPherson, Dept. of Pharmacy, University of Vermont, 
Burlington, USA. 

Brief description: KINETIC calculates association and dissociation rate 
constants for radioligands by using weighted non-linear iterative 
curve-fitting technique. EBDA and LIGANDa are for analysing equi li brium 
studi es. EBDA performs the preliminary analysis of both saturation and 
competition studi es, including conversion of dpm into concent rat ions, 
graphical transformation of data to provide initial estimates required by 
LIGAND and a number of other data analysis functions,. LIGAND then uses disk 
files created by EBDA to obtain final parameter estimates by use of weighted 
non-linear curve-fitting techniques. LOWRY calculates protein 
concentrations measured by the standard technique of Lowry et al. A 
hyperbolic equation is used to fit the standard curve and calculate 
concentrations of unknown samples. 

Potential users: Analytical chemists, biochemists, clinical chemists. 

Fields of interest: -- Ligand binding analysis. 

This application program has been developed in BASIC for the IBM PC to run 
under DOS 2.0 or later. It is available on 5.25-in double-sided floppy 
discs. The memory required is 256K. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 lLA, UK. 
Price US $140, UK f80. 

The IBM PC requires a graphics card. The package is easy to use, and there 
is extensive external documentation. The source code is not available. 

The software is fully operational, and has been in use for 2 months at about 
30 sites. The contributor is not available for user enquiries. 

Software package TAL-009187 
NKMODEL 

Contributor: N. Holford, Dept. of Pharmacology, University of Auckland, New 
Zcalend. 

Brief 
-am-n ph~::~~~~in:~;~~~n~ha~~a~~~~~~~ic~~n~~~~~~rbi~~~~~~s~~~ 
aany other problems, and. also a modelling worksheet for data transformation, 
descriptive statistics, and pharmacokinetic parameter estimation. There can 
be up to 25 parameters, 5 independent variables, 10 simultaneous data sets, 
and up to 100 total observations. There are: optional Bayesian parameter 
estimation, a choice of variance scale methods, and graphs with optional 
logarithmic axes and multiple curves. There is a facility for definition of 
models in BASIC. Non-linear regression avoids the biased and imprecise 
results obtained from linearizing transformations such as Lineweaver-Burke, 
Schild, Scatchard and Eadi e-Hof stee plots. The extended least-squares 
method solves the problem of arbitrary weighting schemes required by 
ordinary least-squares methods to deal with real data. NKMODEL also 
features the DRUG library, which provides 15 models covering most common 
pharmacological data-analysis needs. Ligand binding experiments with one or 
tuo ligands and one or two binding sites can be characterized by law of mass 
act ion models. The mode 1 li ng worksheet can be used to transform data, 
combine tables and obtain simple descriptive statistics. 
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.Potcntial users: Biochemists, clinical chemists, pharmacologists. 

Fields of interest: -- Pharmacology, biochemistry, kinetics. 

This program has been developed in BASIC for the IBM PC to run under DOS 2.0 
or later. It is available on 5.25-in floppy discs. The memory required is 
128K minimum. 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, CB2 lLA, UK. 

The IBH requires an IBM or Hercules graphics card. The program is 
extensively documented. The contributor is not avai Lable for user 
enquiries. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
PARACETAMOL IN DRUG FORMULATIONS BY 
OXIDATION WITH POTASSIUM DICHROMATE 

SALAH M. SULTAN 
Chemistry Department, College of Science, King Saud University, Riyadh-11451, P.O. Box 2455, 

Saudi Arabia 

(Received 3 October 1986. Revised 4 February 1987. Accepted 13 February 1987) 

Summary-A rapid spectrophotometric method for determination of paracetamol is described, based on 
oxidation with dichromate for 15 min in 6M sulphuric acid at 80”, and measurement (at 580 nm) of the 
chromium(III) formed. The method is applied to the determination of paracetamol in drugs prescribed 
for colds, coughs and flu. Of the common pharmaceuticals associated with paracetamol, only ascorbic 
acid and acetylsalicylic acid interfere. The results have been statistically compared with those obtained 
by the official (BP) and cerium(IV) methods. 

Paracetamol (N-acetyl-p -arninophenol) is well 
known for its analgesic and antipyretic action. 
Several methods for its determination have been 
reported, including its assay in drug formulations. 
The majority of these are spectrophotometric,‘-” 
most of which require lengthy treatments and lack 
suitability for routine analysis. For instance, the 
official pharmacopeia methodi requires a 60-min 
reflux period, and the recent cerium(IV) method” 
requires heating of the reaction mixture for Wmin. 

The present method is based on the oxidation 
of paracetamol by potassium dichromate in 6M 
sulphuric acid. It is simple, accurate and readily 
applied to the determination of paracetamol in drug 
formulations. 

Apparatus 

EXPERIMENTAL 

Absorbance measurements were made with a Beckman 
model 35 spectrophotometer to which a Beckman model 
24-25 ACC recorder was connected. Matched sets of 
W21O/UU lO.OO-mm cells were used throughout. 

Reagents 

Stock solutions were made from commercially available 
analytical or pharmaceutical grade chemicals and high- 
purity distilled water. Working solutions were prepared by 
appropriate dilution of the stock solutions. The 0.135M 
potassium dichromate solution was prepared in 12M sul- 
phuric acid. 

Paracetamol solution (1 mg/ml) was prepared from the 
pure crystalline powder made in the author’s laboratory by 
the method described by Vogel.‘* The material was checked 
by infrared and N.M.R. spectrometry and the melting point 
was found to comply with the B.P. requirementsi The 
apparent purity was determined by the official methodI and 
found to be 100.7%. Paracetamol solutions (1 mg/ml) were 
also prepared from pharmaceutical-grade tablets and cap- 
sules. The pure stock solution was prepared by dissolving 
exactly 0.500 g in about 150 ml of warm water, stirring for 
10 min and diluting to volume in a 500-ml standard flask 
after cooling. For assay of dosage forms, 10 tablets or 
capsules were mixed, crushed and carefully weighed. A 

quantity of powder equivalent to 500 mg of paracetamol 
was weighed accurately and dissolved as described above. 
The solution was filtered through a Whatman No. 41 
filter-paper, which was then washed with 20 ml of water, and 
the combined filtrate and washings were diluted to volume 
with water in a 500~ml standard flask after cooling to room 
temperature. 

General procedure 

Place lO.Ot$ml of potassium dichromate stock solution in 
a 50-ml standard flask. Add 15.0 ml of 12M sulphuric acid 
and the appropriate amount of paracetamol solution. Swirl 
the flask and its contents and dilute to the mark. Place the 
flask in a water-bath maintained at 80” and leave it there for 
15 min. Cool under tap water, and measure the absorbance 
at 580 nm against a reagent blank treated similarly. 

RESULTS AND DISCUSSION 

Kinetics 

In this method, potassium dichromate is used to 
oxidize paracetamol and the absorbance of the chro- 
mium(II1) species produced, measured at 580 mn, is 
a measure of the paracetamol concentration. The 
optimum conditions were established by variation of 
such parameters as acid concentration, temperature 
and time of heating. The reaction is slow but can be 
accelerated by an increase in acid concentration as 
well as by heating. The effect of sulphuric acid 
concentration and time of heating at 80” are shown 
in Figs. 1 and 2 respectively; the general procedure 
was used but with 2.5 ml of dichromate solution 
instead of 10 ml. The spectral maxima at 580 and 430 
mr~ are attributed to chromium(II1) and chro- 
mium(W) respectively, and there is a characteristic 
isosbestic point at 535 nm. Figure 1 shows that the 
chromium(II1) absorbance increases as the acid con- 
centration is increased; it reaches a maximum with 
6M acid. Higher acidities do not result in greater 
absorbances. There is a small shift in 1, as the acid 
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Fig. 1. Absorption spectra for reaction mixtures of 14 mg of 
paracetamol and IOOmg of potassium dichromate heated 
for 15 min at 80” in 50 ml of sulphuric acid of the molarity 

shown by the number by the curves. 

0.0 
LOO 500 550 600 650 700 750 

WAVELENGTH nm 

Fig. 2. Absorption spectra for a reaction mixture of 14 mg 
of paracetamol and 1OOmg of potassium dichromate in 
50ml of 6M sulphuric acid heated at 80” for 0, 3, 6, 9, 12 
and 15min (curves 1, 2, 3, 4, 5, 6) before cooling and 

measurement. 

concentration is increased. Figure 2 shows that the 
chromium(II1) absorbance increases with heating 
time. The absorbance reaches a maximum after 15 min 
heating at 80”, and is stable thereafter for 48 hr. At 
higher temperatures there is a risk of unwanted 
chemical changes. The mechanism of paracetamol 
oxidation with dichromate is probably similar to that 
with cerium(IV):” deacetylation to p-aminophenol in 
the first step, then oxidation to p-benzoquinone. 

NHCOCH, NH2 0 

Analytical appraisal 

Beer’s law was found to be valid up to 
400 pg/ml paracetamol concentration in the final 
solution. The apparent molar absorptivity was 
1620 l.mole-‘.cm-‘. 

The method was applied to the determination of 
paracetamol in its pure form and in proprietary drugs 
supplied by different companies and containing other 
active ingredients as listed in Table 1. The results in 
Table 1 show that the method is successful for 
paracetamol determination and that excipients in the 
dosage forms do not interfere. Drugs such as phenyl- 
propanolamine, phenyletoloxamine, phenylephrine, 
pheniramine, mepyramine, caffeine, codeine, nos- 
capine, terpin, dimethindene maleate, ethenzamide, 
isome~eptene mutate and ~tamylamine mutate dis- 
played no interference when present with para- 
cetamol. Ascorbic acid and acetylsalicylic acid caused 
a large positive error and gave rise to irreproducible 
results. This was manifested in analysis of Trimedil, 
Efferalgan, Prontopyrin and Veganin tablets. When 
ascorbic acid or acetylsalicylic acid was added to the 
dichromate reagent and left to react under the condi- 
tions of the experiment, a green colour absorbing at 
580 nm was produced, not unexpectedly, confirming 
the reason for their interference being their reduction 
of the dichromate to chromium(II1). Hydrochlorides 
should show positive interference because of ox- 
idation of chloride by dichromate at the high acidity 
used; their apparent non-interference probably arises 
from the relatively small amounts present in the 
formulations tested. 

A statistical comparison of paracetamol deter- 
mination (in products containing neither ascorbic 
acid nor a~tylsalicyli~ acid) by the dichromate 
method, official methodi and cerium(IV) method,” 
for the same batch of material, is presented in 
Table 2. The student t-test values obtained indicate 
no significant difference between the three methods. 
The new method is simpler, quicker and more suit- 
able for routine analysis. 
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Table 1. Results for determination of paracetamol in pharmaceutical products 

Nominal Paracetamol 
composition, found, 

Drua and supplier* mg mg 
Error, 

% 

1 Paracetamol (laboratory made) 
2 Paracetamol (Smith, France) 
3 Panadol (Winthrop, England) 
4 Triatussic (Wander, 

Switzerland) 

5 Trimedil (Zyma, 
Switzerland) 

6 Efferalgan (Upsa, France) 

7 Sinutab (Warner, England) 

8 Revacod (The Arab Pharm. 
Manuf. Co., Jordan) 

9 Neopyrin-N (Knoll, Germany) 

10 Veganin (Warner, England) 

11 Prontopyrin (Mack, Germany) 

12 Revanin (The Arab Pharm. 
Manuf. Co., Jordan) 

100.6 - 
499 - 0.2 
499 -0.1 

200 +0.1 

125 + 25.1 

425 + 29.1 

297 - 0.8 

498 - 0.4 

198 - 1.0 

469 + 87.8 

222 + 11.3 

497 - 0.4 

100 paracetamol (pure) 
500 paracetamol 
500 paracetamol 
200 paracetamol 
5 mepyramine.HCl 
4.2 pheniramine . HCl 
12.5 phenylpropanolamine . HCl 
20 noscapine 
13 caffeine 
90 terpin hydrate 
100 paracetamol 
0.25 dimethindene maleate 
15 o-(fi-hydroxyethyl) rutoside 
40 ascorbic acid 
1.25 phenylephrine.HCl 
330 paracetamol 
200 ascorbic acid 
200 paracetamol 
25 phenylpropanolamineHCI 
22 phenyltoloxamine 
500 paracetamol 
10 codeine phosphate 
200 paracetamol 
200 ethenzamide 
10.72 isometheptene mutate 
14.28 octamylamine mutate 
250 paracetamol 
250 acetylsalicylic acid 
6.8 codeine phosphate 
200 paracetamol 
250 aluminium acetylsalicylate 
50 caffeine 
500 paracetamol 

*2-11 in tablet form; 12 in capsule form. 
tMean of 5 determinations; error calculated with reference to nominal content. 

Table 2. Comparison of results for determination of paracetamol by the proposed 
method compared with the official methodI and the cerium(IV) method” 

Recovery*, % 

Proposed Official Ceric sulphate 
Drug name method method method tt 

1 Paracetamol 100.8 + 0.4 100.7 f 0.3 0.61 
(laboratory made) 100.9 + 0.6 0.84 

2 Paracetamol 99.9 f 0.6 99.7 f 0.7 1.28 
(Smith) 100.1+04 1.54 

3 Panadol 99.8 f 0.7 100.0 f 0.6 0.64 
101.0 f 0.8 0.97 

4 Triatussic 100.1 f 0.6 100.2 f 0.8 0.35 
100.4 f 0.6 0.98 

5 Neopyrin 99.1 + 0.7 98.9 + 0.6 0.86 
99.0 f 0.3 0.44 

6 Sinutab 99.2 f 1.0 98.7 f 0.4 1.22 
98.9 f 0.4 0.84 

7 Revanin 99.6 f 0.6 99.2 f 0.2 1.54 
99.1 f 0.7 1.68 

8 Revacod 99.6 + 0.2 99.6 + 0.3 0.49 

*Mean k,S.D. for 5 determinations, based on label claim. 
tTheoretica1 value = 2.78 (p = 0.05). 

99.8 f 1.0 0.77 



608 SALAH M. SULTAN 

Acknowledgements-The author thanks Mr. Yousif Asha 
for his technical assistance and the Research Center of the 
College of Science, King Saud University, for support. 

8. S. F. Belal, M. A. H. Elsayed, A. Elwalily and H. 
Abdine, ibid., 1979, 104, 919. 

9. M. A. H., Elsayed, S. F. Belal, A. Elwalily, and H. 
Abdine, ibid., 1979, 104, 620. 

10. J. Wallace, Anal. Chem., 1967, 39, 531. 
P xl_,_, .I_>_, 

REFERENCES J. Assoc. ti# Anal. C&m., 1979, 62;549. 
12. F. M. Plakogianis and A. M. Saad, J. Pharm. Sci., 1975, 

1. M. K. Stivastava, S. Ahmed, D. Singh and I. C. Shukla, 64, 1547. 
Analyst, 1985, 110, 735. 13. M. Mouton and M. Masson, Ann. Phurm. Fr., 1960,1&J, 

2. K. K. Verma, A. K. Gulati, S. Palod and P. Tyagi, ibid., 759. 
1984, 109, 735. 14. R. M. Welch and A. H. Conney, Clin. Chem., 1965,11, 

3. A. 2. D’Souza and K. G. Shenoy, Can. J. Pharm. Sci., 1064. 
1974, 36.47. 15. J. B. Vaughan, J. Pharm. Sci., 1969, 58, 469. 

4. E. Kalatzis and I. Zarbi, J. Pharm. Sci., 1976, 65, 71. 16. British Pharmacopeia 1980, p. 326. H.M. Stationery 
5. M. C. Inamdar, M. S. Gore and R. V. Bhide, Indian J. O&e, London, 1980. 

Pharm., 1974, 36, 7. 17. S. M. Sultan, I. Z. Al Zamil, A. M. Aziz Alrahman, 
6. C. T. Ellcock and A. G. Fogg, Analyst, 1975, 100, 16. S. A. Altamrah and Y. Asha, Analyst, 1986, 111,919. 
7. D. R. Davis, A. G. Fogg, D. T. Bums and J. S. Wragg, 18. A. I. Vogel, Elementary Practical Organic Chemistry, 

ibid., 1974, 99, 12. Part 1, p. 242. Longmans, London, 1958. 



Talanra, Vol. 34, No. 1, pp. 609-513, 1987 
Printed in Great Britain. All rights reserved 

0039-9140/87 $3.00 + 0.00 
Copyright 0 1987 Pergamon Journals Ltd 

DRUG DETERMINATION IN BIOLOGICAL 
FLUIDS-APPROACHES TO METHOD VALIDATION 

ANIL C. MEHTA 
Department of Pharmacy, The General Intirmary, Leeds, Yorkshire, England 

(Received 16 July 1986. Revised 2 February 1987. Accepted 13 February 1987) 

Summary-Fkcedures are described for the validation of analytical methods for the determination of 
drugs and metabolites in biological fluids. 

The increasing emphasis on the pharmacokinetics, 
bioavailability, and therapeutic monitoring of drugs 
has placed a heavy burden on drug analysts. Reliable 
measurements of very low levels of drugs in complex 
matrices are frequently required. Because of the vast 
number of drugs already in use, and the increasing 
number of new drugs introduced every year, more 
and more methods for drugs and metabolite deter- 
mination are being developed either for routine or 
research use. Most workers prefer chromatographic 
methods owing to their versatility, but immunoassays 
are also being developed, particularly for routine 
drug-monitoring. Existing methods often need major 
improvements to suit the requirements of the labora- 
tory performing the assay. For evaluation of their 
suitability for producing reliable results, these 
methods must be thoroughly validated at the concen- 
trations expected for real samples, before they are 
introduced into routine use. This is particularly im- 
portant in drug analysis since the results are either 
used in vital preclinical or clinical studies, or in the 
diagnosis of illness and treatment of patients. In 
general, validation of an assay with respect to accu- 
racy, precision, and specificity is required.iA Other 
aspects needing to be considered include identifi- 
cation and handling of samples prior to analysis, 
stability of samples under various storage conditions, 
and the continuous assessment (quality control) of 
the method during its routine use. 

SAMPLING AND STORAGE 

In drug analysis the most commonly sampled body 
fluid is plasma or serum, because a good correlation 
between drug concentration and therapeutic effect is 
usually found. Urine analysis for drugs is used in 
connection with urinary excretion and bioavailability 
studies. Other body fluids (e.g., saliva, cerebrospinal 
fluid) are also analyzed for drugs, but less frequently. 

The quality of analytical data depends critically on 
the validity of the sample and the adequacy of the 
sampling procedure. A non-representative sample is 
of no value, however carefully it has been analysed. 
It is essential that the samples are collected at the 

correct time in relation to the dose, are adequately 
labelled, and preserved under appropriate conditions 
before being sent to the laboratory.‘” Narayanan and 
Lin have reviewed devices available for sample col- 
lection.’ If the sample originates from a hospital, it 
should be accompanied by a request form containing 
adequate information about the patient and therapy, 
including co-administered drugs. For one-off assay, a 
reason for the assay request (e.g., suspected toxicity) 
should also be stated. This means that the close 
co-operation of colleagues outside the laboratory 
is very important in any project involving drug 
analysis. 

Drugs may be lost to the container or be degraded 
chemically, photochemically, or enzymatically during 
storage. Hence, an investigation of the stability of the 
drug and its metabolites in biological fluids during 
sample storage (temperature and duration) is a 
crucial part of method validation. The lack of infor- 
mation on stability may jeopardize subsequent in- 
vestigations. Stability can be studied during the 
method development stage, by using a drug-free 
matrix suitably spiked, and eventually real samples. 
In general, samples that will be analysed within a few 
days should be stored at 4”; those that are to be 
stored for longer should be kept at -20”. For very 
long-term storage, freeze-drying should be con- 
sidered. Provided it is available in sufficient quantity, 
the sample should be divided into aliquots before 
freezing, to minimize precipitation or degradation 
due to repeated freezing and thawing. Stock solutions 
of photodegradable drugs should be stored in amber- 
coloured containers. Adam,* and Timm et af.,9 have 
developed systematic procedures for investigating the 
stability of drugs in biological samples, based on 
statistical treatment of the experimental data. 

CALIBRATION 

Drug-free specimens of biological fluid (blanks) 
spiked with appropriate amounts of the drug should 
always be employed as calibration standards. Pure 
solutions (aqueous or methanolic) are not acceptable, 
because they differ greatly from the biological matrix. 

609 
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At least six calibration points (excluding the blank) 
are needed for calibration. The concentrations of the 
calibration standards must cover the expected range 
of concentrations of the drug in the samples. Blank 
samples should be included in each calibration run in 
order to detect interference from substances other 
than the analyte which are present in the sample. If 
necessary, calibrations (including blanks) should be 
run in duplicate (or at even higher levels of repli- 
cation) to improve the precision of the calibration 
line. Variation in the blank makes it imperative to 
run a calibration with every batch of samples. Any 
dubious points on the calibration line should be 
checked and no results falling outside the calibration 
range should be reported. 

The calibration data should always be plotted by 
hand as well as subjected to linear regression analysis 
(if a linear response is obtained) and the slope, 
intercept, correlation coefficient, standard error of 
estimate (standard deviation about the regression 
line) and the standard deviations of slope and inter- 
cept should be calculated. The definitions and ana- 
lytical interpretations of those parameters have been 
adequately reviewed elsewhere.2~3~‘“‘2 Because of the 
ready availability of computer programs and calcu- 
lators with facilities for statistical calculations, the 
task of calculating statistical parameters is not as 
difficult or time-consuming as it used to be. 

ACCURACY AND PRECISION 

Accuracy refers to the difference between a result 
(or mean) and the true or known value. Precision (or 
reproducibility) refers to the variation or scatter of 
the data around the mean. Accuracy can be deter- 
mined by replicate analysis of samples containing 
known amounts of the drug. The deviation from the 
true values serves as a record of the method’s accu- 
racy. Usually three concentrations (a low, an inter- 
mediate and a high value within the analytical range) 
are tested to determine whether or not accuracy is 
concentration-dependent. It should be. noted that 
outside the linear calibration range, the accuracy 
decreases rapidly. It also decreases rapidly as the limit 
of detection is approached. The within-day precision 
can be determined by duplicate measurement of drug 
levels at three different concentrations, in at least 10 
samples for each concentration. Similarly day-to-day 
precision is measured by analysis on at least 10 
separate days. The results are expressed as the stan- 
dard deviation at each level or the coefficient of 
variation (CV). Although a CV value of 10% should 
be acceptable as the minimum acceptable precision, 
higher precision (CV < 10%) should be aimed at, 
particularly in the middle of the calibration range. 
For day-to-day precision experiments, each sample 
representing a particular concentration should be 
separately stored frozen, and thawed each day 
for analysis. If lyophilized serum is used, the same 
recommended reconstitution procedure should be 

used each time; alternatively, the contents of a 
sufficient number of vials should be reconstituted and 
mixed and then treated as a liquid sample. It must be 
emphasized that good precision does not necessarily 
imply good accuracy: a systematic error may lead to 
precise but inaccurate results. 

SENSITMTY AND LIMIT OF DETECTION 

The term sensitivity is sometimes misused to de- 
note the limit of detection (LOD). A method is said 
to be sensitive if a small change in concentration (c) 
causes a large change in instrumental response (x), 
that is, when the derivative dx/dc is large. The 
sensitivity is thus defined as the slope of the cali- 
bration line and, provided the plot is linear, can be 
measured at any point on it. On the other hand the 
LOD of a method is calculated by using the section 
of plot near the origin and is arbitrarily defined as the 
lowest concentration or amount of analyte which can 
be distinguished from the blank with a stated degree 
of confidence (usually 99%), e.g., the mean blank 
value plus three times the standard deviation (s) of 
the blank. The blank is also called the background or 
the noise. Some workers prefer to report the limit of 
quantification (or determination) rather than the 
LOD, using a higher multiple of s, e.g., the mean 
blank value plus lOs, because this gives a much more 
realistic estimate of the level at which the analyte can 
be determined in the sample. Because of the un- 
certainty of measured values at or near the LOD, 
quantitative interpretation should be limited to 
values at or above the limit of quantification. 

The value of a, the intercept of the calibration line 
on the y-axis, can be used as the blank since it gives 
a more accurate estimate of the blank than a single 
measured value does. For more detailed statistical 
treatment of the LOD, the articles by McAinsh et 
~1.‘~ and Mitchell and GardenI should be consulted. 

Because of the different approaches to calculating 
the LOD2*‘2,‘S*16 it is essential that the method used 
should be specified in all publications. The volume of 
sample needed to achieve the stated LOD should also 
be given. However, published LOD values should be 
considered only as typical, because the LOD is 
governed by instrumental and procedural factors. It 
varies with different batches of blank control 
(plasma, urine, etc.), type of sample (e.g., presence of 
other drugs), and type and condition of instrument. 
For these reasons the LOD should not be rigidly 
fixed at the time the method is validated. It is 
necessary to reassess it whenever changes in con- 
ditions affecting it are suspected. If the concentration 
apparently obtained happens to fall below the LOD, 
the result should not be reported as zero, but rather 
as “non-measurable” or “non-detectable”, or as 
< LOD. 

It is seldom advisable to use an instrument con- 
stantly at its highest sensitivity setting or to work 
near the LOD of a method. High sensitivity of the 
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instrument cannot always achieve better detection HPLC). In recovery studies, since the weighed 
limits, because a concomitant increase in noise level amount of the drug is taken as the true amount, it is 
would result in only a small increase in overall imperative that the spiked samples are prepared very 
signal-to-noise ratio. The LOD value can often be carefully, in the expectation that the variances of the 
improved by judicious choice of experimental con- sample preparation (weighing, preparation of solu- 
ditions, e.g., by adjusting the size of the sample, the tions, etc.) will be small in comparison to the total 
reconstitution solvent, or the injection volume. variance of the overall method. 

SPECIFICITY 

The specificity of the assay for the parent drug and 
its major metabolites should be thoroughly in- 
vestigated in the method development phase. The 
constituents of biological fluids and the presence of 
other drugs, if any, should not interfere with the 
determination. Specificity can be incorporated into a 
work-up step (e.g., selective extraction) and/or the 
analytical technique (e.g., chromatographic separ- 
ation and use of specific detectors). Each laboratory 
should determine the specificity of its own assay 
methods and any limitation of specificity in a method 
should be mentioned in the description of the 
method. It would also be sensible to reinvestigate a 
published method before putting it to a new use, 
particularly with regard to specificity, since a method 
which works in one situation may give rise to prob- 
lems (or even fail) in another. 

Yosselson-Superstine” has reviewed assay methods 
for eight of the most commonly monitored drugs 
(digoxin, gentamicin, phenobarbitone, phenytoin, 
procainamide, quinidine, salicylate and theophylline) 
in plasma together with studies dealing with inter- 
ferences of other drugs with these assays, and has 
suggested how to eliminate some of these potential 
sources of interference. The suggestions are mainly 
based on the preference of one analytical technique 
over another or change of experimental conditions. 

EXTRACI’ION EFFICIENCY AND RECOVERY 

Recovery experiments are particularly useful in 
testing the various stages of an analytical method and 
for assessing losses in sample processing, e.g., in 
solvent extraction. Extraction conditions should 
always be optimized by using the relevant biological 
fluid. Ideally, several recovery experiments should be 
performed by adding varying amounts of authentic 
standard to a blank specimen. Spiking should cover 
the highest and the lowest concentrations expected in 
the unknowns, because recovery may vary with con- 
centration. The recovery is calculated as 

amount found 
recovery = 

amount added 
x 100% 

Absolute recovery can be determined by com- 
paring the average peak height or area for extracted 
plasma or urine samples at each standard concen- 
tration of drug, with that for unextracted samples of 
identical concentrations made up in reconstitution 
fluid (preferably the mobile phase in the case of 

The accuracy, precision and LOD of the method 
are greatly influenced by the recovery of the drug to 
be determined. The overall recovery for a standard 
taken through the entire assay procedure should be 
reproducible and preferably >75%. If recovery is 
low (say 60%) but reproducible, it may still be 
acceptable; if, however, it is low, variable, and unpre- 
dictable, the reason for this should be investigated 
and eliminated, or an alternative approach to iso- 
lating the drug should be sought. Good recovery is 
aided by keeping the method as simple as possible, 
by efficient solvent extraction, and by preventing 
adsorption losses. 

INTERNAL STANDARDS 

During sample preparation an accurately known 
amount of a known compound (internal standard) is 
added to the sample at the earliest possible stage, in 
the expectation that any procedural loss of sample 
will be accompanied by an equivalent loss of internal 
standard. The ratio of the detector response (peak 
height or area) for the drug and the internal standard 
is then used in calibration and assay. The use of an 
internal standard, however, does not lessen the im- 
portance of careful analytical work. Workers in the 
toxicological laboratory prefer external to internal 
standards during screening, to avoid the masking of 
an unknown peak by the internal standard. 

Ideally an internal standard should have phys- 
icochemical and chromatographic properties close to 
those of the test compound. Also it should be stable 
and easily available. If a derivative of the analyte is 
to be prepared, the internal standard should be 
capable of giving a derivative in the same way. For 
these reasons most internal standards are compounds 
structurally similar to the drug to be assayed. Some 
workers prefer to use a second drug within the 
structurally related class (e.g., benzodiazepines) as an 
internal standard so that they have two methods 
instead of one. However, in employing such a method 
in drug-level monitoring, it has to be ascertained that 
the second drug (the internal standard) is not already 
part of the patient’s therapeutic regime. If a mass 
spectrometer is being used as a detector (as in 
GC-MS work), a stable isotope labelled form of the 
drug can be used as an internal standard. 

In HPLC, whenever sample preparation is simple 
and recoveries are high there is a tendency to dispense 
with an internal standard altogether. Such practice 
requires careful control of injection volume, however, 
and a valve injector is preferred. However, such a 
device does not compensate for errors arising from 
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changes in column or detector performance and the 
internal standard technique still offers better pre- 
cision. It should be noted that the concentration- 
dependent variations in recovery cannot be compen- 
sated by using an internal standard, because doing so 
assumes constant recovery over the entire calibration 
range. Guidelines are available2*3*‘8 for the proper 
application of the internal standard technique in the 
determination of drugs in biological material. 

METHOD COMPARISON 

The performance of a newly developed (or modi- 
fied) method can be assessed by comparing the results 
obtained by it with those found with a comparison 
(or reference) method of known accuracy and pre- 
cision. GLC and HPLC are often used as reference 
methods since they are less susceptible to inter- 
ferences from other drugs and endogenous sub- 
stances. Sometimes, however, it is not possible to 
conduct method comparison studies, particularly for 
a less frequently used or newly developed drug, 
simply because a widely accepted reference method is 
not available. 

Linear regression analysis is the preferred statisti- 
cal method for comparing two analytical methods. It 
is widely used for this purpose, but it must be stressed 
that the accuracy and precision of the new method 
should be established before comparing it with the 
reference method. A reasonable number of samples 
(30-40) from different patients, covering the concen- 
tration range of interest in a roughly uniform 
manner, are analysed in duplicate by the candidate 
method and the reference method. It is preferable to 
use the same set of calibration standards for both 
methods. If this is not possible, both sets of standards 
should be analysed by both methods to obtain a 
measure of any difference between them. Data pairs 
are plotted as points on a scatter diagram, with the 
abscissa (x-axis) for the reference method (assumed 
to be more precise, i.e., smaller random errors in the 
x-values) and the ordinate (y-axis) for the candidate 
method, The scatter diagram provides a visual f&t 
impression of the type of relationship between the 
two methods. The slope and intercept may give some 
indication of the type of systematic errors. For 
example a new method based on fluorimetry may give 
higher values for the drug if the metabolites or the 
blank contribute to the fluorescence signal. If the 
relationship between the two methods is linear over 
the concentration range investigated, the linear re- 
gression of y on x is calculated and the intercept and 
slope are determined. Further statistical tests are 
applied to see whether the intercept differs signifi- 
cantly from zero, or the slope from unity.‘* Such tests 
are performed by dete~ining the confidence limits 
For the slope and the intercept, generally at 95% 
significance level. The ideal regression plot would be 
a straight line, passing through the origin, with a 
slope of 1. If the slope deviates from unity or the 

regression line does not pass through the origin, 
the candidate method is biased with respect to the 
reference method. In such a situation professional 
judgement must be used to decide whether or not the 
bias is acceptable. If it is constant, a correction factor 
can be applied, but if it is variable, it becomes a 
component of the reproducibility and the correction 
factor procedure will not be useful. It should be borne 
in mind that statistics cannot decide whether the new 
method is acceptable or not. It can only provide 
estimates of the type and size of the errors, to guide 
the analyst in making the decisions. 

In addition to the scientific criteria of accuracy and 
precision, the two methods may also be compared on 
the basis of cost, and ease and speed of operation. In 
developing an analytical method it may be prudent to 
try the simplest approach (the method having fewest 
steps) first, This means that direct analysis would be 
preferable to use of derivatives, because any pro- 
cedure involving extra analytical steps would lower 
its precision and increase the cost and analysis time. 
Several studies of method comparison can be cited in 
the literature, for instance, a newly developed fluor- 
escence polarization immunoassay system (Abbot 
TDx) for phenobarbitone, phenytoin, carbamazepine 
and ~~phylline has been evaluated by comparing it 
with the well-established techniques (GC, HPLC, 
EMIT) for the measurement of these drugs.” 

QUALITY CONTROL 

Once the assay has been established for routine use, 
its performance should be regularly monitored to 
update info~ation regarding its characteristics and 
to ensure that it continues to work satisfactorily. This 
is done by using an internal quality control (QC) 
scheme, which is defined as the long-term and con- 
tinuing assessment of accuracy and precision of an 
assay for a particular drug with a view to minimizing 
within-laboratory variation and improving assay pre- 
cision. The procedure most widely used for the 
continuing evaluation of assay perfotmance involves 
the construction of QC charts. Many schemes for 
constructing such charts have been suggested.‘uo~2’ 
The most commonly used control chart consists of a 
central line representing the mean &) of 20-30 earlier 
determinations of the drug (standard deviation s) in 
control material (QC sample) preferably performed 
on separate occasions, and two pairs of limit lines at 
F k 2s (warning line) and p + 3s (action line), which 
approximate to the 95% and 99% confidence limits 
respectively. Each day a result (the mean of dupli- 
cates) of QC sample is plotted on the chart. When the 
process is under control, the day-to-day results are 
normally distributed about p. A result outside the 
warning line indicates that something is wrong. Such 
a result need not be rejected but should be checked 
for instrumental or procedural errors. Two successive 
values of the QC sample falling outside the action 
line indicate that the process is no longer under 
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statistical control. In this case the results are rejected 
and the process is investigated for its unusual behav- 
iour and any faults are rectified. QC charts provide 
a long-term picture of the accuracy and precision of 
the method and identify trends and outliers in the 
analysis. 

If the method is to be used for routine drug 
monitoring, it is useful to participate in a large 
scheme involving many laboratories (external QC 
scheme) provided the drug in question is included in 
such a scheme. External QC schemes22 for some of the 
routinely monitored drugs are available (e.g., Heath- 
control scheme for antiepileptics). Serum samples are 
periodically sent to the participant for assay, and the 
scheme co-ordinator (after receiving a result) reports 
that laboratory’s performance together with a sum- 
mary of the results from all participants. 

When a batch of samples is analysed, calibration 
standards are included in the run to allow a standard 
curve to be constructed. This will secure meaningful 
results even if the instrument response changes for 
some reason. In addition to this a number of separ- 
ately prepared QC samples are analysed along with 
actual samples at intervals depending on the total 
number of actual samples. As a rough guide one 
control every ten samples or two per small batch 
should suffice. Once the number of controls per batch 
has been decided, it should be maintained. Like 
calibration standards, QC samples are prepared by 
adding known amounts of drug to blank specimens. 
For a relatively stable drug, at least 20 ml of blank 
specimen can be spiked with the drug and l-ml 
aliquots transferred to vials and stored at low tem- 
peratures. QC materials based on serum or urine are 
commercially available for many drugs which are 
assayed routinely for therapeutic or toxicological 
purposes. 

Controls should be run in duplicate at three con- 
centrations corresponding to levels below, within, 
and above the therapeutic range, particularly for 
methods with limited linear range (e.g., GC with 
electron-capture detection). For methods with linear 
concentration-response relationships over a wider 
range, two concentrations, one at the high end and 
one at the low end of the range (a high and a low QC) 
are adequate. The sample results are acceptable if the 
QC results are within 10% of the known values or 
within + 3s of the means previously determined from 
replicate analyses. Besides control samples, a few 
randomly chosen test samples should also be 
analysed in duplicate to check precision within the 
batch. It is true that in the smaller laboratories 
quality control increases the work load, but in the 
long run it does improve the quality of results, and 
increases the individual’s confidence in the assay. 

Because of the pioneering efforts of clinical chem- 
ists, the importance of quality control has already 
been established for many drugs which are routinely 
measured in clinical laboratories. Several reviews 
are available that describe in detail the principles 

and practice of quality control in clinical 
chemistry.4,20,21,23-25 

CONCLUSION 

The validation procedure described in this paper 
represents the minimum amount of work which 
should be done to gain confidence in the ability of an 
analytical method to produce meaningful results. The 
extent to which a method needs to be validated is a 
matter of professional judgement. Each investigator 
should decide for himself which parameters are more 
relevant to the particular assay and modify the 
validation procedure accordingly. In addition to a 
valid method, the skill and dedication of the analyst 
are equally important for the production of reliable 
data and hence the success of the project involving 
drug analysis. 
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Summary-The peroxodisulphate method for the determination of bromide has been modified. A 
flow-injection system for the spectrophotometric finish has been developed and the size of the ion- 
exchange column in the preconcentration step has been scaled down. The sum of bromate and iodate 
produced in the oxidation is determined by treating the oxidized sample with iodide in hydrochloric acid. 
The iodate is separately determined by applying the reaction in acetic acid. The working range of the 
spectrophotometric finish is I-15pM and the limit of determination (10 u) is 0.7pM for iodate and for 
iodate plus bromate. The enrichment factor in the preconcentration step is 50, yielding a limit of 
determination of 15nM for bromide in natural waters. Eighteen samples of water from the Baltic, with 
salinity ranging from 3 to 33%0 have been analysed. A Br/Cl ratio of (1.53 f 0.02) x lo-) was found. A 
comparative study of the original and the new preconcentration step has been made with three river 
waters, rich in humic substances. The results agreed within+ 1.5%. 

The concentration of bromide in fresh water is 
often very low (< l@f), which necessitates a precon- 

centration step before the final determination of the 
bromide. Recently a procedure was presented in 
which bromide was enriched on an ion-exchanger.‘s2 
After elution, the bromide was oxidized by per- 
oxodisulphate to bromate, which was subsequently 
treated with iodide; the absorbance of the &i-iodide 
formed was measured. The method has been used in 
a study of the bromide concentration in precipitation, 
surface and ground waters.’ Although the method 
worked well even for concentrations of bromide 
<O.O$4M, certain inconveniences became apparent 
during this work. First, the consumption of sample in 
the spectrophotometric finish was too great, and only 
one measurement per sample could be made. Sec- 
ondly, the sample volumes required in the precon- 
centration step were large, particularly at low concen- 
trations of the analyte. This is a definite drawback 
when specimens have to be transported to the labora- 
tory. In order to remedy these disadvantages, the 
procedure has been changed to include a spec- 
trophotometric finish in a flow system, and the 
preconcentration system has been scaled down. 

Various papers& have dealt with the spec- 
trophotometric determination of bromide and iodide 
by the flow-injection technique. However, none of the 
methods proposed offers advantages over the per- 
oxodisulphate method,’ particularly not for low con- 
centrations and waters containing large amounts of 
humic substances. Thus the original method’ was 
adhered to. 

*Author for correspondence. 

EXPERIMENTAL. 

Most of the equipment and chemicals used were the same 
as described earlier.‘.* Only major changes will be mentioned 
here. 

Chemicals 

Sodium peroxodisulphate (Fluka, p.a.) was used in place 
of the corresponding potassium salt in order to avoid 
precipitation of potassium perchlorate. 

The ion-exchange resin, Dowex 1 x 8 (100-200 mesh), 
was used only once and rinsed in the columns first with 40 
ml of 1M sodium hydroxide and then with 30 ml of 2M 
bromide-free hydrochloric acid, followed by distilled water 
until the effluent was neutral. For the smaller resin volume 
(0.5 ml) used in the scaled-down enrichment, the corre- 
sponding volumes were 10 and 7 ml. 

All solutions were made from analytical grade chemicals 
with demineralized and distilled water. 

Apparatus 

The sum of the bromate and iodate concentrations pro- 
duced was determined by treating an aliquot of the oxidized 
sample with iodide and hydrochloric acid in a flow system. 
The iodate was determined by treating a second aliquot with 
iodide and acetic acid in the same flow system. The absorb- 
ance of the iodine formed was measured at 355 nm with a 
Beckman DU spectrophotometer rebuilt to provide digital 
and recorder read-outs. 

The flow system (Fig. I) consisted of a peristaltic pump 
(Gilson). a valve (FIA-05. Bifok). a manifold (Chemifold 
type III; Tecator)‘and a ‘l-cm flow-through cuvette. The 
flow-rate of the carrier stream was 2.6 ml/min and the 
sample and reagent streams were propelled at 0.6 ml/min. 
Teflon tubing (0.7 mm bore) was used throughout for 
transportation of the streams. The lengths of the mixing 
coils are given in Fig. 1. For small samples the injector loop 
(200 ~1) was filled by a separate pump at a low flow-rate (0.5 
ml/min.) An injection volume of 200 ~1 was used through- 
out. 

The solutions were deaerated by passing nitrogen through 
them. Oxidation of iodide by oxygen diffusing through the 
tube walls was found to be negligible. 
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Fig. 1. Schematic diagram of the flow-injection system. 

Appropriate concentrations of the reagent streams were 
found by running the flow system in the steady-state mode 
with lO@V test solutions of bromate or iodate. The 
influence of the hydrochloric acid and sodium iodide con- 
centrations, and of the length of the reaction coil, on the 
reaction between bromate and iodide was examined. With 
a 60 cm reaction coil the absorbance reached a limiting 
value when the concentrations of both reagents were 2M or 
greater. This indicates that the reaction between bromate 
and iodide is complete under these conditions. With the 
same reaction coil and 2M sodium iodide reagent, it was 
found that the reaction between iodate and iodide went to 
completion with OX4 acetic acid as the acidic reagent 
stream. 

The ion-exchange columns for the scaled-down en- 
richment had the following dimensions: the cylindrical 
funnel at the top was 50 mm long and 24 mm wide. The tube 
holding the resin was 95 mm long and 7 mm in bore, and 
was drawn out to a tip 2 mm in bore. 

The eluate from the small columns was oxidized by the 
peroxodisulphate in a lo-ml graduated test-tube fitted with 
a ground-glass stopper held in place by a clip. 

Procedures 

The iodide reagent stream was always 2M sodium iodide. 
The acid reagent stream was 3M hydrochloric acid for 
determination of bromate plus iodate and 0.50M acetic acid 
for determination of iodate. An injected sample with 10pM 
bromate or iodate concentration yields a peak absorbance 
of about 0.4. 

Without preconcentration. Perform the oxidation as de- 
scribed earlier.’ Use a carrier stream with the following 
composition: 0.040M sodium sulphate, 0.072M sodium 
dihydrogen phosphate, and 0.008M sodium hydrogen phos- 
phate. If the sample contains a high concentration of 
electrolytes it may be necessary to match the carrier stream 
to the sample with respect to these electrolytes. Calibrate 
with standard bromide solutions (which may also need to be 
matched to the sample in electrolyte concentration). 

Preconcentration with the normal column. Pretreat the 
resin as described earlier.2 Measure out 2.0 ml of resin in a 
graduated lo-ml cylinder and transfer it to the ion-exchange 
column. Wash it with sodium hydroxide solution and 
hydrochloric acid as described above. Place the sample in a 
suitable size of standard flask, invert the flask with its neck 
in the wide mouth of the ion-exchange column, and let the 
sample pass through the resin under gravity. Elute with 
three 3-ml portions of 2M sodium perchlorate and wash 
with 2 ml of distilled water. Oxidize the bromide (plus 
iodide) in the eluate with 5 ml of peroxodisulphate solution 
as described earlier. Dilute the oxidized solution to volume 
in a 25ml standard flask and inject 200 ~1 into a carrier 
stream of composition 0.128M sodium chloride, 0.592M 
sodium perchlorate, 0.04OM sodium ‘sulphate, 0.072M so- 
dium dihydrogen phosphate and 0.008M disodium hydro- 
gen phosphate. Calibrate with standard bromide solutions 
carried through the whole procedure. Include blanks as a 
check on the purity of the chemicals. Measure the absorb- 
ance at 355 mm. 

Preconcentration with the small column. Proceed as above 
but use 0.5 ml of resin. Elute with three O.&ml portions of 
2M sodium perchlorate and rinse with 0.5 ml of distilled 
water. Oxidize with 0.5 ml of peroxodisulphate solution of 
twice the normal concentration and dilute to volume in a 
4.0-ml standard flask. Inject 200 ~1 into a carrier stream 
of composition 0.20M sodium chloride, l.OOM sodium 
perchlorate, O.OSOM sodium sulphate, 0.09OM sodium dihy- 
drogen phosphate and O.OlOM disodium hydrogen phos- 
phate. Calibrate and determine the blank as above. To 
increase the stability of the baseline the acid reagents may 
be made 1M in sodium perchlorate. 

Obviously, the procedures above must be modified when 
the sample matrix contains components which will absorb 
radiation of 355 nm wavelength, or react to yield iodine 
after the oxidation step. 

RESULTS AND DISCUSSION 

The flow system has been designed to measure low 
concentrations of the halates. Two reagent streams 
are necessary since oxidation of iodide to iodine by 
oxygen cannot be avoided in acid solution. A large 
loop-volume is used in order to decrease the dis- 
persion, which is about 1.3. The high concentrations 
of the reactant streams together with use of a long 
reaction coil ensures that the reaction between the 
halates and iodide goes almost to completion. Linear 
calibration graphs were obtained for bromate and 
iodate when the system was run in either the 
flow-injection mode or in the steady-state mode. The 
slopes of the graphs were the same for the reaction 
of iodate in 3M hydrochloric acid or in OSOM acetic 
acid and for reaction of bromate in 3M hydrochloric 
acid. Bromate did not react with iodide in OSOM 
acetic acid. The standard deviation of the absorbance 
readings was 0.002 (n = 30) and independent of the 
value of the absorbance. The standard deviation of 
the blank was also 0.002 (n = 14). The limit of 
determination (taken as the concentration corre- 
sponding to 10 times the standard deviation of the 
absorbance) is 0.7@l. 

The analytical results reported here are based on 
three consecutive injections of the sample. The injec- 
tion frequency is 60 per hr. When a preconcentration 
step is needed, it should be possible to analyse about 
40 samples per day if the enrichment is run overnight. 

The performance of the equipment was tested by 
analysing mixtures of known amounts of bromate 
and iodate. Some data are collected in Table 1. 
Similar results were obtained for oxidation mixtures 



of bromide and iodide. The data reflect the relative 
error of the method, which is about 1% at the 10pM 
level and about 4% at a concentration of 2pM. Since 
the iodate concentration is obtained directly, the 
precision for iodide is better than that for bromide, 
the concentration of which is obtained by difference. 
This does not affect the precision of the deter- 
mination of bromide in natural waters, because their 
bromide concentration is several orders of magnitude 
greater than the iodide concentration. 

Since the absorbance signal was found to be some- 
what sensitive to differences between the electrolyte 
content of the oxidized sample and the carrier stream, 
the composition of the carrier stream was matched to 
that of the sample. It was also found necessary to use 
fairly well defined amounts of ion-exchange resin. 

As an application of the procedure without precon- 
centration, 18 samples of water from the Baltic were 
analysed in duplicate for bromide. The salinity of the 
samples ranged from 3 to 33% and the chloride 
content was determined according to Mohr.’ A sam- 
ple volume yielding a bromate concentration of about 
9pM in the final solution was used. This led to a 
chloride concentration of about O.OOSM in the ox- 
idized sample. Separate measurements showed that 
sodium chloride concentrations in the range O-O.lM 
did not affect the absorbance signal. The untreated 
samples showed no absorbance at 355 nm, so the 
calibration graph could be established by use of 
standard bromide solutions. The mean value of the 
bromide to chloride ratio was (1.53 + 0.02) x 10m3, 
which is close to the almost invariant value, 
1.54 x 10m3, obtained for the oceans.’ The values fell 
in the range (1.49-1.57) x 10e3. The precision of the 
analytical results indicates that the observed variation 
in the quotient is real. Morris and Riley,* and Krem- 
ling? have reported a systematic change of the ratio 
with chloride concentration in the Baltic. Our data 
are too few to confirm this observation, however. 

It is interesting to note that the very simplest model 
of the composition of the water in the Baltic, which 
regards it as a mixture of sea-water and fresh water, 
predicts significant deviation from the ratio 
1.54 x 10m3 to occur only at very low salinities. From 
data3 obtained for river water in northern Sweden, 
where the ratio is close to 1.0 x 10A3, it can be 
calculated that at a salinity of 3% the ratio would still 
be 1.54. 

Table I. Analytical results for mixtures of known amounts 
of bromate and iodate 

IO; BrO; IO; + BrO; IO; BrO; 
taken, taken, found, found, calculated, 
PM PM PM PM PM 
9.00 1.00 10.0 8.92 1.1 
8.00 2.00 10.0 8.02 2.0 
6.00 4.00 10.1 6.06 4.0 
5.00 5.00 10.1 5.12 5.0 
4.00 6.00 10.1 4.08 6.0 
2.00 8.00 10.1 2.08 8.0 
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Table 2. Determination of bromide in three strongly humic 
river waters 

Exchanger Sample 
bed volume, volume, Bromide, Mean, 

Sample ml ml PM PM 

2.0 500 0.155 
2.0 1000 0.160 0.158 

1 0.5 75 0.155 
0.5 125 0.162 s = 0.003 

2.0 250 0.522 
2.0 500 0.529 0.522 

2 0.5 50 0.519 
0.5 75 0.518 s = 0.005 

2.0 100 1.30 
2.0 250 1.32 1.32 

3 0.5 15 1.31 
0.5 25 1.34 s = 0.02 

The enrichment step on the small ion-exchange 
beds was tested by passing 25-200 ml portions of 
O.OlOM sodium chloride through the columns. Each 
portion contained 125 nmoles of bromide. The 
amount of bromide accumulated was determined by 
the procedure for large columns described above, and 
the recovery was found to be 100 + 1%. The result is 
in agreement with the estimate* of the largest permis- 
sible volume, v = 2.8/[Cl] = 280 ml. 

Table 2 presents results from an application of the 
procedures to the duplicate determination of bromide 
in three river waters which contained large amounts 
of dissolved humic substances. Enrichment was per- 
formed with 2.0 and 0.5 ml of ion-exchange resin. The 
agreement between the analytical results obtained 
with the various bed and sample volumes is satis- 
factory. The results seem to indicate that somewhat 
higher results are obtained when the sample volume 
is increased. On the other hand this shows that the 
accumulation step works well.**’ The observed vari- 
ations may well be caused by errors in the correction 
applied for the blank and the iodide present. Al- 
though these corrections are small, errors of the order 
of a few per cent may be introduced when the 
absorbance is low. 

For natural waters no net iodide signal is generally 
observed. This is to be expected since the iodide to 
bromide ratio is less than lo-‘. However, mea- 
surement of the iodide signal is still included since a 
substantial signal indicates a failure in the procedure. 
As an example, incomplete removal and destruction 
of humic substances might occur. 

CONCLUSIONS 

The introduction of a flow-injection system into 
the spectrophotometric finish of the peroxodisulphate 
method should reduce the risk of accidental deter- 
mination errors caused, for instance, by oxidation of 
iodide by oxygen. A spurious result is difficult to 
identify in the original method, since only one mea- 
surement can be made. Furthermore, when no pre- 
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concentration step is necessary, the analysis time will ological and Hydrological Institute for providing the water 
be shortened. The scaling down of the enrichment samples from the Baltic. 

step is a valuable asset in survey work when trans- 
portation of the samples to a laboratory is necessary. 
The sensitivity of the method is moderately dimin- 
ished by working with a flow system. With a 200-ml 
sample a bromide concentration of about 0.025pcM 
can be determined with a relative error less than 10%. 
However, for certain waters, such as rain water, this 
sensitivity is not sufficient. Methods other than spec- 
trophotometry must apparently be sought and used 
for the determination of very low bromide concen- 
tration and analysis of small sample volumes. 
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DESK.34 AND C~A~CT~R~ZAT~UN OF AN ~NTE~SIFrE~ 
DIODE ARRAY DATA-ACQUISITION SYSTEM FOR 

SPECTROMETRIC MEASUREMENTS 

(Received 25 November 1986. Accepted I3 February 1987) 

Sammary-A computer-based data-acquisition system for an intensified diode array (IDA) detector is 
described. A unique combination of hardware and software provides many data-acquisition and 
eakulation options useful. for m~tiple-wave~n~h speotrometrk meas~en~, The data-a~q~s~~on 
system is used to evahrate criticahy many ~ha~~~st~ of the IDA detector, ~~~~~ the aided 
offhe light and dark signals and noise on ex~~~n~~ variables, and tfte Linearity, memory effects and 
resohttion. 

The usefulness of an intensified diode array (IDA) 
detector and data-a~~i~t~n system for muhipk 
~~~ngth ~~~b~~ and k~~~~~-b~~~ fwni- 
nescmce measumments has been demonstrated in 
recent papers. I4 This paper is concerned with the 
construction of an IDA data-acquisition system and 
the critical evaluation of the characteristics of the 
IDA. The new data-a~~~~un system was eonstruc- 
ted to provide versatihty and options uniqueIy suited 
to our purposes ~monito~n~ of reactions invoking 
fluorescent species). Important features include the 
ability to store signals from specific diodes to save 
memory, the ability to scan unused diodes at higher 
rates to reduce the integration time, the ability to 
control both i~~e~~~~~ times and times between 
scans, and the ~~~~a~on of means, standard devi- 
ations and rates of change of signals from different 
wavelength ranges. 

The IDA has not previously been well character- 
ized. Therefore a thorough study of its characteristics 
(e.g., s&n&-to-noise ratio, linearity) was made so that 
its lim~ta~ons can be undertow and it can he used 
under optknai conditions as a precise anaIytica1 
instrument, and the data-acquisition system can be 
properly designed. 

A Tracer Northern ~Midd~eton, WI) TN-(710-21 IDA 
detector was used in conjunction with a Tracer Northern 
TN-l 150 F/3 holographic grating spectrograph. The de- 
tector contains a microchannel plate (MCP) intensifier 
followed by a phosphor and finally a Reticon (Sunnyvale, 
CA) RL%EC/17, Sit-element diode array @A) fphoto- 
diodes 5% pm wide and 0.45 mm high). Photons striking the 
photocathode of tbe MCP intensifier are converted into 

*Present address: Tektronix, Inc,, P.Q. Box 500, Beaverton, 
OR 97077, U.S.A. 

photoelectrons which are then amplified into electron pack- 
ets; these in turn strike the phosphor to produce a burst of 
photons which then strike the jnd~~~ p~t~~~ in the 
DA. The spectral response in the visible range is determined 
by the MCP photocathode {S-25). At wavelengths shorter 
than about 400 nm, the response is controlled by a scintil- 
lator placed in front of the photocathode. The scintillator is 
used to convert ultraviolet into visible radiation since the 
glass gbre optic faceplate of the intensifier prevents direct 
monitoring Gf ~~trav~o~et-re~on photons. _ 

The II3A detector face is nlaeed at the Focal nfane of the 
s~ro~aph to provide a &ectrometer system with cov- 
erage from 200 to 840 nm (1.25 nm/diode). The spe+ 
trograph and IDA detector were used in place of a con- 
ventional emission monochromator and photomultiplier 
tube (PMT), as previously described,’ to observe fluor- 
escence radiation from a sample c&l in a spectrofiuorimeter. 
A thermoeWric cooler is used to reduce the dark sign& 
t-rorn the DA, 

The IUA detector is supphed with some s~~~-pr~~n~ 
electronics. The user (the commerciai data-acquisition sys- 
tem was not purchased) must supply (1) a ?TL clock signal 
(IDA CLOCK) which determines the frequency at which the 
diodes are interrogated and (2) a logic-0 start signal FDA 
BEGIN SCAN (BS)] which determines when the interrog- 
ation starts and hence the integration time. The output 
signak averse are the video sign&, a vohage pub with 
ampfitude proportional to the signat accumulated by a 
diode, and an end of scan (EOS) signal which is high only 
during the interrogation. 

Since the signal-processing electronics require about 
2.5 psec to pass the voltage peak for each diode, the 
maximum clocking rate of the array is about 400 kHz. This 
means that 5X2 diodes can be interrogated in about f .3 mace 
~~i2~4~). This is the minimum j~~~t~on time as 
determined by the speed of the signal-processing electronics 
which accompany the detector. The diode array itself may 
be clocked at rates up to 10 MWZ.~ 

Figure 1 is a schematic diagram s~~w~n~ t&e ~~~~~e~~ 
and inter~~n~~ons of the IDA ~~~ter#~tr~~~ data- 
acquisition system. This system consists of a computer, a 
control module, and the IDA with its intensifier gain 
control. The computer used is a DEC (Maynard, MA) PDP 
1 l/20 computer with a T-4002 Tektronix (Beaverton, OR) 
graphics terminal and a 4601 Tektronix hard-copy unit. The 
control mod&e c.ons&ts ef 4 printed &r&t (PC) bards 
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Fig. 1. IDA data-acquisition system. 

(crystal clock; logic and timing; sample and hold and 
analogue-to-digital converter (S/H-ADC); optical isolation) 
which are mounted in a vector cage in separate metal boxes 
with appropriate switches, connectors, and power supplies. 
Complete circuit diagrams are available upon request. 

The control module (a) allows integration times to be 
controlled by the computer, (fi) digitizes analogue signals 
for computer storage, (c) allows synchronization between 
data-generation by the IDA and data-storage by the com- 
puter, (d) provides for refresh scanning between computer- 
controlled scans, and (e) provides optical isolation to pro- 
vide immunity from noise for signals coming from the 
computer. As seen in Fig. 1, an external pulse train, the 
COMPUTER TIMING CLOCK signal, is input to the 
computer through S2 for computer-timed integration times. 
The computer triggers the IDA BA signal and initiates the 
scan with the COMPUTER BEGIN SCAN (COMP BS) 
signal. The output of the S/H is digitized with a 1Zbit ADC, 
and a la-bit binary number is transmitted to the computer 
through its parallel input port. Synchronization of data 
generation and storage is provided by the 33-kHz GATE 
and lOO-kHz GATE signals with the logic and timing 
circuitry, and by the ADC DONE BIT and DATA TRANS- 
MITTED signals. The frequency of the IDA CLOCK signal 
during the refresh scans is selected by Sl and is called 
NON-DATA CLOCK. When the computer is not timing a 
data-scan, the REFRESH signal allows scanning at repeti- 
tion rates determined by S3. Optical isolation is used for the 
5 signal lines shown in Fig. 1. 

Stand-alone mode 

‘he system was also designed to operate without a 
computer, in which case the spectra are displayed on an 
oscilloscope. The stand-alone mode is useful for opti- 
mization because the spectra are displayed in real time. In 
this case, the control module allows selection of the IDA 
integration time (time between BS pulses) through S3 and 
IDA clocking frequency through S4. The video signal 
output by the IDA is sampled during the appropriate 
portion of each cycle, and is output at the sample and hold 
(S/H) OUTPUT for display on an oscilloscope. The oscil- 
loscope is triggered by the BS signal. 

Control module components 

The crystal clock PC board is based on a standard design 
and provides the various frequencies (indicated in Fig. 1) 
required for timing and synchronization. All lines carrying 
signals between the computer and the control module are 
isolated with TILll 1 optical isolators, except the DATA 
TRANSMITTED line. This minimizes excess noise on the 
analogue input line to the ADC and false triggering by the 
COMPUTER TIMING CLOCK signal. 

The S/H-ADC PC board is used to sample the video 
signal, output a stable voltage level to the ADC, and convert 
that voltage level into a 1Zbit binary number. The com- 
ponents on this board were carefully chosen to provide the 
speed and accuracy required in this application. The S/H 
ADC board consists of the S/H, inverting amplifier and 
ADC. A flip-flop (SN7474) was connected to the ADC 
READY SIGNAL output of ADC to provide a logic-l 
DONE BIT signal for the computer. The Computer Labs 
(Greensboro, NC) HTC-0300 S/H tracks on a high and 
holds on a low signal-input to the HOLD input. It settles 
to within 0.01% error for a 10-V change with only a 
300~nsec wide pulse to HOLD. In this application the 
HTC-0300 is used in the S/H mode since it is normally left 
in the HOLD condition. 

The ADC is a Date1 Systems, Inc. (Canton, MA) Model 
ADC-EH 12 B3. The Computer Labs MAS-1202 ADC can 
be directly substituted for the Date1 ADC. The ADC 
converts voltages between 0 and 1OV into a 1Zbit binary 
number in 2/csec. It clears on a high and starts a con- 
version on the falling edge of a logic-l TTL signal input to 
the START CONVERSION input. An Analog Devices 
AD528J (Norwood, MA) operational amplifier, in the in- 
verting amplifier mode, between the S/H and ADC, has a 
time constant of 0.15 psec and a slew rate of 5OV/psec and 
gain of unity. A gain of 1.31 was chosen to provide 10 V to 
the ADC when the IDA is saturated (the maximum signal 
provided by a photodiode). The layout of this board and the 
grounding were carefully planned to minimize interaction of 
analogue signals with digital or external signals. 

The circuitry on the logic and timing board is a group of 
independent circuits which provide several functions which 
will be discussed separately. The first function provided is 
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the capability to allow the control module or the computer 
to determine integration times and to provide refresh scans. 
A few logic gates and a monostable (74121) (a) allow the 
control module to initiate scans at the integration times 
selactcd at S3 when the computer is not connected, (!J) allow 
the computer to determine integration times when the 
computer is used and (c) provide for refresh scans when the 
computer is used but is not timing an integration, at a rate 
selected by S3 (typically SOHz). Either the CLOCK BS 
signal from S3 or the COMP BS signal (a 1O~sec logic-O 
pulse) from the computer triggers a monostable to produce 
the 2 psec logic-0 IDA BS signal. When the computer is 
connected, the logic state of the REFRESH signal from the 
computer determines whether the COMPUTER BS or the 
CLOCK BS signal triggers the IDA BS signal. 

The second function provided by the logic and timing 
board is the ability to gate a faster IDA clock frequency 
when data are not being stored, to allow a scan to be 
completed is less than IS m see when under computer 
control. In addition, synchro~~tion between generation of 
data by the IDA and-storage of the data by the computer 
is nrovidad. When the PDP 11/20 is storinn data. at least 
24‘~sec are required per data‘ point. The-IDA CLOCK 
frequency when interfaced to the computer was chosen to be 
33.3 kHz (i.e., 4 MHz divided bv 120) because that fre- 
quency allows 30 psec per data point add is easily obtained 
from the ~-MHZ frequency. For simplicity this signal is 
usually referred to as 33 kHz. With this IDA CLOCK 
frequency, about 15 msec are requimd to scan the complete 
512-clement DA and thus 15 mSeC is the minimum integra- 
tion time. A few logic gates allow a faster frequency to be 
gated in after the data from the pertinent channels have been 
stored. This allows shorter integration times when signals 
from diodes towards the end of the array are not stored. In 
addition, the logic gates and timing signals allow the IDA 
CLOCK signal to be gated to the IDA at precise times to 
sychronize data-generation by the IDA and data-storage by 
the computer. 

The circuit works as follows. When the computer is not 
connected, the DATA CLOCK sianal from S4 (tvnicallv 
33 kHz) isgated through to become&e IDA CLOCK If the 
computer is connected~ the logic states of the 33-kHz GATE 
sianal and the lOO-kHz GATE sianals from the commuter 
(&id controlled by software) de&&ine whether the DATA 
CLOCK signal Born S4 (typically 33 kHz) or the NON- 
DATA CLOCK sianal from Sl ltvnicallv 100 kHz) becomes 
the IDA CLOCK The 33-kHi &ck- is used ‘when the 
computer is storing data, and the lOO-kHZ clock is used 
during REFRESH or to finish clocking through the diodes 
(without data-storage) at a more rapid rate. 

With these gates and signals, integration times as short as 
5.3 msec can be obtained if the data from only the first few 
diodes in the array are stored. However, if the portion of the 
spectrum desired falls on the diode array at the end that is 
interrogated last, the minimum integration time would be 
about 15 msec. In this situation, if only one portion of the 
spectrum was desired, the detector could be turned upside 
down with respect to the spectrograph, so that the desired 
wavelengths would be at the end interrogat8d first. 

The third function provided by the logic and timing PC 
board is a variable delay and pulse-width signal to trigger 
the S/H and a variable-width pulse to start the ADC. The 
IDA video signal, which has a pulse height proportional to 
the amount of light integrated on the photodiode, peaks at 
about 1 psec after a falling transition of the IDA CLOCK 
signal and is only about 1 psec wide. Thus a very narrow 
trigger signal is necessary to trigger the S/H at the peak of 
the pulse. 

The IDA CLOCK signal is input to a monostable (SN 
74121) to generate a 0.50 wsec logic-l DELAY pulse on the 
falling edge of the IDA CLOCKsignal, which then triggers 
another monostable (2 NAND gates) to generate a 0.45 psec 
logic-l HOLD AND ADC START pulse. This is illustrated 

in the timing diagram in Fig. 2. The DELAY and HOLD 
signals are chosen so that the S/H tracks only in the region 
near the peak of the video signal. The ADC is cleared by a 
high from HOLD and is started on its falling edge. Two 
psec later, the ADC conversion is complete and the END 
OF CONVERSION signal from the ADC triggers the 
DONE BIT signal to go high. When the computer senses the 
DONE BIT, it stores the 12-bit binarv number and sends 
out the short-duration DATA TRANSMITTED signal 
which clears the DONE BIT. This process is repeated for 
each data point. The time required by the S/H and ADC to 
process the info~ation for one data point is only 3 psec. 
The ADC and S/H are trinaered and the DONE BIT is set 
whenever the IDA CLOC~signal is active, even when the 
IDA is not being interrogated and the computer is not 
storing data. 

Soflwure 
Listings of the BASIC and assembly language software 

and their tlow-charts are available from the authors. Here 
we only describe what the program does. 

When the program is started, it prompts the operator to 
specify the values of several parameters, including the 
integration time (I), the number of sets (spectra) to be 
accepted, the number of scans (s) added in each set, the time 
between sets, and the portion of the spectrum to be stored 
(the number of leading diodes to ignore and the number of 
data points to acquire per man). 

The user also selects a number of display and calculation 
options, shown in Table 1, with the 16 switch registers (SR) 
on the front of the computer. These selections are imple- 
mented by various interactive BASIC subroutines, which 
may call other BASIC or assembly language subroutines. 
Once the spectral data are stored, any of the calculation 
options may be applied to the data. Both the ability to store 
only a portion of the spectrum and to store each partial 
spectrum adjacent in memory, rather than in a pre-assigned 
512-word block of memory, was incorporated to conserve 
memory. Assembly language subroutines are used where 
their conciseness and speed are useful, such as for the 
control signals. 

Important points with respect to the interaction of hard- 
ware and software are discussed below. The states of four 
of the control signals throughout the program are illustrated 
in Fig. 3. The letters in the figure are correlated with the 
discussion below. (A) The levels of the four control signals 
are initialized by the BASIC program and are re-initialized 
on each loop through the program. When the operator 
requests a scan the following sequence of events occurs. (B) 
REFRESH goes low. The program times a 5-msec delay to 
allow the current refresh scan to finish. (C) The integration 
time is begun and the lOO-kHz GATE is closed with a high 
level. This holds the IDA CLOCK signal low. (D) The 
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Fig. 2. S/H-ADC circuit waveforms. 
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Table 1. Program options 

Ootion name Purpose of function 

DISPLAY 
CROSSHAIR 

SCALE 
SUBTRACT 
SUB DURING ACCEPT 
ROUGH PLOT 
CHANGE REGIONS 
CALC REGIONS 

CALCULATE 

PRINT 
STORE HERE 
CALIBRATE 

Plot any requested set (spectrum) on TEK terminal 
Displays crosshair on screen, which can be moved with joystick, and feeds back crosshair 
location on the display (indicates diode number, wavelength and signal for diode) 
Allows the display to be made larger or smaller in the x or y direction 
Adds or subtracts any two requested sets 
Subtracts the second scan from the first as it is being stored in the same locations 
To save time only every fifth point is plotted 
Sets up regions for CALC REGIONS 
Calculates and prints the sum, mean, standard deviation of regions and rate of change between 
stored sets. A region can be I-512 diodes and up to ten regions can be chosen 
Difference in the signals in a specified wavelength range between two consectuive spectra is 
calculated and printed for rate measurements 
Prints out the value of each data point in a region 
Stores next spectra accepted in a specified region of memory 
Allows wavelength calibration for display and region calculations 

COMP BS pulse is given for the clearing scan. This scan is 
used to remove light- or dark-signals accumulated on the 
detector before the integration time. At this point the ADC 
DONE BIT is cleared by the DATA TRANSMITTED 
signal. Since the IDA CLOCK is still being held low, the 
DONE BIT cannot be reset in this period. (E) The 33-kHz 
GATE is opened, the IDA is clocked and the ADC is started 
at the 33-kHz rate required by the computer for data- 
storage. (F) The program begins looking for the DONE 
BIT. Since the IDA CLOCK was inactive during (D) and 
the DONE BIT has been cleared, the first DONE BIT which 
is sensed after (E) is known to be generated by the first 
negative edge of the 33-kHz IDA CLOCK. 

The amount of time required to perform the clearing scan 
must be exactly the same as the amount of time used during 
a data scan, so that each diode will have exactly the same 
integration time. To do this the same number of points is 
counted for the clearing scan, before the faster lOO-kHz 
CLOCK is gated in, as is used for the data scan. During the 
clearing scan the data points are not stored. (G) The 33-kHz 
GATE is closed, the lOO-kHz GATE is opened and the 
remaining diodes are clocked through at 100 kHz and the 
points are not counted or stored. (H) When the integration 
time is over, steps (C), (D) and (E), now labelled (I), (J), and 
(K), are repeated. That is, (I) the IOO-kHz GATE is closed, 
(J) the COMP BS signal is sent and (K) the 33-kHz GATE 
is opened. (L) The program begins looking for the DONE 
BIT and starts taking data after the second DONE BIT 
since the signal from the first diode appears on the video line 
after the second IDA CLOCK transition from the IDA BS 

COMPUTER A D J 
BEGIN SCAN I I 

e 
REFRESH-, 

N 

I 

30 kliz GATE 

c I w 

100 kHz GATE 
I 

IDAVIDEO *fi ’ a I#% 
I-lntegrotmn Time-_l 

Fig. 3. Sequence of control signals from the computer and 
the resultant IDA VIDEO spectra. 

signal. The program counts the number of points which will 
not be stored, and then counts and stores the data points 
which were requested. (M) After the requested points have 
been stored, the 33-kHz GATE is closed and the lOO-kHz 
GATE opens to clock through the rest of the diodes. 

Three different situations may arise at this point, de- 
pending on the number of sets and scans per set requested 
by the operator. (1) If more than one scan per set is 
requested, steps (H)(N) are repeated for each additional 
scan and the data are added to the previous sum stored in 
the memory. (2) If more than one set is requested, the 
REFRESH signal goes high at (N), allowing refresh scans 
at intervals determined by S2. The computer determines the 
time between sets. Then steps (B)-(N) are repeated for each 
additional set. If all the requested scans and sets have been 
accepted, the REFRESH signal goes high at (N), allowing 
refresh scans to occur. 

RESULTS AND DISCUSSION 

Experimental studies were conducted to evaluate 
the performance characteristics of the IDA. The 
signal and noise expression are first reviewed as they 
provide the framework in which to discuss the results. 

The total signal (NT), in counts observed from a 
given group of diodes, is made up of three com- 
ponents as shown in equation (1). 

N,=N,+N,+N, (1) 

NO is the offset signal in counts and is the signal 
observed with zero integration time (extrapolated) 
and represents the counts due to the DC offset 
voltage on the video line. The offset voltage is 
normally set to a slightly positive value since the 
ADC is unipolar. The offset signal is given by 

N,, = n,,rc (2) 

where FZ,, is the offset signal per diode in counts, s the 
number of scans added together in one set, and c the 
number of channels for which signals are added 
together. N,, is the net dark-current signal in counts 
obtained when no light impinges on the detector, and 
is given to a first approximation by 

Nd = tcsGd (3) 

where t is the integration time (set) per scan, d the 
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dark-signal (electrons per set) per channel, and G the 
gain factor for the electronics (counts per electron). It 
is assumed that d is the same for all the photodiodes. 
The value of d depends on the t~~rature of the DA 
and on the intensifier gain. 

NL is the net light-signal in counts, and given to a 
first approximation by 

NL = tcsmRG@ (4) 

where m is the gain of the intensifier-DA combina- 
tion or the number of electron-hole pairs produced 
at the DA per photoelectron generated at the 
intensifier photocathode, R the responsivity of the 
intensifier photocathode (photoelectrons per photon) 
and Cp the incident light level per channel (photons 
per set). Here it is assumed that @ is constant with 
time and that @, m and R are identical for all 
channels. 

The net dark-current signal is found by subtracting 
N,, from the total dark signal (Nd, = N, + Nd). The net 
light-signal is found by subtracting Ndt from Nr for 
the same integration time t. 

Noise may be att~buted to variations in the read- 
out process, the dark-signal, and the photon-signal. 
The total noise, or, is given by 

or = (a2, + fJ; + 62)“2 (5) 

where rrB is the read-out noise (counts), including 
reset noise of the diodes in the DA and electronic 
noise from the IDA electronics and the data- 
acquisition and read-out circuitry, a,, the dark-noise 
(counts) and a,, the photon-noise (counts). 

If there is no flicker noise in the light- or dark- 
signals, then only shot noise in these signals need be 
considered. The shot noise in these signals is propor- 
tional to the square root of the signal and if the 
read-out noise is random the following expressions 

apply: 

as = (~.ruf)‘~* (6) 

a, = (r~sG~d)*‘~ (7) 

aL = [tcsR(mG)*~]i’2 (8) 

where 6, is the read-out noise (in counts per channel 
per scan) and o,, is the noise in the total dark-signal 
[a& = (r$i + @;)“*I. 

The signal-to-noise ratio (S/N) of the total mea- 
surement is presented by equations (9) and (10) if 
equations (2)-(4) are valid: 

S/N = N&r, = N,/(a~ + uf, -t a”,)“” (9) 

S/N = tcsmRG@/[tcsR(mG)2d + tcsG2d + CSU~]‘~~ 

(W 

To evaluate the validity of these signal, noise and 
S/N equations, c, t and s were varied, and mean 
signals and standard deviations were calculated. In 
most cases, 30 measurements were made for a given 
set of experimental conditions, to calculate means 
and standard deviations. In addition, memory effects, 

spectral resolution, the effect of cooling the DA, and 
the effects of the intensifier gain on the data were 
evaluated. Unless otherwise stated, a Heath (Benton 
Harbor, MI) model EU-701-50 opti~lly-stabili~ 
tungsten light-source was used for light mea- 
surements. 

Memory effects 

Although diode arrays are normally considered not 
to exhibit lag (i.e., all of the signal is read in one 
interrogation cycle), it was observed that after a large 
dark-signal had accumulated, several scans were re- 
quired to reach a constant level for successive identi- 
cal dark-signal integration periods. For example, the 
first spectrum obtained after a clearing spectrum, 
after the array was saturated with a dark-signal, was 
3% higher than the average of nine subsequent 
spectra with identical integration times. This lag is 
not seen when a REFRESH signal is used to scan the 
diode array continuously every 20 msec until the 
computer takes control and provides timing and data 
storage. The REFRESH signal prevents the initial 
high value because the array is not allowed to be 
saturated with dark-signal. Lag has also been ob- 
served with other diode array+’ and the Tracer 
Northern data-acquisition system provides for re- 
fresh scans when data are not being taken. 

Whereas the signal which is carried over from a 
~turating dark-signal is removed after two scans, a 
longer lasting and larger effect is seen with light- 
signals. For example, when the intensifier was on, the 
slit briefly exposed and a light-signal allowed to’ 
saturate the array, it was found that five or more 
2-set scans were required to reach a stable baseline 
vaiue after the exposure was terminated. Five sets of 
two I-set scans had the same effect. The ultraviolet- 
detecting regions of the array stabilized faster than 
the visible-detecting regions. These symptoms indi- 
cate that a longer lived component of the phosphor 
between the MCP intensifier and the DA may be 
causing the apparent lag of light-signals. The 
~traviolet-det~ting regions appeared to stabilize 
faster, because the light levels were lower there. If it 
was assumed that the decay was exponential, the 
half-life of the residual phosphorescence was found to 
be between 1 and 3 sec. One of the components of the 
phosphor is known to have a life time of about 
30 msec and a longer lived component has also been 
observed by Tracer Northern.* Cooling could cause 
the phosphorescence to persist longer. 

Intensifier chnracteristics 

The intensifier requires about 0.3 set to reach 90% 
of its maximum gain once the switch is turned on. 
The combination of intensifier turn-off time and 
phosphor decay means that the diode array requires 
about 1 set to go from full-scale signals with the 
intensifier on, to dark-levels with the intensifier off. 
The intensifier may be used as a shutter to prevent 
light signals from reaching the array before the 
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experiment, but sufficient time should be allowed for 
the intensifier to be fully operative at the beginning 
of the experiment. 

The gain of the intensifier varies by a factor of 
about 50 between settings of 0.0 and 10.0 on the 
intensifier control potentiometer. When the light- 
signals are much larger than dark-signals, the relative 
standard deviation (RSD) of the light-signals is not 
significantly affected by the magnitude of the gain, 
but the intensifier may still be affecting the S/N of 
light-signals even when this effect is independent of 
the magnitude of the gain. It has been predicted for 
very large gains that the S/N is degraded by a factor 
of about 2 by a channel plate electron multiplier.9 

There is a small dark-signal and noise contribution 
from the intensifier, which is greater at higher gains. 
This is due to thermal electrons from the intensifier 
photocathode, which are collected and amplified by 
the MCP intensifier. At an intensifier setting of 0.0, the 
dark-current signal and noise are the same whether 
the intensifier is on or off. With the intensifier 
switched on at the maximum gain setting of 10, and 
a I-set integration time, the dark-signal is x 10 
counts higher than the x 180 count dark-current 
signal obtained with the intensifier off, and c,, is 
about 8 counts, compared to about 4 counts with the 
intensifier off. Thus d in equations (3) and (7) must 
be determined for a given intensifier setting, and CJ,, 
does not strictly equal (tcsG2d)L’2 since part of the 
dark-current noise arises from the dark-current gen- 
erated in the DA and part from dark-current origi- 
nating from the intensifier. 

The intensifier degrades the resolution by a factor 
of about 2, according to the manufacturer’s 
specifications. The maximum possible resolution, 
based only on the diode size of 50pm, is 20 line- 
pairs/mm. The specified resolution with the intensifier 
is 8 line-pairs/mm at 50% MTF (modulation transfer 
function), or 2.5 channels (3.1 nm with the spectro- 
graph used). The measured resolution of the com- 
bination of IDA plus spectrograph fitted with the 
narrowest entrance slit (0.05 mm), for a mercury pen 
lamp placed in the sample cell of the fluorimeter, was 
3.5 channels FWHM, or 4.4 nm. 

Cooling characteristics 

Tracer Northern specify 0” as the typical lower 
temperature limit obtainable with the Peltier effect 
thermoelectric cooler. Removing the heat generated 
by one side of the Peltier cooler allows it to cool more 
efficiently and attain lower temperatures. An alumi- 
nium water-cooled collar was constructed which 
fitted snugly around the portion of the IDA where the 
diode array and thermoelectric cooler were mounted. 
Tap water was continuously circulated through the 
collar at a constant rate, about l-2 I./min, to remove 
the heat generated by the electronics and the cooler. 
With the collar the dark current stabilized in about 
1 hr, in contrast to the several hr required without the 
collar. The dark-signal was about 80 counts per set 

when the collar was used, and 180 counts per set 
when it was not. The dark-signal of photodiode 
arrays is known to be approximately doubled by a 7” 
temperature increase. s~‘“~L1 Since the dark-current de- 
creases by more than a factor of 2 with water cooling, 
the temperature of the array is about - 10” when tap 
water is circulating through the cooling collar. At 
normal operating temperatures with the thermo- 
electric cooler on continuously, and with the collar 
cooled with tap water, a dark-signal equivalent to 
about 2% of saturation (80 counts out of 4095 at 
saturation) is accumulated per sec. 

Dependence of signal levels on experimental variables 

The characteristics of dark-signals and light-signals 
with respect to integration time, number of scans 
summed, and number of diodes summed were stud- 
ied. The dark-signal was a non-linear function of the 
integration time. Figure 4 illustrates the curvature in 
the dark-signal graph at two different temperatures, 
viz. with and without the thermoelectric cooler oper- 
ating. The curvature becomes significant when the 
dark-signal is equivalent to about 25% of the satur- 
ation level. The non-zero intercepts in Fig. 4 are due 
to an offset level of about 80 counts. The rapidity 
with which the dark-signal accumulates at room tem- 
perature, as shown in curve B, underscores the neces- 
sity for cooling the array, especially when working at 
low signal levels that require long integration times. 
The non-linearity of the dark-signals is rarely men- 
tioned in the literature but has been observed.“*i2 
When the cooler is on, equation (3) is only valid up 
to an integration time of about 12 sec. 

When the dark-signal reaches about 25% of full 
scale, the net light-signal is also a non-linear function 
of integration time. However, the non-linearity is not 
related to approach to saturation, as is shown by 
curve C in Fig. 5. Curve C was obtained at a light 
level high enough for the light-signals to approach 
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Fig. 4. Dependence of the dark-signal on integration time. 
(A) At approximately- IO”, with use of the thermoelectric 
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Fig. 5. Dependence of net light-signal on integration time at 
various light levels: A, with thermoelectric cooler; B and C, 
without thermoelectric cooler; D, same as curve C with the 
time axis expanded by a factor of 10 (e.g., a point at 4 set 
corresponds to one at 0.4~3~). Light source: Hg-Xe lamp 
with a scatterer in the fluorimeter sample cell. Neutral 
density filters were used to vary the light intensity for A, B 

and C. Intensifier setting 2.5. 

saturation before the dark-signals reached 5% of 
saturation. 

Other experiments, with neutral density filters, 
indicated that for a constant integration time, the net 
light-signal is proportional to the incident light level. 
Thus the non-linear relation to integration time, 
discussed above, is due to processes in the DA and is 
not caused by the manner in which the signal is 
processed or sampled, or by the intensifier. The IDA 
is a linear light-detector with respect to light intensity, 
but all light measurements and dark-current mea- 
surements must be made with the same integration 
time for a correct net light-signal to be obtained. 

The effect, on the signal magnitude, of adding 
together multiple scans m a set or several channels 
in a region was also examined. The total signal 
magnitude from c diodes increases in direct propor- 
tion to the number of scans obtained under identical 
conditions, for either dark- or light-signals. However, 
the individual response to the same amount of inci- 
dent light or of dark-signal varies considerably from 
channel to channel both in terms of slight variations 
from diode to diode and larger deviations exhibited 
by some individual diodes. These variations are re- 
producible. The dark-signal for any one of the 512 
diodes varied by less than 30% from the average 
dark-signal. Uniform illumination of the IDA with 
white light indicated that the diode-to-diode response 
varied by up to about 50% around the mean value, 
regardless of the intensifier gain. Thus in equation (3), 

cd should be replaced by 

where di is the dark-current for any individual diode 
i, and in equation (4), cmk@ should be replaced by 

where m,, Ri, and @, are the gain, intensifier photo- 
cathode responsivity , and incident-light signal, re- 
spectively, for the ith diode. 

The variation in response to light-signals could 
be due to non-uniformity in the photocathode 
responsivity, microchannel plate gain, phosphor 
emission, diode responsivity, or diode size. Tests 
which could differentiate between the effects of the 
photocathode, microchannel plate, or phosphor were 
not performed, because these components are in a 
sealed evacuated assembly. 

Although the channel-to-channel variation does 
not affect the usefulness of the detector for quan- 
titative measurements, it does affect the quality and 
usefulness of the spectra obtained. Variations may 
make it difficult to determine the maximum of an 
unknown peak for qualitative purposes. In addition, 
the spectra appear noisier than the signals really are. 
A corrected spectrum, free from detector distortion, 
can be. obtained by use of the ratio of signal from 
each channel in a spectrum, to the relative response 
of the channel when the detector is uniformly illu- 
minated. 

Dependence of noise on experimental variables 

The dependence of the standard deviation (SD) of 
the dark- and light-signals on t, n and c is shown in 
Table 2. All measurements except those at t = 16 set 
were made so that the dark-signal was less than 25% 
of saturation, to ensure that NL and Nd were propor- 
tional to t. All light measurements were made so that 
cL was >> a., + , ; and with uniform illumination of the 
intensifier photocathode. 

The variation of the SD of the dark-signal with t, 
s and c agrees well with that predicted by theory 
[equations (6) and (7)] over the range of variation _ 
shown in Table 2. For the scan and channel number 
studies, ud, is primarily due to read-out noise, and for 
the integration-time study, ud x Q, at t = 7 set and ud 
is not measurable below t = 2 sec. 

The SD of the dark-signal increases dramatically 
above 8 set when the water-cooled collar is not used, 
because the drift in signal over the time required to 
collect 30 measurements is comparable to the SD. 
For t = 16 set, ud = 20 counts without the cooling 
collar and 6 counts with the collar. Besides reducing 
the magnitude of the dark-signal, the additional 
cooling evidently stabilizes the temperature and the 
dark-signal. This becomes more evident and im- 
portant at long integration times. Without the 
cooling collar, the theoretically predicted square 
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Table 2. Dependence of noise on experimental variables 

Type Variable* Range Slope? SD5 RSW, % 

Od t 2&16 set 0.60 6 0.4 

=dl s l-50 0.52 27 0.5 

*dt C l-100 0.50 33 0.2 

cL t 0.5-16s~~ 0.49 22 1.2 

OL s l-50 0.52 73 0.2 

*I = 1 set, s = 1, c = I except where variable is changed. 
tslope of plot of log of ud or uL us. log of magnitude of 

variable, where 0.50 is the theoretical value from equa- 
tions (7) and (8). 

gSD in counts and RSD at maximum magnitude of variable 
in range. 

root improvements in S/N were not obtained with 
integration times longer than 8 sec. 

In most cases the SD of the dark-signal will not be 
limiting, because the noise inherent in the light- 
signals is much greater than the SD of the dark- 
signal. However, when work at very low signal levels 
and with long integration times is necessary, the 
temperature-related instability of the dark-signal can 
introduce unacceptable uncertainties into the total 
measurement. In these cases use of the water-cooled 
collar is recommended. 

The fact that crd, is proportional to s”~ and c”~ 
means that ensemble averaging and multiplexing are 
applicable. Therefore, from equation (lo), the S/N 
for low light levels increases in proportion to the 
square root of the number of scans or the number of 
channels added together (aL < ed,). 

Table 2 also illustrates that the dependence of or 
on I and s (ensemble averaging) agrees well with that 
predicted by equation (8). These square root re- 
lationships were observed when the stable tungsten 
lamp was used, but were not observed in all cases 
when scattering or fluorescence radiation studies with 
a xenon-mercury arc lamp as the excitation source. 
With this source, flicker noise and drift are obvious, 
and for longer integration times gL is 2 or 3 times 
greater than with the tungsten lamp. 

The SD of the light-signal did not vary with cl’2 
although according to equation (10) it should. Since 
the specified resolution of the intensifier is 2.5 chan- 
nels, adjacent channels are not totally independent. 
Thus it is not surprising that adding together the 
signals from adjacent channels does not give the 
expected square root improvement in S/N. Curve A 
in Fig. 6 shows the change in RSD as signals from a 
greater number of channels are added together. The 
signal was obtained from the scattered light from a 
deuterium lamp in the tungsten light-source module. 
The scatter spectrum was relatively flat in the region 
used in the calculations. The slope of -0.27 indicates 
that the improvement in RSD is much less than that 
seen for the dark-signal in Curve E, Fig. 6. This result 
is independent of the intensifier gain. To investigate 
more fully the non-independence of channels, the 
data used for curve A were used to generate curves 
B, C and D by averaging the signals from non- 
adjacent channels. For curve B, every second channel 

in a group was summed, for C every fifth channel and 
for D every tenth channel. Curves B, C, and D show 
that as the distance between the channels used in- 
creases the improvement in S/N approaches the 
square root dependence. Other studies confirmed the 
non-independence of the diodes. The SD of the sum 
of the signals from two channels was not equal to the 
square root of the sum of the variances of the signals 
from the individual channels if the channels were less 
than 7 diodes apart. 

Other S/N considerations 

The read-out noise of 3.5 counts is limiting for 
measurement of low light levels (bd < a,) when the 
integration time is less than about 7 set and lower 
intensifier gain settings are used. At the highest 
intensifier gain, ad is greater than o, for integration 
times longer than about 1 set owing to the increased 
dark-current noise originating from the intensifier. 
The SD of the data-acquisition circuitry was found to 
be only 1.2 counts with a stable voltage source 
attached to the S/H input and thus is insignificant 
compared to the read-out noise generated by the IDA 
and its electronics. 

On the basis of the specified saturation charge5 of 
3.2pC of the DA used in this work and saturation 
at 4095 counts, one count is equivalent to about 
4.9 x 10’ electrons. Thus, the 3.5 counts of read-out 
noise of the IDA represent about 1.7 x IO4 electrons. 
Read-out noise of the order of 1000 electrons has 
been reported 7~” for some DA and amplifier combi- 
nations. If such a DA-amplifier system was used with 
the intensifier used in this work, there would be 

Number of Channels Summed 

CHANNEL 
PLOT SIONAL SLOPE SEPARATION SYMBOi 

A Light -027 0 l 

B Light -0.31 I 0 
C Light -0.43 4 A 
D Light -0.45 9 0 

E Dork -0.51 0 l 

Fig. 6. Dependence of relative standard deviation of light- 
and dark-signals on the number of channels summed. 
Conditions: 1 set integration time, 4.5 intensifier gain set- 
ting. Signal level about 1600 counts for net light-signals. 
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insignificant improvement in the S/N at higher 
intensifier gains and longer integration times, since 
the dark-signal noise originating from the intensifier 
would be limiting as it is with the present system. 
Possibly, use of another intensifier photocathode with 
lower dark-current would improve S/N. 

At the highest intensifier gain, cL = (2iV#*. This 
would indicate that one photoelectron from the 
intensifier photocathode is equivalent to 2 counts if 
the variation in the intensifier gain is insignificant, or 
1 count if the variation in gain doubles the shot noise. 
The fact that 1 photoelectron is equivalent to 2 
counts or about 10“ electrons at the DA is also 
consistent with the calculations based on the nominal 
gain of the intensifier and the quantum efficiency of 
the DA. If the read-out plus dark-current noise (cr,,,) 
were one count, 1 photoelectron could be detected 
with an S/N = 1 or 2. Since udl = 8 counts at full 
intensifier gain and t = 1 set, the present system can 
detect a minimum of 4-8 photoelectrons (S/N = 1). 
This could be improved by first reducing a, and then 
u,. The read-out noise in recent commercial IDA 
systems is specified as about 1500 electrons. This 
allows the use of the resolving power of a 1Cbit 
ADC, and the detection (S/N = 1) of about 1 photo- 
electron or 10 photons. 

Equations (9) and (10) indicate that if a,, or ux is 
comparable to or greater than u,_ (or d is comparable 
to m/c@), the gain of the intensifier, m, should be in- 
creased to improve the S/N, but once uL is dominant, 
a larger gain yields no improvement in S/N. This is 
tempered by the fact that at the larger intensifier 
gains ud is also increased by increasing m. For very 
low light levels, the S/N is improved by using nearly 
maximum intensifier gain and long integration times. 
At maximum intensifier gain with t = 1 set and 
s=c=l, u,_>un if N,>x60 counts. The S/N 

should also be improved by using the S series Reticon 
DA for which the individual diodes are over 5 times 
higher than those of the EC series DA used in this 
work. 
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Srnnmary-The analytical capabilities of high power (24 kW) ICPs with argon as inner and intermediate 
gas and different outer gases (argon, nitrogen, oxygen and air) were studied under optimum and 
compromise operating conditions. Under the optimum conditions, the lowest detection limits for elements 
with sensitive atom lines (C, B, Zn) or ion lines (Mg, Mn, Fe, Cr, Ti, V) were achieved with argon as 
outer gas and an observation height of 13 mm. Under compromise conditions (3 kW, aerosol gas 
gauge-pressure 3 bar) the lowest detection limits for the atom lines were also found with a pure argon 
plasma at an observation height of 13 mm. For ion lines, however, the argon/oxygen and argon/nitrogen 
plasmas and an observation height of 8 mm were better. The detection limits were poorer in the presence 
of an altinium matrix; under the optimum operating conditions, the relative increase in detection limit 
was smaller with the argon/oxygen and argon/air ICPs than with the pure argon or argon/nitrogen ICPs. 
It was found that the interferences arising from an easily ionizable matrix are lower with a diatomic gas 
than with argon as outer gas. The interferences when the argon/nitrogen, argon/oxygen and argon/air 
plasmas are used are similar and practically independent of the nebulizer-gas pressure applied. 

With respect to the use of diatomic gases, ICP sources 
can be divided into two groups. In the first, one of the 
three argon gas streams is partly or completely 
replaced by a stream of a diatomic gas.1-3’ ICPs using 
only diatomic gases~2-39 form the second group. In 
their early work on inductively~oupl~ plasma 
optical-emission spectrometry (ICP-GES), 
Greenfield and co-workers*-*0 used diatomic gases 
both as outer gas and aerosol gas and studied the 
effect of N,, Or, H, and air on the analytical 
capabilities of the ICP. They found that high-power 
plasmas with diatomic gases in the outer gas flow 
have a smaller diameter than an argon plasma oper- 
ated at the same power. This was explained as due to 
absorption of energy in dissociation of the diatomic 
gases. They further reported a substantial reduction 
in the continuum radiation when diatomic gases 
(especially nitrogen) were used in the outer stream. 
The optimum power itself was found to depend on 
the torch dimensions and on the type of the outer gas 
(e.g., the Greenfield torch with nitrogen as outer gas: 
0.8-2.6 kW). When optimizing for each line, 
Greenfield and Bums” concluded that for an argon 
plasma with nitrogen as outer gas, the signal-to- 
~ck~ound ratios are higher than those obtained 
with an argon plasma. Montaser and co-workers”-I3 

*To whom correspondence should be sent. 
ton leave from the University of Pretoria, Republic of 

South Africa. 

reported that the highest net line emission at any 
forward power and observation height was found 
when the outer gas was argon containing 5-15% v/v 
nitrogen. However, owing to the higher background 
intensities in these plasmas, the detection limits were 
higher than those observed for argon plasmas. In- 
deed, under the compromise conditions found for 20 
lines, the detection limits and signal-to-background 
ratios of ion and atom lines having high excitation 
energies in an argon plasma (1.2 kW, observation 
height 15 mm) were superior to those obtained with 
the argon plasma (2.5 kW, observation height 10 
mm) with nitrogen as outer gas. This disagrees with 
the results of Greenfield and co-workers. However, it 
should be noted that the torch, the analytical lines 
and the operating conditions were quite different. 

Many authorslbu have discussed the analytical 
applications of the argon/nitrog~ plasmas, but few 
have studied the argon/oxygen or argon/air plasmas. 
Zeeman er al.*’ performed diagnostic studies with a 
~-MHZ argon/air ICP, and Ohls and Somme?‘-26 
studied the analytical performance of 3-kW 
argon/air, argon/oxygen and argon/nitrogen plas- 
mas. They found that the argon/air and the 
argon/oxygen plasmas give higher sensitivities and 
lower detection limits for most analytical lines than 
the argon/nitrogen plasma does. 

Recently, Choot and Horlick” demonstrated that 
argon ICPs, in which a 1:9 v/v mixture of a diatomic 
gas and argon was used as outer gas, showed superior 
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signal-to-noise ratios. The best signal-to-noise ratios 
were obtained at an observation height lower than 
that used with the conventional argon plasmas. 
Signal-to-noise ratios for ion lines measured with the 
optimized mixed-gas plasmas were 34 times those 
obtained with the argon plasma, but the signal-to- 
noise ratios for atom lines were hardly improved. 

The diatomic gases have also been used as aerosol 
carrier gas for argon ICPs. The use of nitrogen as 
aerosol carrier gas impoverished the detection limits 
for all elements tested.“.i2 With an argon/hydrogen 
mixture as aerosol carrier gas, the signal-to- 
background ratios for most analytical lines were 
increased.28*29 By inclusion of 0.555% v/v oxygen in 
the aerosol gas, the background intensities in the 
analysis of organic solutions can be reduced to the 
level obtained with aerosols of aqueous solutions.30,3’ 
Recently, ICP discharges for spectrochemical pur- 
poses have been operated entirely with diatomic 
gases.32-36 The detection limits for the air and the 
oxygen ICPs are on average poorer by factors of l-30 
and 2-100, respectively, than those obtained with the 
argon ICP. 

The influence of easily ionizable elements (EIE) on 
analyte emission in argon ICPs has been studied by 
many groups. 3747 Some papers focus on nebulization 
effects, whereas others study the overall interferences 
as a function of carrier-gas flow, power and obser- 
vation height. Axial intensity distributions for atom 
and ion lines in the presence of EIE matrices were 
measured with the aid of a photodiode array4)-45 or 
a movable mask outside the entrance slit of the 
monochromator.46 In general, the addition of EIE 
enhances emission in the lower regions of the aerosol 
injection channel for both atom and ion lines. The 
emission intensities for both atom and ion species 
were found to be decreased in the upper regions of the 
channel.” The interferences of EIE in argon ICPs 
with a diatomic gas as outer gas have been studied 
much less than those experienced in the case of argon 
ICPs. Watson and Steele48 found that with a 5.5-kW 
argon/nitrogen ICP and an observation height of 

10 mm, the intensities of different atom and ion lines 
in the presence of sodium (l-30 g/l) increased. How- 
ever, at an observation height of 15 mm, there was a 
significant decrease for all the analytical lines in- 
vestigated. Choot and Horlick*’ found that in the 
argon/nitrogen and argon/oxygen ICPs, the influence 
of potassium on a calcium ion line was lower than 
that in a pure argon ICP. 

Because the high-power argon ICPs with diatomic 
gases as outer gas are particularly robust (which is 
attractive for routine work), and all comparisons up 
to now have been made with different instrumen- 
tation or within a limited range of rf power, it was 
decided to compare the analytical capabilities of 
argon/nitrogen, argon/oxygen, argon/air and argon 
ICPs operating in the same Greenfield torch, with the 
same nebulizer and the same spectrometer. Further, 
the rf power and the aerosol carrier gas pressure were 
varied within a wide range. The results of a compre- 
hensive study of the influence of the outer gas, 
forward power, observation height and gauge pres- 
sure of the aerosol argon on the background, net 
analyte emission, signal-to-background ratios and 
detection limits are presented here. The influence of 
EIE on the net line intensities and the influence of an 
aluminium matrix on the detection limits obtained 
with the optimized operating parameters are re- 
ported. 

EXPERIMENTAL 

ICP emission spectrometric instrumentation 
A high-power ICP-system and a computer-controlled 

emission spectrometer were used. Argon, nitrogen, oxygen 
and air were used as the outer gas. A concentric glass 
nebulizer was operated at a gauge pressure of 2.0-3.5 bar, 
with free aspiration. At this pressure the nebulizer gas 
flow-rates were I-1.8 l./min. The procedure involved aspi- 
ration of sample for 15 set, then integration of the signal 
over a IO-set period, and finally rinsing for 30 set with 
demineralized water. The background signals were esti- 
mated from on-line measurements on demineralized water. 

Table 1. Instrumental and operational parameters 

ICP 
High-frequency generator 

Torch 

Nebulization 

Spectral apparatus 
Illumination 

Polychromator 

FS-10 (Kontron-Linn), maximal output power 10 kW; frequency 27.12 MHz; free- 
running with power stabilization; forward power used in this work 2-4 kW. 
As described by Greenfield et af.49 Outer gas flow 25 l./min; intermediate gas flow 8 I./min 
(argon) 
Pneumatic concentric glass nebulizer (Meinhard Assoc.), operated at 2-3.5 bar with free 
sample aspiration; nebulization chamber as described by Scott et aLM 

Three-lens system, 4 x 4 mm observation zone located centrally in the ICP, 610 and 
1 l-15 mm above the rf-coil and selected at the intermediate image.s1 
A l-m Paschen-Runge vacuum spectrometer (modified Baird Spectrovac 1000) with 
computer-controlled displacement of the entrance slit; grating constant l/1440 mm; 
width 50 mm; height 30 mm; entrance slit-width 25 pm, exit slit-width 89 pm, 
wavelength range 173-385 nm 2nd order, 346-767 nm 1st order; photomultipliers 1 P 
28, R 166; computer Modcomp II. Analytical lines (nm): Zn I (213.8), B I (249.7), Fe 
II (259.9), Cr II (267.7), Mg II (279.5), Mn II (293.3), V II (310.2), Cu I (324.7), Ti II 
(337.2). Integration time 10 sec. 
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The experimental facilities, operating conditions and anal- 
ytical lines used are given in Table 1. 

N.B. All pressures reported are gauge pressures. 

The analyte solution contained nine elements (Zn, B, Fe, 
Cr, Mg, Mn, V, Cu, Ti) and was prepared from stock 
solutions (Titrisol, Merck). A matrix solution of aluminium 
was prepared from tbe pure metal (99.997%, Alusuisse, 
Switzerland). For dissolution, 1 g of the aluminium was 
heated in a PTFE beaker with 20 ml of demineralized water, 
3 drops of 1% mercuric chloride solution (to accelerate the 
dissolution) and 20 ml of con~n~at~ hy~~~o~c acid. 
After cooling, the solution was accurately diluted to 100 ml. 
No contamination problems were encountered, as the mea- 
surements for the comparison study-which was the aim of 
the work-could be made with relatively high analyte 
concentrations (50 &ml). All test solutions were finally 
adjusted to have a hydrochloric acid concentration of 
0.15M. 

RESULTS AND DISCUSSION 

EfSect of the type of outer gas, the forward power and 
the argon carrier-gas fiow-rate on the background 
intensities, net line inte~ities and Ike-to-background 
ratios 

In Fig. 1, the background intensities, net line 
intensities and line-to-background ratios of three 
analytical lines having very different excitation ener- 
gies (Zn 1213.8 nm, Mn II 293.3 run, Cu 1324.7 nm) 
and measured at an observation height of 13 mm are 
shown as a function of the forward power and the 
aerosol gas pressure. It can be seen from Fig. l(a) 
that the background intensities increase with the 
forward power (2-4 kW). In contrast to the ICPs with 
diatomic gases as outer gas, the background of the 
pure argon plasma is particularly low at all three 
wavelengths investigated. The net line intensities also 
increase with increasing power except for the Cu 
324.7 nm line in the argon/air plasma, which shows 
a maximum at 2.5 kW. The highest net intensities for 
all three analytical lines were obtained at 2-3.5 kW 
for the argon/air plasma and 4 kW for the 
argon~oxygen plasma. The one-to-background ratios 
for all three analytical lines increase with power in the 
range 2-4 kW for the argon/oxygen ICP and decrease 
for the argon/nitrogen ICPs. With the argon/air 
plasma, the line-to-background ratios for Zn I (213.3 
nm) and Mn II (293.3 nm) practically do not change 
with power, but for 0.1 I (324.7 mn), a decrease is 
found. With the argon plasma, increasing the power 
from 2 to 3 kW is favourable for the Zn I line, but 
disadvantageous for the Cu I and Mn II lines. 

In most cases the background intensities decrease 
when the aerosol gas pressure is increased from 2.0 
to 3.5 bar [Fig. l(b)]. With the argon/air and 
argon/nitrogen plasmas the net line intensities and 
line-to-background ratios for the three analytical 
lines investigated then increase. The analytical lines 
with high excitation energy (Zn I 213.8 nm and Mn 
II 293.3 nm) both reach a maximum at an aerosol gas 
pressure between 2.5 and 3.0 bar, for the 

argon/oxygen plasma. For the argon plasma, how- 
ever, increasing the aerosol gas pressure leads to a 
considerable deterioration of the net line intensities 
and line-to-back~ound ratios. 

For the analytical lines with low excitation energy, 
such as Cu I 324.7 nm, the net intensity and line-to- 
background ratio increase with increasing aerosol gas 
pressure in the argon/oxygen plasma and reach a 
maximum at 2.5 bar in the argon plasma. 

At an aerosol gas pressure of 2 bar, the highest net 
line intensities for the three analytical lines are ob- 
tained with the argon plasma, but at all higher gas 
pressures investigated they are obtained with the 
argon/air plasma. As nebulization effects become 
smaller with increasing aerosol gas pressure, it ap- 
pears that argon ICPs with diatomic gases as outer 
gas are especially favourable with respect to matrix 
effects. 

Power of detection under optimum and compromise 
operating conditions 

To optimize the operating conditions for the argon 
ICPs with different outer gases, the line-to- 
background ratios for the nine analytical lines were 
measured at varying forward power (2-4 kW) and 
aerosol gas pressure (2-3.5 bar) for observation 
heights of 8 and 13 mm. The optimum power and 
aerosol carrier-gas pressure for the simultaneous 
dete~ination of the nine elements were determined 
as the mean of the values giving the optimum line-to- 
background ratios for each individual line and ele- 
ment (Table 2). They were practically the same at 
both observation heights, and the values were Ar/Ar 
2.0 kW, 2.0 bar; Ar/N, 2.5 kW, 3.5 bar; Ar/O, 4.0 
kW, 3.5 bar; Ar/air 3.0 kW, 3.5 bar. The argon ICI% 
with diatomic gases as outer gas were found to need 
a higher power and aerosol gas pressure than the 
argon ICP. 

The detection limits cL were calculated according to 
Kaiser and Specker52 from the line-to-background 
intensity ratios as c, = 0.01~ (Zu/Zx)3.,/?, where Zu is 
the intensity of the spectral background, Ix the net 
line intensity for an analyte concentration c, 3& is 
the probability factor, and 0.01 corresponds to a 
relative standard deviation of 1% for I,. The values 
obtained for the nine elements under optimum oper- 
ating conditions for observation heights of 8 and 13 
mm are listed in Table 3. These values are often 
higher than the literature vaiues.rs This is related to 
the use of a polychromator possessing exit slits with 
widths of 89 pm, resulting in a lower practical 
resolution and consequently a decrease in power of 
detection. It can be seen that the detection limits of 
the argon plasma at an observation height of 13 mm 
are superior to those of the other plasmas at both 
observation heights. 

Under optimum operating conditions, the mean of 
the detection limits for the argon/nitrogen, 
argon/oxygen and argon/air plasmas is respectively 2, 
4 and 8 times higher than that for the argon plasma. 
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Table 2. Optimum power and aerosol carrier-gas pressure values for the 
nine analytical lines in argon, argon/nitrogen, argon/oxygen and argon/air 

ICPS 

Ar/Ar Ar/Nr Ar/% Arjair 
Element line, 

nm kW bar kW bar kW bar kW bar 

I 249.7 
I 324.1 

Zn I 213.8 
Cr II 267.1 
Fe II 259.9 
Mg II 279.5 
Mn II 293.3 
Ti II 337.2 
V II 310.2 
Mean values : 4.0 3.5 3.0 3.5 

The highest difference is found for the Zn atom line, 
for which the detection limit in the argon/air plasma 
is 112 times that in the argon ICP. The detection 
limits in the four plasmas were also determined under 
compromise conditions (3 kW, aerosol gas pressure 3 
bar) at observation heights of 8 and 13 mm. It is clear 
from Table 4 that at an observation height of 8 mm, 
the argon/oxygen plasma gives the best power of 
detection. These results agree with the observations 
of Ohls and Sommer.26 It should, however, be noted 

that for the atom lines investigated, the lowest de- 
tection limits are still those in the argon plasma at an 
observation height of 13 mm. 

Despite the fact that the net intensities in the 
argon/air piasma for all the analytica lines in- 
vestigated are higher than those in the other ICPs 
studied, the detection limits obtained with the 
argon/air ICP are much closer to those with the other 
plasmas. From records of the background spectrum 
between 200 and 500 nm under compromise working 

Table 3. Detection limits for argon, argon/nitrogen, argon/oxygen and argon/air ICPs 
under optimum operating conditions 

Detection limits, pgglml 

Observation height 8 mm Observation height 13 mm 
Element line, 

nm Ar/Ar Ar/N, ArfO, ArJair Ar/Ar Ar/l$ Ar/O, Arjair 

B I 249.7 
CU I 324.7 
Zn I 213.8 
Cr II 267.7 
Fe II 259.9 
Mg II 279.5 

: II II 293.3 337.2 

0.07 0.08 0.11 
0.02 0.01 0.08 
0.005 0.01 0.03 
0.06 0.03 0.08 
0.04 0.02 0.06 
0.002 0.001 0.003 
0.08 0.06 0.08 
0.06 0.05 0.05 

0.22 

:z 
0:10 
0.06 
0.005 

SE 

0.02 0.06 0.18 0.27 
0.004 0.007 0.06 0.01 
0.004 0.02 0.05 0.55 
0.03 0.04 0.12 0.19 
0.01 0.02 0.09 0.11 
0.0006 0.002 0.006 0.006 
0.03 0.07 0.22 0.24 
0.01 0.04 0.02 0.03 

V II 310.2 0.06 0.02 0.06 0.08 0.02 0.03 0.09 0.08 

Table 4. Detection limits for argon, argon/nitrogen, argon/oxygen and argon/air ICPs 
under compromise operating conditions 

Detection limits, pgglml 

Observation height 8 mm Observation height 13 mm 
Element line, 

?lm ArlAr ArlN, ArIO, Arlair AriAr ArlN, ArIO, Arlair 

B I 249.7 0.08 0.09 0.07 0.15 0.03 0.09 0.37 0.32 
CU I 324.7 0.08 0.02 0.02 0.04 0.01 0.03 0.05 0.02 
Zn I 213.8 0.09 0.07 0.06 0.51 0.02 0.14 0.15 0.62 
Cr II 267.7 0.89 0.08 0.10 0.17 0.27 0.11 0.44 0.27 
Fe II 259.9 0.39 0.03 0.07 0.10 0.06 0.03 0.27 0.15 
Mg II 279.5 0.02 0.002 0.003 0.005 0.005 0.003 0.007 0.007 
Mn II 293.3 0.91 0.12 0.09 0.11 0.51 0.29 0.51 0.32 
Ti II 337.2 0.33 0.05 0.04 0.05 0.14 0.05 0.04 0.05 
V II 310.2 0.92 0.11 0.09 0.13 0.61 0.15 0.29 0.12 
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3kW ArIO 

Wavelength, In nm 
3kW Arlaw 

W 

IO 300 LOO 500 
Wavelength, in nm 

3kW ArlAr 

Fig. 2. Emission spectrum of argon ICPs with different outer gases operated at 3 kW with aspiration of 
demineralized water at aerosol gas pressure 3 bar. Observation height 13 mm; wavelength range 2WSoO 

nm; (a) nitrogen, (b) air, (c) oxygen, (d) argon. 

conditions and at an observation height of 13 mm 
above the load coil (Fig. 2), it can be seen that the 
argon plasma has the lowest background continuum 
intensities and is almost free from molecular bands, 
with the exception of the OH band. However, N2 and 
NC occur with the argon/nitrogen ICP, and Nr, NC, 
CN and y-NO bands with the argon/air plasma. In 
the argon/air plasma the y-NO band system extends 
over the wavelength range 200-280 nm, where many 
elements have their most sensitive emission lines. 
Therefore, the detection limits for these elements 
are poorer than those obtained by use of other gases. 
The argon/nitrogen plasma does not display intense 
molecular bands between 200 and 280 nm yet the 
background continuum intensities measured are 
greater by a factor of 2-4 than those obtained with 
the pure argon plasma. The argon/oxygen plasma has 
no clearly resolved molecular bands in the whole 
spectral range studied but exhibits a substantially 
higher background continuum between 200 and 280 
nm than that of the argon or the argon/nitrogen ICP. 
It should be noted that the intensity of the different 

molecular band systems changes considerably with 
the gas flow-rates and observation heights. 

Interferences caused by the presence of aluminium as 
matrix 

The effect of aluminium at a concentration of 10.0 
mg/ml on the net line intensities of the same nine 
elements at a concentration of 50 gg/ml and on the 
background intensities was measured for the four 
ICPs operated under optimum conditions. The foi- 
lowing trends were observed. 

1, In the presence of an aluminium matrix, the net 
line intensities are decreased, except for the atom 
lines observed in the pure argon ICP. 

2. In the presence of an aluminium matrix, the 
spectral background intensities are increased, except 
for the argon/nitrogen ICP at wavelengths between 
about 260 and 300 nm (Fig. 3). 

The background intensity at 213.8 nm increases 
considerably owing to broadening of the Al I 213.0 
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Wovelength, nm 

Fig. 3. Influence of an aluminium matrix on background intensities between 213 and 337 nm for argon 
ICPs with different outer gases. Observation height 13 mm. Outer gas: (0) Ar, 2 kW, 2 bar; ( x ) N2, 

2.5 kW, 3.5 bar; (A) O,, 4 kW, 3.5 bar; (0) air, 3 kW, 3.5 bar. 

and 214.6 nm lines.53 The detection limits in the 
presence of an aluminium matrix are listed in Table 5. 
In all cases, they are higher than in the absence of 
aluminium, the relative increases under optimized 
conditions for the argon, argon/nitrogen, 
argon/oxygen and argon/air plasmas being 104, 81, 
38 and 34%, respectively. However, it should be 
noted that the last two plasmas are operated at higher 
power, which may contribute to a reduction of the 
matrix effect. 

Interference effect of sodium on the observed emission 
of the analyte elements 

The net line intensities and background intensities 
in the four plasmas were measured for 50-pg/ml 
analyte solutions containing sodium at the 
1000~pg/ml level. In Fig. 4, the ratios of the net 
intensities for Cu I 324.7 nm, Zn I 213.8 nm and Mn 
II 293.3 nm with and without sodium present are 

shown as a function of the aerosol carrier-gas pres- 
sure and for observation heights of 8 and 13 mm, 
respectively. The measurements were made at the 
optimum power level for each type of ICP (Table 2). 
From the results the following conclusions may be 
drawn. 

1. The interference effect of sodium is much larger 
for the argon plasma than for the argon ICPs with a 
diatomic gas as outer gas. 

2. In the argon ICP the extent of the interference 
increases with aerosol gas pressure at both obser- 
vation heights, except for spectral lines of high ex- 
citation energies such as Zn I 213.8 mn and Mn II 
293.3 nm. Here, a maximum is reached (in the lower 
region of the plasma) at about 3 bar pressure. In the 
case of the argon plasmas with a diatomic gas as 
outer gas, the influence of the aerosol gas pressure on 
the extent of interference is substantially smaller and 
in some cases negligible. 

Table 5. Detection limits for argon, argon/nitrogen, argon/oxygen and argon/air ICPs 
under optimum operating conditions with and without aluminium matrix 

Detection limits, pgglml 

Without Al matrix With Al matrix 
Element line, 

nm Ar/Ar Ar/N, Ar/O, Ar/air Ar/Ar Ar/N, Ar/O, Artair 

B 
cu 
Zn 
Cr 
Fe 
Mg 

: 
V 

I 249.7 0.02 0.06 0.18 0.27 0.06 0.09 0.23 0.33 
I 324.7 0.004 0.007 0.06 0.01 0.02 0.01 0.09 0.03 
I 213.8 0.004 0.02 0.05 0.55 0.05 0.08 0.09 0.66 
II 267.7 0.03 0.04 0.12 0.19 0.04 0.06 0.18 0.33 
II 259.9 0.01 0.02 0.09 0.11 0.03 0.04 0.09 0.14 
II 279.5 0.0006 0.002 0.006 0.006 0.003 0.005 0.007 0.01 
II 293.3 0.03 0.07 0.22 0.24 0.04 0.09 0.25 0.28 
II 337.2 0.01 0.04 0.02 0.03 0.03 0.06 0.09 0.09 
II 310.2 0.02 0.03 0.09 0.08 0.04 0.05 0.11 0.12 
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(a) (b) 

Cu I 32L,7 

/ 

Zn I 213.8 

MnII 293,3 

p 

Cul 3211‘7 

ZnI 213,8 

laptimizedl 

MnII 293,3 

/ 

2.0 3.0 35 bar 2.0 2s 3.0 3.5 bor 

Fig. 4. Interference of sodium for argon ICPs with different outer gases as a function of aerosol gas 
pressure. (e) Ar 2 kW, ( x ) N, 2.5 kW, (A) Oz 4 kW, (0) air; 3 kW. Observation height (a) 8 mm, 

(b) 13 mm. 

3. As known from the literature cited, the inter- 
ferences also depend on the observation height; for 
the argon plasmas with a diatomic gas as outer gas, 
however, the influence of this parameter on the 
matrix effect is not as critical as for the argon ICP. 

4. As expected, the interferences differ from one 
line or element to another. In the argon plasma, at 
both observation heights, the enhancements for Zn I 
213.8 nm were found to be half those- for Cu I 324.7 

rrm and Mn II 293.3 nm. In the argon ICPs with 
diatomic gases as outer gas there is a signal depres- 
sion, except for the Cu and Zn atom lines, at an 
observation height of 8 mm. 

5. It seems that the interference effect of sodium at 
the optimum power is minimal for the argon plasma 
at an aerosol gas pressure of 2 bar and an observation 
height of 13 mm, and for the argon ICPs with a 
diatomic gas as outer gas, at 3.5 bar and 8 mm. The 

Table 6. Relative changes in background intensities at optimum power as a function of aerosol gas pressure and observation 
height 

Aerosol Observation height 8 mm Observation heigbt 13 mm 
Element line, gas pressure, 

nm bar Ar/Ar ArlNs Ar/Cs Arjair Ar/Ar Ar/& AriO, AZ/air 

2.0 0.95 3.8 0.84 -0.84 6.8 -2.9 0.54 -1.1 
CU I 324.7 ::: 11 -15 0.93 0.32 6.2 3.1 1.3 1.5 

3.2 -18 2.4 0.64 12 6.5 1.5 2.2 
3.5 1.1 8.6 3.6 1.9 3.5 18 2.5 10 

2.0 74 2.7 6.2 1.4 62 -5.5 2.9 1.8 
Zn I 213.8 2.5 92 -4.1 6.8 1.1 37 0.0 3.5 1.4 

3.0 44 -4.7 11 0.65 0.0 6.6 0.93 
3.5 5.5 5.6 14 i.1 4.1 0.54 2.9 

2.6 2.8 0.73 7.8 0.83 0.74 0.45 
Mn I 293.3 0:96 :*; -11 0.92 1.7 5.7 0.82 1.7 

-16 2.5 13 0 0.63 -0.24 
-2.8 11 1.1 0 16 2.1 5.2 
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extent of the interference is then similar to the values 
reported by Boumans and de Boer3g for an argon 
ICP. 

The relative changes of the background intensities 
when sodium is present are given in Table 6 for the 
wavelengths 213.8, 293.3 and 324.7 nm. The results 
for different aerosol gas pressures and observation 
heights show that the background intensities usually 
increase in the presence of sodium. The extent of the 
changes in the case of the argon, argon/nitrogen, 
argon/oxygen and argon/air plasmas were from -3 
to +93%, - 19 to +18%, +O.S to +lS% and -1 
to + lo%, respectively. For the argon and the 
argon/oxygen plasmas, the highest changes in the 
background intensities were at 213.8 nm and for the 
argon/nitrogen and argon/air plasmas at 324.7 nm. 
Only for the argon/nitrogen plasma was a depression 
of the background intensity observed, at 293.3 and 
324.7 nm. 

CONCLUSIONS 

1. The best detection limits under optimized condi- 
tions for both atom and ion lines are obtained with 
an argon ICP at an aerosol pressure of 2 bar, a 
forward power of 2 kW, and an observation height 
of 13 mm. 

2. Under compromise operating conditions (3 kW, 
aerosol gas pressure 3 bar), the lowest detection limits 
for atom lines are obtained with an argon plasma and 
an observation height of 13 mm. For ion lines, 
however, the argon/oxygen and argon/nitrogen plas- 
mas, with an observation height of 8 mm, give better 
values. The optimum observation zone for the argon 
ICPs with a diatomic outer gas is lower than that for 
the argon plasma. 

3. The spectral background intensities in the wave- 
length region 200-500 mu are lowest for an argon 
ICP. With air or nitrogen as outer gas, the back- 
ground intensities are substantially higher and intense 
y-NO, N1, Nt and CN, or N, and N$ molecular 
bands, respectively, occur. The argon/oxygen ICP has 
a low spectral background only in the wavelength 
region 320-500 nm. 

4. With diatomic gases as outer gas, the influence 
of EIE on both atom and ion lines is lower than that 
with argon as outer gas. For the argon/nitrogen, 
argon/oxygen and argon/air ICPs under optimum 
analytical conditions, the extent of this interference is 
similar and practically independent of the aerosol gas 
pressure in the range 2-3.5 bar. 

5. For the four plasmas under optimum operating 
conditions, the aluminium matrix causes a depression 
of the net signal (except for atom lines in the argon 
plasma). In general, aluminium increases the back- 
ground, and consequently poorer detection limits are 
achieved. The deterioration of the detection limits 
with the argon/oxygen and argon/air ICPs is less than 
that with the argon or argon/nitrogen ICPs. 

Acknowledgements-The work was supported by the 
“Ministerium fur Wissenschaft und Forschung des Landes 
Nordrhein-Westfalen” and by the “Bundesministerium fiir 
Forschung und Technologie” (Bonn). G. Zaray thanks the 
Alexander-von-Humboldt-Foundation (Bonn, Bad God- 
e&erg) for the grant of a Research Fellowship. 

1. 
2. 

3. 
4. 
5. 

6. 
7. 

8. 

9. 

10. 
11. 

12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 
20. 
21. 

22. 
23. 

24. 
25. 

26. 
27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 
35. 

36. 
37. 

38. 

REFERENCES 

S. Greenfield, Proc. Sot. Anal. Chem., 1965, 2, 111. 
S. Greenfield, P. B. Smith, A. E. Breeze and N. M. D. 
Chilton, Anal. Chim. Acfa, 1968, 41, 385. 
S. Greenfield and P. B. Smith, ibid., 1971, 57, 209. 
S. Greenfield, Metron Rouigo, 1971, 3, 224. 
R. M. Dagnall, D. J. Smith, T. S. West and S. 
Greenfield. Anal. Chim. Acta. 1971. 54. 397. 
S. Greenfield and P. B. Smith, ibid., 1472, 59, 341. 
S. Greenfield, H. M. McGeachin and P. B. Smith, 
Talanta, 1976, 23, 1. 
S. Greenfield, I. L. Jones, H. M. McGeachin and P. B. 
Smith, Anal. Chim. Acta, 1975, 74, 225. 
S. Greenfield and H. M. McGeachin, ibid., 178, 100, 
101. 
S. Greenfield and D. T. Burns, ibid., 1980, 113, 205. 
A. Montaser and J. Mortazavi, Anal. Chem., 1980, 52, 
255. 
A. Montaser, V. A. Fassel and J. Zalewski, Appl. 
Spectrosc., 1981, 35, 292. 
A. Montaser and V. A. Fassel, ibid., 1982, 36, 613. 
J. A. C. Broekaert, F. Leis and K. Laqua, Talanta, 1981, 
zs, 745. 
A. Aziz, J. A. C. Broekaert and F. Leis, Spectrochim. 
Acta, 1982, 37B, 369. 
I. B. Brenner, A. E. Watson, T. W. Steele, E. A. Jones 
and M. Goncalves, ibid., 1981, 36B, 785. 
G. L. Moore, P. J. Humphries-Cuff and A. E. Watson, 
ibid., 1984, 39B, 915. 
L. Ebdon, M. R. Cave and D. J. Mowthorpe, Anal. 
Chim. Acta, 1980, 115, 179. 
I&m, ibid., 1980, 115, 171. 
L. Ebdon and M. R. Cave, Analyst, 1982, 107, 172. 
K. Ohls and D. Sommer, Z. Anal. Chem.. 1979. 2%. , 
241. 
I&m, ibid., 1979, 295, 337. 
P. B. Zeeman, S. P. Terblanche, K. Visser and F. H. 
Hamm, Appl. Spectrosc., 1978, 32, 572. 
K. Ohls and D. Sommer, ICP If. Newsl., 1979,4, 532. 
I&m, Developments in Atomic Plasma Spectrochemical 
Analysis, R. Barnes (ed.), p. 321. Heyden, London, 
1981. 
I&m, ICP If. Newsl., 1984, 9, 555. 
E. H. Choot and G. Horlick, Spectrochim. Acta, 1986, 
41B, 889, 907, 925, 937. 
P. Schramel, R. Fisher, A. Wolf and S. Hasse, ICP If: 
Newsl., 1981, 6, 401. 
P. Schramel and Xu. Li-qiang, Z. Anal. Chem., 1984, 
319, 229. 

4OB, 195. 
G. A. Meyer and R. M. Barnes, ibid., 1985, 4OB, 893. 
G. F. Larson, V. A. Fassel, R. H. Scott and R. N. 
Kniseley, Anal. Chem., 1975, 47, 238. 
J. M. Mermet, Spectrochim. Acta, 1975, 3OB, 383. 



638 G. ZARAY et al, 

39. 

40. 
41. 
42. 

43. 

44. 

45. 

46. 

P. W. J. M. Boumans and F. J. De Boer, ibid., 1975, 47. 
308, 309. 
Idem, ibid., 1976, 31B, 355. 48. 
G. R. Komblum and L. De Galan, ibid., 1977,32B, 455. 
R, N. Savage and G. M. Hieftje, Anal. C/rem., 1980,52, 49. 
1267. 
G. Horlick and M. W. Blades, Appl. Spectrosc., 1980, 50. 
34, 229. 
M. W. Blades and G. Horlick, Specrrochim. Acta, 1981, 51. 
36B, 881. 

L. M. Faires, C. T. Ape1 and T. M. Niemczyk, Appl. 
Spectrosc., 1983, 37, 558. 
A. E. Watson and T. W. Steele, ICP I& New& 1980, 
5, 553. 
S. Greenfield, I. Jones and C. T. Berry, Analyst, 1964, 
89, 713. 
R. H. Scott, V. A. Fassel, R. N. Kniseley and D. E. 
Nixon. Anal. Chem.. 1975. 46. 75. 
J. A. d. Broekaert, F. Leis.and K. Laqua, Spectrochim. 
Acta, 1979, 34B, 73. 

H. Kawaguchi, T. Ito, K. Ota and A. Mizuike, ibid., 52. H. Kaiser and H. Specker, 2. Anal. Chem., 1956, 149, 
1980, 35B, 199. 46. 
S. R. Koi~yoh~n, 3. S. Jones, C. P. Jester and D. A. 53. G. F. Larson and V. A. Fassel, Appl. Spectrosc., 1979, 
Yates, ibid., 1981, 36B, 49. 33, 592. 



Taimra, Vol. 34, No. 7, pp. 639-644, 1987 
Printed in Great Britain. AI1 rights reserved 

~39-91#~87 g3.00 + 0.00 
Copyright @ 1987 Pcrgamon Journals Ltd 

A GRAPHICAL DERIVATIVE APPROACH TO THE 
PHOTOMETRIC DETERMINATION OF L~ETIUM 

AND PRASEODYMIUM IN MIXTURES 

F. GARCIA SANCHEZ, M. HERNANDEZ LOPEZ and J. G. MARQUEZ GOMEZ 
Department of Analytical Chemistry, Faculty of Sciences, The University, 29071-Malaga, Spain 

(Received 1 September 1986. Accepted 12 February 1987) 

Summary-The reaction of lanthanides with 1,4_dihydroxyanthraquinone has been examined and 
optimum conditions have been found for the separate spectrophotometric determination of Lu and Pr. 
A graphical method based on use of first and second derivative spectra has been developed for analysis 
of binary mixtures of the two, in concentration ratios from I :5 to 5: 1. Linear calibration curves were 
obtained between 1 and 10 &/ml. 

Individual lanthanides am usually determined by 
either physicai methods such as emission spec- 
trography or a combination of chemical and physical 
methods (such as neutron-activation analysis, or 
chemical processing followed by X-ray fluorescence 
spectometry). Where the total lanthanide content in 
rocks and minerals is required, gravimetric methods 
can be used. Lanthanide determination at trace levels 
is still very difficult because of interelement inter- 
ferences or lack of sensitivity when instrumental 
analytical techniques are directly used without prior 
sample treatment. 

Isotope-dilution mass spectrometry,‘*2 neutron- 
activation analysis3*4 and IGP-AES interfaced with 
HPLG’ are used for lanthanide dete~ination. 
Isotope-dilution mass spectrometry provides high 
sensitivity but the selectivity is rather poor, and Pr, 
Tb, Ho and Tm cannot be detected because these 
elements do not have more than one multiple stable 
isotope. 

The chief problem in quantitative analysis for the 
rare-earth elements is generally selectivity. Many 
reagents have been suggested for the spec- 
trophotometric determination of lanthanides but 
none is specific and even the most selective requires 
extractive separation to remove interfering elements. 
Reagents suggested for the spectrophotometric deter- 
mination of total lanthanide content include Ali- 
zarin Red S, aluminon, Xylenol Orange, Arsenazo I, 
Arsenazo III, PAN and PAR. None is specific 
for lanthanides as a group and their selectivity is 

poor. Until now, the reagent studied here, 1,4- 
dihydroxyanthraquinone, has not been reported as a 
ligand for the s~trophotomet~~ dete~ination of 
fanthanides. 

The most recent approach to improvement of the 
selectivity of spectrophotometric methods is the use 
of derivative techniques of various kinds for resolu- 
tion of overlapping spectral bands. 

This paper reports a method based on use of 
the first and second derivative spectra of the 

praseodymium and lutetium complexes of 
1,4-dihydroxyanthraquinone. The method is an ex- 
tension of that used in the simultaneous deter- 
mination of acetaminophen and sodium salicylate.6 

EXPERIMENTAL 

Apparatus 
Spectral measurements were made with a Shimadzu UV- 

240 Graphicord recording spectrophotometer and l-cm 
fused-silica cells. The spectra were obtained with a band- 
width of 0.5 nm and a scan-speed of 3 nm/scc with recording 
on a 10 nmfcm scale. First and second derivative spectra 
were obtained with a Shiiadzu derivative spectrum attach- 
ment (model OPI-2 optional program/interface) capable of 
taking lst-4th order derivatives with A.I values of 1, 2 and 
4 nm. 

Reagents 
Stock lanthanide solutions (-9 g/l.) were prepared from 

the 99.99% pure oxides (Merck or Sigma). The oxide was 
dissolved in concentrated hydrochloric acid, then excess of 
the oxide was added and the surnlus was filtered off. The 
solution had a pH of 4-5. The solutions were standardized 
by titration with EDTA, Xyfenol Orange being used as 
indicator. 

1,4-Dihydroxyanthraquinone (DHA) was recrystallized 
from methanol (analytical reagent grade) and a lo-)M 
solution prepared in the same solvent. 

Procedure 
Place 4 ml of DHA solution and a portion (a 1 ml) 

of sample solution @H 4.5-6.5, containing I-100 pg of 
lutetium and praseodymium) in a lO-ml standard flask. 
Dilute to volume with water and methanol to give a final 
90% v/v methanol concentration. Record the first and 
second derivative spectra between 530 and 590 nm against 
a reagent blank, using the following fixed instrumental 
parameters: M = 4 nm, scan speed = 3 nm/sec. 

Determine Lu from the first derivative spectrum by 
measuring dA/& at the is~i~e#ntial point for Pr (559.5 
nm) and comparing the value with a calibration graph. 
Determine Pr from the second derivative spectrum by 
measuring d2A/dlz at the isodifferential point for Lu (564 
run) and comparing the value with the appropriate cali- 
bration graph. The wavelengths of the isodifferential points 
quoted are those we obtained, but they should be estab- 
lished inde~ndently for other inst~en~ or conditions as 
part of the calibration procedure. 
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Preparation oj calibration graphs. Prepare a series of 
lutetium solutions covering the range l-10 &ml and a 
similar series of praseodymium solutions. Treat the solu- 
tions as above and record the first and second derivative 
absorption spectra for each series, with all the spectra of a 
given order superimposed on the same chart paper. Use the 
first derivative curves to locate an isodifferential point (on 
the base-line) for each series of solutions; these points 
correspond to the wavelengths of maximal absorption in the 
fundamental spectra (555.5 nm for lutetium and 559.5 nm 
for praseodymium). Plot the lutetium first derivative ampli- 
tudes at 559.5 nm against concentration to obtain a cali- 
bration graph free from interference by praseodymium. 
Similarly plot the praseodymium second derivative ampli- 
tudes at 564 nm (the isodifferential wavelength for lutetium) 
against concentration. 

RESULTS AND DISCUSSION 

Solvent effects on spectral data 

Figure 1 shows the absorption spectra of DHA and 
its complex with lutetium in DMF and 90% v/v 
methanol media. A considerable red-shift on chela- 
tion is observed, with both media. The absorbance 
difference between the spectra of the complex and the 
free ligand is maximal near 560 nm. 

The effect of various solvents on the absorption 
spectra of the ligand and complex is shown in 
Table 1. The wavelengths of maximum absorption 
are affected only slightly by solvent polarity, but the 
effect on the molar absorptivity if the complex is very 
important in selection of the solvent. In DMF the 
absorbance decreases by 50% in 30 mm, and meth- 
anol is the best solvent since it gives both good 
sensitivity and adequate stability. 

After the selection of methanol, the influence of 
water was studied. The absorbance decreases in- 
creasingly rapidly as the water content is raised above 
lo%, so 90% v/v methanol medium is essential. 

Photometric conditions 

DHA reacts with lutetium and praseodymium to 
form purple complexes with absorption maxima at 
555.5 and 559.5 rrm, respectively, in 90% methanolic 
medium. Chelate formation is very rapid and the 
absorbance remains constant (within 2%) for at least 
4 hr. For complete chelation, a fourfold molar excess 
of ligand is sufficient. The composition of the com- 
plexes was established as 1: 1 by the molar ratio 
method. 

Selectivity of lutetium &termination 

All the lanthanides react with DHA under the same 
conditions to form purple complexes. Table 2 shows 
that there are considerable variations in the molar 
a~o~tivities, and with increase in atomic number 
there is a progressive blue shift in the absorption 
maxima. The nature of the spectra makes it imposs- 
ible to use them directly to determine the individual 
lanthanides in mixtures without prior separation. 

Table 1. Spectral characteristics of DHA (R) and its 
lutetium complex (C) in different aqueous mixtures 

28, nm log 6* 
Organic Content, 
solvent % v/v R C CR 

N&V-DMF 480 566 4.06 2.39 
ethanol 2 480 558 3.96 0.0 
methanol 90 478 555.5 4.06 0.0 
acetonitrile 90 478 550 3.59 0.0 
acetone 478 5.59 3.72 0.0 
dioxan ; 480 558 2.94 0.0 
dioxan 60 476 3.12 0.0 
dioxan 40 480 :: 2.64 0.0 
dioxan 20 480 560 3.12 2.39 
methanol 50 480 555.5 3.62 0.0 

*At J,,,,,, of the complex; units l.mole-‘.cm-‘. 

025- 
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Fig. 1. Absorption spectra of DHA (1’,2’) and its lutetium complex (1,2) in 90% v/v methanol (2,2’) and 
~,~~ime~ylfo~amide (l,l’). [Lu] = 2.3 x lO+M; [DHA) = 4 x iO-4M. 



Table 2. Spectral shifts in the 
lanthanides series 

Ce 
Pr 
Nd 
Sm 

k?? 
DY 
Ho 
Er 
Tm 
Lu 

kxrm log %nx 

561.5 3.70 
559.5 3.80 
559 3.81 
558.2 4.03 
557.7 3.70 
557 4.10 
556.2 3.94 
557 3.97 
556.7 4.03 
557 3.99 
555.5 4.07 

The derivative spectra, however, may provide ways 
of increasing tbe selectivity. Figure 2 shows the first 
derivative spectra for series of solutions containing 
increasing amounts of lutetium or praseodymium. 
The isodifferential point for the praseodymium series, 
corresponding to the absorption maximum, is at 
559.5 nm, and that for lutetium at 555.5 nm. These 
points are of analytical interest because in a mixture 
of the two lanthanides lutetium can be determined 
by measurement of the first derivative spectrum at 
559.5 mu, where the contribution from the praseo- 
dymium is zero. Figure 3 shows that the second 
derivative spectrum similarly allows determination of 
pr~~~iurn by measu~ment at 555.5 nm. 

Selection of instrumental variables 

The dependence of the derivative spectra on the 

i i 
as defined by IUPAC.‘” Co is used to establish the 
lower limit of the linear dynamic range. The pre- 
cision, expressed as the relative standard deviation 
from 11 replicate samples containing 4.0 pg/ml of Lu 
and 4.0 pg/ml of Pr respectively, is given in Table 3, 
and deteriorates with increase in derivative order (as 
expected from increasing S/N degradation with deriv- 
ative order). 
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instrumental parameters in the cases studied follows 
the general pattern for derivative spectroscopy.* The 
main instrumental parameters affecting the shape of 
the derivative spectra are the wavelength scanning 
speed (v_), the wavelength increment over which the 
derivative is obtained (An), the response-time (tr), 
and the derivative order. In general, high v, and AA 
values give large amplitudes but low resolution, while 
high t, values give small amplitudes but good signal- 
to-noise (S/N) ratios, However, these general trends 
are restricted by the interdependence of the three 
parameters. Thus, AA must he G61 (where 61 is the 
peak width at half height) if good resolution is 
needed, and the scan-speed and response-time must 
satisfy the condition v_~~,, = 61]t, if drift effects 
and distorted derivative spectra are to be avoided. 
The derivative order should be the lowest needed to 
achieve the analytical objective, since the S/N ratio 
worsens with increasing derivative order. In the 
present work, moderate values of v,, (3 nm/sec) and 
A1 (4 nm) were employed; response-times were auto- 
matically selected by the OPI attachment in accord 
with the v, used. 

Calibration gruphs, sensitivity and precision 

All the methods used gave linear graphs of absorb- 
ance, dA /drl and d2A /dAZ vs. lutetium and/or 
praseodymium concentration (in pg/ml), with inter- 
cepts all close to zero. 

The sensitivity of the method is expressed as the 
analytical sensitivity, S, = Ss/m, where Ss is the 
standard deviation of the analytical signal and m is 
the slope of the calibration graph. The detection 
limit, CL, and determination limit, Co, are reported 

Simultaneous &termination of lutetium and 
praseodymium in binary mixtures 

5;o 660 570 se0 

Xtnrnl 

bers indicate concentrations in &ml. 

Fig. 2. First derivative absorption spectra of Lu-DHA and 
Pr-DHA standard solutions. [DHA] = 4 x lo-‘M. Num- 

The absorption maximum of the DHA-Lu com- 
plex is at 555.5 nm, too close to that of the DHA-Pr 
complex (559.5 nm) for ~solution of the mixture even 
by the traditional method of measurement of the 
total absorbance at two wavelengths and use of 
simultaneous equations to calculate the concen- 
tration of the individual components.” Derivative 
spectrophotometry enhances the detectability of mi- 
nor spectral features, and its ability to discriminate 
between closely related spectral shapes makes it use- 
ful in several areas of analytical spectometry.‘2 
Several approaches, generally based on trial and error 
methods, have been used for quantitative evaluation 
of the derivative spectra of solutions containing 
mixtures of analytes. 
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-0.025 

X(nm) 

Fig. 3. Second derivative absorption spectra of Lu-DHA and Pr-DHA standard solutions. [DHA] = 
4 x 10e4A4. Numbers indicate concentrations in ng/ml. 

The method used in this paper is based on the The first derivative spectrum is simply the plot of 
assumptions that Beer’s law is obeyed in the concen- the gradient, dA/dl, of the absorption envelope, as a 
tration range studied and that for a mixture the function of 1, and passes through zero at the wave- 
amplitude of a derivative spectral band is equivalent length of maximum absorption in the fundamental 
to the sum of the amplitudes of the component spectrum. When the spectra of binary mixtures of two 
derivative bands. components of concentration c, and c, are recorded 

Table 3. Characteristics of the analytical methods 

Method 
Sensitivity, S, , 

ngglml 
CL@ = 31, 

nglml 

Linear 
dynamic range, R.S.D., 

nglml % 

Lu Normal photometry 0.044 0.08 0.2610 0.2 
1st derivative 0.036 0.07 0.2410 0.9 
2nd derivative 0.114 0.20 0.68-10 1.2 

Pr Normal photometry 0.170 0.24 0.8-10 0.3 
1st derivative 0.087 0.17 OS-10 0.9 
2nd derivative 0.120 0.36 1.2-10 1.2 

Table 4. Analysis of binary mixtures of lutetium and praseodymium 

Method 
Lu:Pr, 

w/w 

I:4 
1st derivative 1:2.5 

1:l 
2:l 

2.5: 1 
5:l 

2nd derivative 5:l 
2:l 
1:l 
1:2.5 

Lutetium, Praseodymium, 
pgglml i.wlml 

Taken Found* Taken Found* 

4.00 
4.00 
4.00 
4.00 
10.00 
20.00 

4.00 * 0.2, 
4.00 & 0.1, 
4.00 * 0.2, 
4.10*0.1, 
9.70 &- 0.1, 

19.80 _+ 0.2, 
4.00 4.00 f 0.2, 
2.00 1.90 + 0.0, 
4.00 4.00 f 0.1, 

10.00 9.65 k 0.1, 
1:5 20.00 20.49 + 0.1; 

*Three determinations; standard deviation calculated from 0.59 x range. 
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with a path-length 6, the following equations can be 
written: 

(at A,) A, = ~,bc, + Qc, 

and 

dI/dl, 
- = - bc, de,/dL, - be, dcr/dl, 

Z 

and 

(at A,) A,=E;bc,+tzibc, 

dZ/dA2 
- = -bc,d~;fdl,-bczd~;idl, 

I 

where 6, and cz are the molar absorptivities of com- 
pounds 1 and 2 at A,, and 6; and a; those at AZ; Z is 
the band intensity. 

When dc, /dA, = 0 {co~sponding to a m~mum in 
the zero order spectrum) the contribution of com- 
ponent 1 to the overall derivative amplitude is zero 
and, consequently, component 2 may be measured 
free of interference from component 1. The same 
applies to component 1 when Q2fdl = 0. 

In a broad sense, optimal conditions should be 
obtained if the first derivative amplitude of com- 
pound 1 is zero when the first derivative for com- 
pound 2 is maximal. This condition is satisfied if the 
first derivative spectrum of 1 and the second deriva- 
tive spectrum of 2 pass through zero at the same 
wavelength. 

These considerations are of analytical interest for 
predicting whether two overlapping bands can be 
measured satisfactorily by using the isodifferential 
approach. Only a few data on the fundamental 
spectra of the overlapping compounds are needed, 
viz. the maximum absorbance (A), the band half- 
width at half maximum height (B), and the wave- 
length (C) of the absorption maximum. 

Resolution of the overlapping spectra of a mixture 
of two compounds is simplified when the overlapping 
bands are both Gaussian. In that case the intensities 
of the bands (1 and 2) as functions of wavelength (x) 
are given by 

Z,(x) = Al exp[-(x - C,)‘/2Bf] 

Z,(x) = A, exp[-(x - C,)2/2B:] 

The first derivative of band 1 is 

dZ,(x) --A,@ -C,) 
- = BT exp[ -(x21;:c’1 

dx 

and the second derivative of band 2 is 

d!.!.$?=$[k$- I]exp[-(~~~P] 

maximum ~nsitivity and precision are obtained in 
the isodifferential derivative method when the first 
derivative amplitude for one component and the 
second derivative amplitude for the second com- 
ponent are zero at the same wavelength. 

d2Zz(x)jdx2 = 0 

(x -C2)/4= 1, 

and 

dZ, (x)/&r = 0 

when 

x = c, 

These conditions occur simultaneo~ly when 
C,-C,=B*. 

This implies that the best conditions for evaluating 
amplitudes for component 2 at the isodifferential 
point of component 1 are obtained when the sepa- 
ration between the band maxima (C, - C,) is equal 
to B2, the band half-width at half maximum height 
for component 2. Conversely, when C, - C2 = B, the 
evaluation of component 1 at the isodifferential point 
for component 2 is optimal. 

By use of these principles, lutetium and 
praseodymium may be determined in mixtures over a 
wide range of concentration. Figure 3 shows that the 
flrst derivative spectra of the pr~~~urn and 
lutetium complexes have distinct isodifferential 
points at 559.5 and 555.5 nm, corresponding to the 
wavelength of the absorption maxima of the two 
complexes in the zero derivative spectra. Lutetium 
can be determined precisely and sensitively by mea- 
surement of the first derivative amplitude for the 
mixture at the praseodymium isodifferential point. 

The first derivative is not adequate for the deter- 
mination of praseodymium because its amplitude 
is small at 555.5 nm, the isodifferential point for 
lutetium. However, the second derivative allows ac- 
curate dete~ination of praseodymium by mea- 
su~ment of the derivative amplitudes at 565 nm. 

The results obtained for the determination of each 
ion in various binary mixtures are shown in Table 4. 
It can be seen that the proposed methods give 
satisfactory results for the analysis of the binary 
mixtures tested. Presumably analogous methods 
could be applied to other suitable binary combina- 
tions of the lanthanides. 
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BROMATION DES RESIDUS LOURDS PETROLIERS AU 
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R&sum&On rapporte une methode originale de determination de l’indice de brome applicable aux 
produits lourds du p&role. Cette methode, qui fait appel au tribromure de tetrabutylammonium comme 
agent bromant et a un dosage Clectrochimique, est dtveloppke dam le cas d’un rksidu atmospherique 
Boscan. Par un dosage en retour des ions tribromures en excbs et un dosage direct des ions bromures 
form&s on peut aisement distinguer la part correspondant aux reactions d’addition du brome aux liaisons 
multiples de celle ayant trait aux reactions de substitution sur les composes aromatiques (phenols, amines, 
etc.). La sensibilitt et la reproductibilid de cette mtthode s’avbrent satisfaisantes, sa mise en oeuvre aiske. 

Summary-A new method of bromine number determination appropriate to heavy-ends petroleum is 
reported. This method, which uses an electrochemical titration and tetrabutylammonium tribromide as 
reagent, has been tested on Boscan atmospheric residues. The titration of the unreacted tribromide ions 
and of the bromide ions produced enables the proportion of the bromine addition to multiple bonds 
and the proportion of substitution reactions with aromatic compounds (phenols, amines, etc.) to be 
estimated. The sensitivity and reproducibility of this easy method are both good. 

En raison de leur extrime complexit& les produits 
lourds pktroliers restent ma1 connus malgrk les nom- 
breuses investigations me&es ces dix demikes 
an&es’ avec des techniques d’analyse parfois trks 
performantes (R.M.N. ‘H et 13C, rayons X, etc.). De 
nombreuses questions simples demeurent sans rk- 
ponse satisfaisante. Ainsi malgrC tous les efforts 
dkveloppts on ne peut aujourd’hui avancer une va- 
leur prkise quant $ la masse moltculaire moyenne de 
tels composb, les valeurs propokes variant dans des 
proportions extrcmement importantes selon la tech- 
nique utiliske.’ De mCme le taux de mktaux presents 
sous fot-rne porphyrinique est une question encore 
totalement ouverte.‘” Enfin des caractktistiques telles 

que le de& d’insaturation ou une approche de celui- 
ci, l’indice de brome, ne peuvent &tre actuellement 
foumies. En effet les methodes de determination de 
cet indice de brome faisant appel, par exemple, a une 
titration par une solution de bromure-bromate6 ne 

l Auteur pour correspondance. 

sont applicables qu’aux fractions leg&es (fractions 
petrolieres dont 90% de la masse distille avant 325”). 

Ayant recemment developpe un nouvel agent de 
bromation de doubles et triples liaisons, le per- 
bromure de tetrabutylammonium (TBABr,)‘*s et mis 
au point une methode analytique de l’indice de 
brome,9*‘0 nous rapportons dans ce memoire les pre- 
miers resultats montrant la fiabilite de l’adaptation 
dune telle methode aux residus lourds du pktrole. 

PARTIE EXPERIMENTALE 

Dosage 

Les mesures ont et6 effectdes a l’aide dune micro- 
electrode en platine toumant a 500 tours par minute (type 
Tacussel EM-ED1 Pt DZ), command&e par une unite 
d’asservissement de type Contravit (Tacussel), et plongeant 
dans une cellule munie d’un agitateur magnetique. 
L’tlectrode auxiliaire est une grille de platine. Les potentiels 
sont mesurks par rapport a une refkence (Ag/Ag+, 0,OlM). 
On introduit dans la cellule 25 ml d’acktonitrile 0,lM en 
perchlorate de tetrabutylammonium (Bu,NClO,), puis ii 
l’aide dune microseringue les diverses prises d ‘essai (250 pl 

645 
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chacune) du melange reactionnel. Les courbes i =f(E) ont 
et.6 enreuistrees sur une table tracante IFELEC IF 3802 
couplee 3 un potentiostat PAR EGG 173 gouveme par un 
aentrateur de sianaux PAR EGG 175, dans I’intervalle de 
- 1 V a + 1,3 \. L’ensemble du dosage Clectrochimique 
est effectub sous atmosphere inerte d’argon a temperature 
ambiante. 

Les analyses centesimales, quant a elles, ont tte malisbs 
par le Centre de Microanalyse du CNRS que nous tenons 
a remercier. 

RPactifs 

La fraction petroliere utilis&e est un rtsidu atmospherique 
dun brut Vtn&ublien (Boscan). Le TBABr, commercialise 
pur et pret a l’emploi par Janssen Chimica est lave en milieu 
chloroformique par une solution aqueuse- de bicarbonate. 
Par contre le cyclohextne de qualite pur pour analyse 
(Fluka), le styrene de qualitb pur pour analyse (Fluka), 
l’acetronitrile de quahte “99 + % spectrophotometric 
grade” (Janssen Chimica) et le se1 de fond Bu,NClO, purum 
(Fluka) sont utilises tels quels. 

RESULTATS ET DISCUSSION 

Le nouvel agent bromant utilid, le perbromure de 
tetrabutylammonium (TBABr,) se presente sous 
forme dun solide orange, cristallisk (F = 84”), stable 
et posskdant un degre constant de brome actif. 11 agit 
en particulier, db la temperature ambiante, en solu- 
tion dans le chloroforme, sur les doubles et triples 
liaisons,‘,’ en fixant deux atomes de brome et en 
lib&ant un ion bromure.9s’0 

11 est d’autre part connu que les perbromures 
reagissent sur les composts presentant un atome 
d’hydrogtne actif. “*‘2 Pour notre part nous avons 
recemment montre que le TBABr, reagit avec les 
phenols” et les amines aromatiques14 pour conduire 
avec d’excellents rendements et de facon stereo- 
sptcifique aux derives monobromes correspondants. 

Aussi un indice de brome et une estimation precise 
de la part d’addition sur les liaisons multiples et de 
substitution de phenols et/au d’amines aromatiques, 
presents dans une matrice complexe, peuvant ils &tre 
obtenus en operant avec un exds d’agent bromant et 
en dosant: 

-dune part les ions Br- form& 
d’autre part les ions Br; qui n’ont pas reagi. 

Pour ce faire il est necessaire d’btre en possession 
dune methode de dosage precise, reproductible et 
facile a mettre en oeuvre, applicable a la matrice 
petrolike. Compte tenu de sa complexite et de sa 
forte absorption dans les domaines ultra-violet, vis- 
ible et infra rouge, nous nous sommes tout na- 

;C=C<+ Br; - -L-i- + Br- 

I I 
ilr br 

R-H + Br; - R-Br + H++ 2Br- 

Ce Hs -X + Br;- p.BrC&.X + H++ 28; 

Fig. 1. Bromations par TBABr, (X = OH, NH,). 

turellement tour& vers les methodes Clectro- 
chimiques et avons choisi parmi celles-ci la technique 
d’amp&omCtrie. 

Nous avons tout d’abord envisage le dosage des 
ions Br- et Br; dans le cas d’une reaction modlle 
effectute dans le chloroforme, solvant compatible 
avec la matrice @trolitre. 

Etude de la bromation du sty&e dans le chloroforme 

Conformement a notre methode de determination 
d’indice de brome rapport&e precbdemment pour des 
composts Bthyleniques,’ le dosage des ions Br- 
(vagues d’oxydation E,,, = + 0,39 et + 0,75 V vs. 
Ag/Ag+) et Br; (vague de reduction E,,2 = + 0,025 
V vs. Ag/Ag+ et vague d’oxydation E,,, = + 0,71 V 
vs. Ag/Ag+) est effectue sous argon en milieu 
adtonitrile/Bu,NClO, 0,lM en utilisant une micro- 
electrode de platine toumante. Le styrene, modtlisant 
la fraction petroliere, doit Ctre solubilisi dans un 
solvant compatible avec cette demiere. L’acbonitrile 
ne pouvant Ctre retenu, nous avons fait appel a un 
tiers solvant. Parmi les divers solvants possibles, 
notre choix s’est portt sur le chloroforme qui permet 
dans le cas des doubles et triples liaisons la bromation 
rapide par TBABr, .‘-I0 

Comme mentionne plus haut il est connu que les 
tribromures reagissent avec les composes presentant 
un atome d’hydrogene actif.“*’ De tels composes 
etant susceptibles de se trouver dans les fractions 
lourdes du pktrole nous avons decide, afin de garder 
des conditions operatoires constantes, d’opkrer, d&s 
la mise en oeuvre de la reaction temoin, dans du 
chloroforme addition& d’oxyde de magnesium. La 
fonction de ce dernier compose est de pieger les 
Cventuels protons lib&s au tours dun dosage 
effectue sur la matrice pktroliere. 

Apres avoir drifit que le styrene ne donne pas de 
vague d’oxydo-reduction dans le domaine de poten- 
tie1 explore, de - 1 V a + 1,3 V vs. Ag/Ag+, nous 
pro&dons alors au dosage de la man&e suivante. 

Au temps t = 0 on ajoute du styrene a une solution 
de TBABr, 0,lM dans le chloroforme contenant de 
l’oxyde de magnesium de facon a avoir un melange 
Cquimoleculaire des deux reactifs. On suit l’evolution 
de la reaction en prelevant un khantillon de 250 ~1 
du melange reactionnel qu’on dispose dans la cellule 
d’electrolyse contenant 25 ml d’acttonitrile 0,lM en 
Bu, NC104. Les courbes voltammetriques obtenues 
en fonction du degre d’avancement de la reaction de 
bromation sont rapportees dans la figure 2. 

Des courbes i-E prkkdentes et des droites de 
calibration (cf: tableau 1) on peut deduire l’evolution 
des concentrations en Br- et Br; en fonction du 
temps, comme representt sur la figure 3. 

La reaction de bromation apparait achevee en 
20 min. Elle consiste apparemment en la fixation 
d’une molecule de brome sur la double liaison du 
styrene et en la liberation dun ion bromure par ion 
perbromure. En ce qui concerne la vague d’oxydation 
situ&e vers + 0,7 V vs. Ag/Ag+, qui resulte de la 
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-1 0 1 

E(V) ys. Ag /Ag+ 

Fig. 2. Evolution des courbes voltammetriques lors de la 
bromation du styrene par TBABr, dans le chloroforme 
(vitesse d’enregistrement = 50 mV/sec): 

(a) se1 support; (b) t = 0 min; (c) t = 2 min; (d) t = 20 
min. 

6Br- - 4e - & 2Br; 
I 

11.11 
2Br; - 2e- e 3Br 2 

presence des ions Br- et Br; , on note un bon accord 
entre la valeur du courant de diffusion observee 
expitimentalement et la valeur calculee a partir des 
concentrations en Br- et Br; (figure 4). 

Le dosage des ions Br- et Br; pouvant etre effectui 
au tours dune reaction de bromation par TBABr, 
dans le chloroforme, solvant compatible avec la 
matrice petrolike, nous avons decide d’entreprendre 
un tel dosage sur une fraction pktrolibe lourde. 

D&termination de I’indice de brome d’une fraction 
pPtroliPre lourde par dosage Plectrochimique des ions 
Br- et Br; apt-& bromation par le TBABr, 

La fraction pktroliire lourde retenue pour cette 
etude est constitute par un residu atmospherique 
Boscan (Venezuela). 

Nous avons tout d’abord vtrifie que la fraction 
petrolike ne donnait pas lieu a des vagues 
d’oxydo-reduction dans la zone de potentiel exploree 
(de - 1 V a + 1,3 V vs. Ag/Ag+). 

Pour ce faire et conformement au protocole d&it 
ci-dessus pour la reaction timoin, la fraction pet- 
rol&e est d’abord dissoute dans du chloroforme 
contenant de l’oxyde de magnesium. Une fraction 
aliquote de cette solution est prelevee et diluee par de 

1 L*\*-_ 
0 

! 

10 20 
t tmin 1 

Fig. 3. Evolution des concentrations en Br; (a) et Br- (0) 
dans le melange reactionnel au tours de la bromation du 

sty&e par TBABr, . 

l’acetonitrile 01,M en se1 support (Bu,NClO,). Apres 
filtration sur membrane Millipore 0,45pm on pro- 
cede a l’enregistrement des courbes. Manifestement 
(cf. figure 5a), le pktrole ne donne lieu, dans ces 
conditions, a aucune vague parasite et en con- 
sequence ne peut pas perturber le dosage des ions Br- 
et Br;. 

Nous avons done dans un second temps pro&d&, 
selon le sch6ma opkratoire d&it ci-dessus, B 
l’enregistrement des courbes voltammttriques du me- 
lange reactionnel au tours de la bromation du residu 

I I 
0 10 20 

t (mm) 

Fig. 4. Comparaison des intensitks iE+“’ (points expki- 
mentaux l et calculbs 0) au tours de la bromation du 

styrene. 

Tableau 1. Expressions analytiques des droites de calibration i@A) = 
pente x C(mM) obtenues par regression lintaire H partir de 6 manipulations 

indtpendantes 

Rtactif 
E V I,2 3 Pente f limite de Coefficient de 

Vague vs. ABIAI?+ confiance B 95% correlation 

Br; Red (I) + 0,025 40,0*2,1 0.995 
ox (II) + 0,71 24,6 + 0,9 0,999 

Br- ox (I’) + 0,39 17.7 f 0.5 0.999 
ox (II’) + 0,75 990 f 0.1 0,999 
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*P I fk 
I /(I 

I/ i ’ I ? 
I 

-1 0 1 

E(V) vs. Ag/Ag+ 

Fig. 5. Courbes volt~m~~ques (vitesse ~enre~strement 
SOmV/sec) relatives B la bromation d’un rksidu atmos- 
phkique Boscan par TBABr,: (a) 100~1 kchantillon de 
residu atmospherique Boscan temoin; (b) 100 ~1 tchantillon 
de residu atmospherique Boscan mis en presence de TBABr, 

(rapport massique: TBABr,/p&role = 1,75). 

6Br- - 4e- & 2Br; 
I 

11.11~ 
2Br; - Ze- d 3Br 2 

atmospherique Boscan par TBABr, (rapport mas- 
sique TBABr,/p&roie = 1,75). La courbe voltam- 
metrique obtenue apres un temps de reaction de 
20min est representee par la figure 5b. 

L’enregistrement des courbes i-E pour des temps 
de reaction supkieurs a 20 min n’indique aucune 
modification du milieu reactionnel. En consequence 
la bromation de la fraction pktrohere par TBABr, est 
une reaction rapide dans le chloroforme a tem- 
perature ambiante. 

Les dosages effect&s tant sur les ions Br; restant 
apres bromation, que sur les ions Br- formes lors de 
la bromation du residu atmospherique Boscan sont 
rassemblis dans ie tableau 2, tandis que darts le 
tableau 3 nous avons fait figurer 5 titre de compa- 
raison les rksultats obtenus par analyse tlementaire. 

L’examen de ces deux tableaux appelle quelques 
commentaires. 

-Tout d’abord a la lecture du tableau 2, il appa- 
rait, compte tenu des limites de confiance men- 
tionnkes, qu’il n’y a pas d’equivalence entre la valeur 
de la concentration des ions Br; restant dans la 
cellule d’electrolyse [(0,88 + 0,Ol) x 10-3M], soit une 
consommation de 0,29 + 0,Ol mmole de Br; par litre 
de solution, et celle de la concentration en ions Br- 
form& [(0,37 + 0,Ol) x 10-3M)]. Ceci indique sim- 
plement que les ions ~bromures ne s’additionne~t 
pas exclusivement sur Ies liaisons multiples presentes 

Tableau 2. Dosages effect&s sur les ions Br; restants et Br- form&s lors de la 
bromation du rkidu atmospherique Boscan 

Solution chloroformique 
de depart Apres addition 

(TBABr, dans 22,s ml de 1,815 g de RA 
de CHCl,) Boscan 

[Br; 1 Concentration 
dans la cellule 1,17x lo-rM 0,88 x lo-‘A4 
d’Clectrolyse*t 
Limite de 
confiance a 95%t - * 0,Ol x 10-3&f 

WI Concentration 
dans la cellule 0,37 x IO-‘M 
d’tlectrolyse*~ 
Limite de 
confidante d 95%t *0,01 x lO_‘M 

Brome 8x6 Taux* - 12,4% 
sur le RA Limite de 

confiance a 95%,,t - f 0,8% 

+Wtermi& B partir des droites de calibration rapport&es dans le tableau 1. 
SValeur moyenne et limite de confiance obtenues a partir de 6 manipulations 

independantes. 

Tableau 3. Resultats de l’analyse elkmentaire dun RA Boscan 

C,% H,% N,% 0,% S,% Br,% V,% Ni,% 

Analyse cendsimale* 82,0 IO,1 098 I,0 56 - 0,123 0,012, 
094 0,2 0,2 0,3 0,6 - 0,022 0,001, 

Analyse centesimale d’un RA 71,l 82 077 1,s 576 11,8 0,101 0,013, 
soumis a TBABr& 0,5 074 071 0,4 035 097 0,022 0,003, 

Formule brute fictive dun RA*f C,~H,~N~.sD*,~S~,~ 
Formule brute fictive dun RA soumis & TBABr,t$ C,,H,,NasD,,,S2,~Rr2,~ 

*Analyse centesimale moyenne deduite de 7 analyses independantes; sur la ligne inferieure figurent les limites de confiance 
a 95%. 

tRA Boscan soumis pendant 30 min a faction de TBABr, (TBABrJpktrole = 1,75). 
JiAnalyse centbsimale moyenne deduite de 5 manipulations independantes; sur la ligne inferieure figment les limites de 

confiance 1 95%. 
$Calcuiee en prenant arbitrairement comme base 100 atomes de carbone. 
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dans le residu atmospherique Boscan mais reagissent (dune part sur les Br; qui ont magi, d’autre part sur 
igalement sur d’autres sites, tels que les phenols et les les Br- apparus), la methode tlectrochimique pet-met 
amines aromatiques contenus dans la matrice pet- de distinguer, comme nous I’avons mention& pre- 
roliere, selon des reactions de substitution. Ce com- ddemment, la bromation resultant de I’addition 
portement n’a rien d’extraordinaire puisque nous aux liaisons multiples de celle correspondant a une 
avons mis recemment en evidence de telles reactions substitution sur un noyeau aromatique. L’analyse 
de substitution lors d’etudes sur des molecules centtsimale, mesure globale, est bien Cvidemment 
modtles.t3*i4 incapable de fournir un tel distinguo. 

--Sur la base de reactions competitives d’addition 
aux doubles liaisons et de reactions de substitution on 
peut done evaluer a partir des mesures electro- 
chimiques le taux de brome fixt sur la matrice 
petroliere (cJ avant-derniere ligne du tableau 2). 
Ainsi a partir de six bromations inddpendantes par 
TBABr, une valeur moyenne de 12,4 g de brome fixi 
par 100 g de residu atmosphtrique peut &tre retenue 
comme indice de brome pour le residu atmosphtrique 
Boscan (en se souvenant que pour une reaction de 
substitution la disparition d’une mole de Br; fait 
apparaitre deux equivalents de Br- tandis que la 
reaction d’addition aux liaisons multiples se traduit 
par l’apparition dune mole de Br- par mole de Br; 
consommie). De plus comme le mentionne la der- 
niere ligne du tableau 2 une precision de l’ordre de 
08% peut etre retenue pour cette determination 
(limite de confiance a 95%). 

-11 apparait de plus a la lecture du tableau 3 que 
la reaction de bromation ne s’accompagne d’aucune 
demetallation. Les teneurs tant en nickel qu’en vana- 
dium demeurent, aux erreurs experimentales pres, 
inchangees aprb bromation. Par contre il semble que 
la reaction de bromation s’accompagne dune leg&e 
oxydation. 

-Enfin il doit &tre remarqd, comme le font 
ressortir les formules brutes fictives mentionnies dans 
le tableau 3, qu’a une telle teneur en brome (environ 
12%) correspond seulement une faible bromation 
totale (addition + substitution) de la matrice pt?t- 
rolitre: 2,4 atomes de brome pour 100 atomes de 
carbone. 

-11 est alors instructif de rapprocher cette valeur 
moyenne determinie par voie tlectrochimique 
(12,4 f 0,8%) de celle obtenue a partir de 5 analyses 
centesimales indtpendantes et rapport&e dans le tab- 
leau 3 (11,8 + 0,7%). On voit qu’aux erreurs exp& 
mentales pres il y a bon accord entre le taux de brome 
determine par voie electrochimique et celui obtenu a 
partir de l’analyse centbimale. On doit egalement 
noter que la precision obtenue a partir de la methode 
electrochimique avoisine celle de l’analyse centts- 
imale. Cette concordance confere a notre methode de 
dosage Clectrochimique une fiabilite certaine. Cette 
demiere mithode de dosage presente toutefois de 
nombreux avantages sur I’analyse centbimale. 

La mithode de dosage Clectrochimique du brome 
fixt sur la matrice pbrolitre s’averant, en plus de ses 
qualites intrinseques (rapiditt et facilite de mire en 
oeuvre), fiable et precise, nous nous sommes attaches, 
dans un dernier temps, a demontrer que la matrice 
petrol&-e, milieu chimique fort complexe, n’entravait 
ni la reaction de bromation, ni le dosage de composes 
olifiniques connus pour subir une reaction de bro- 
mation totale par TBABr,.‘.* 

Dosage de compost+s olt$niques au sein d’un rksidu 
atmosphkrique; cas du styr6ne et du cyclohexbze 

-Tout d’abord une plus grande souplesse 
d’utilisation permettant un suivi en continu. 

-Ensuite et surtout, grace au double dosage 

Nous avons done chercht a montrer la validite de 
notre methode de determination d’indice de brome 
dans des fractions petroliires lourdes en procedant au 
dosage de quantites connues doltfines mises en solu- 
tion dans la matrice petroliire. Les deux olefines 
retenues pour ces tests exploratoires sont dune part 
le styrene, d’autre part le cyclohextne. 

Nous avons dans un premier temps pro&de a des 

Tableau 4. Dosage d’ajouts de styrbne dans du residu atmospherique 
Boscan par une solution de TBABr, initialement I,67 mM dans la cellule 
tlectrochimique et dont le titre est abaisse a I,34 mM apres action sur le 

p&role 

[styrdne] Z[styrdne] [Br-1 [styrene] dode [styrene] 
ajoude, ajoutbe, apparw correspondant a totale dode, 

mM mM mM I’ajout, mM mM 

0 0 0,33* 0 0 
0,025 0,025 0.38 0.05 0,05 
0,025 0,05 040 0.02 0.07 
0,05 0,lO 0.44 OW 0,ll 
0,lO 0,20 0.53 0,09 0,20 
0,20 040 0,76 0,23 0,43 
0,20 0,60 1,02 0,26 0,69 
0,20 0,80 I,19 0,17 0,86 

*Correspondant aux ions Br- lib&s lors de la bromation de la matrice 
petrol&e avant ajout de styrene. 
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Tableau 5. Dosage d’ajouts de cyclohexbne dans du residu atmosphtrique 
Boscan a l’aide d’une solution de TBABr, initialement 1,6OmM dans la cellule 
tlectrochimique, et dont le titre est abaisse a 1,26mM apres action sur le 

pbtrole 

[cyclohedne] 
WI do&e [cyclohexbne] 

lcyclohextne] Z[cyclohexene] apparue, correspondant totale doske, 
ajoutee, mM ajoutke, mM_ -mu a I’ajout, mM mM 

0 0 0,34* 0 0 
0,05 0,05 040 0,06 0,06 
0,05 0,lO 0,46 0,06 0,12 
0,lO 0,20 0,56 0,lO 0,22 

*Correspondant aux ions Br- liberbs lors de la bromation de la matrice 
pktroliere avant ajout de cyclohextne. 

ajouts d’olefine dans la matrice pttroliere ayant deja effect&es respectivement sur le styrene et le cyclo- 
reagi avec un exds de TBABr,. hexine sont rapport& dans le tableau 6. 

Les r&hats obtenus pour le sty&e sont con- 
signis dans le tableau 4, tandis que ceux relatifs au 
cyclohexene sont mention&s dans le tableau 5. Pour 
ces deux exemples, seuls sont rapportb, par souci de 
clarte, les r&&tats des dosages effect& sur les ions 
Br- form&, mais des resultats tout aussi satisfaisants 
sont obtenus lorsqu’on effectue le calcul ii partir des 
ions tribromures consommb. 

L’examen de ces deux tableaux revtle que si 
I’accord est moyen pour le styrene (cf. tableau 4), il 
s’avere bon pour le cyclohexene (cJ tableau S), un 
bon accord Ctant observe entre les valeurs experi- 
mentales (cJ colonne 4) obtenues par dosages des 
ions Br- et les quantitis effectivement ajoutees (cJ 
colonne 1). 

La lecture de ce tableau met en evidence qu’un 
accord satisfaisant existe entre les concentrations 
effectives dans la cellule Clectrochimique en sty&e 
(0,35 x lo-)M) et en cyclohexbne (0,25 x lo-‘M) 
et celles trouvees experimentalement, [s] = 
0,35 x 10m3M et [cyclohexene] = 0,26 x lo-‘M com- 
pte tenu de la precision experimentale exprimee a 
l’aide des limites de confiance a 95%, respectivement 
f 0,03 x 10m3M pour le styrene et f 0,02 x lo-‘M 
pour le cyclohexene. 

De m&me l’estimation de la quantite totale 
d’olefine ajoutee (cJ colonne 5) obtenue a partir du 
dosage des ions Br- est en bon accord avec la valeur 
effective de l’ajout total (cJ colonne 2). 

Enfin il est a noter que le seuil de sensibilite de 
notre methode de dosage peut Ctre estime a 
5 x lo-‘M dans la cellule electrochimique soit 
5 x 10e3M dans le milieu reactionnel. 11 va de soi 
que pour une telle concentration, la precision de la 
mesure n’est pas excellente. 

Ainsi il apparait clairement qu’une matrice p&t- 
roliere aussi visqueuse et complexe qu’un residu 
atmospherique Boscan n’altere pas de facon 
significative la determination, par la methode d&rite, 
de l’indice de brome correspondant aux oltfines 
additionnees. 

CONCLUSION 

Dans un second temps nous avons addition& 
d’abord I’olefine dans la matrice petrolitre puis pro- 
cede a son dosage par ajout d’un excts de TBABr,. 
Un tel protocole operatoire impose bien entendu le 
recours a un blanc independant effect& sur la matrice 
petrolitre, en l’occurrence ici un residu atmos- 
pherique Boscan. Les resultats obtenus dans ces 
conditions sur six manipulations indtpendantes 

Nous venons de montrer que l’utilisation dun 
dosage Clectrochimique des ions Br- et Br; a I’issue 
de la bromation par les ions tribromures des fractions 
lourdes du petrole constitue une approche rapide, 
reproductible et fiable pour determiner l’indice de 
brome de telles fractions. 

Nous nous proposons d’appliquer de facon syste- 
matique la methode decrite dans cet article aux 
fractions petrolitres plus leg&es, done moins rebut- 
antes (fuel oil, essences issues de differents pro&d&s 
de crackage, essence leg&e etc.) pour lesquelles un 
degri? d’insaturation a pu Ctre determine, notamment 
par couplage GC-MS. Une etude de modtlisation 

Tableau 6. Dosages de quantites connues de sty&e et de cyclohextne 
additionnees a une matrice pktroliire (PA Boscan); comparaison des titres 

theoriques et exptrimentaux dans la cellule d’electrolyse 

Styrene, mM Cyclohextne, mM 

Concentration thtorique 
Concentration exp&imentale* 
Limite de confiance a 95%+ 

0,35 0,25 
0.35 0,26 

*0,03 + 0,02 

*Moyenne et limite de confiance obtenues a partir de 6 manipulations 
independantes. 
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bake sur des composks prknts dans les fractions 
lourdes est kgalement poursuivie. 
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Summary-N-Benxyl-2naphthohydroxamic acid extracts vanadium(V) selectively and quantitatively into 
chloroform from 2-8&U hydrochloric acid in the presence of Mo(VI), Zr(IV) and Ce(IV). The extraction 
takes place quickly and gives a stable reddish-violet extract which shows an absorption maximum at 505 
nm with molar absorptivity of (5.34 kO.05) x 10) l.mole-‘.cm-‘. The optimum range for the deter- 
mination is 2.2-7.4 ppm of vanadium(V) in the final solution. The method has been used for the 
determination of vanadium in steels. 

Efforts made to improve the sensitivity and selectivity 
of hydroxamic acids as reagents for vanadium by 
substituting groups on the nitrogen atom or the 
phenyl rings had led to a few hydroxamic acidslm5 

which are superior to N-phenylbenzohydroxamic 
acid (PBHA), the best known and most widely used 
reagent for vanadium(V). For example, N- 
benzylbenzohydroxamic acid (BBHA) is more selec- 
tive than PBHA. We have found that N-benzyl-2- 
naphthohydroxamic acid (B-2-NHA) I, extracts 
vanadium(V) selectively and quantitatively into chlo- 
roform from hydrochloric acid in the presence of 
Mo(VI), Zr(IV) and Ce(IV), which seriously interfere 
in almost all the procedures based on use of other 
N-arylhydroxamic acids. It also gives higher sensi- 
tivity. This communication describes an assessment 
of B-2-NHA for the solvent extraction and spectro- 
photometric determination of vanadium(V). 

I-IO 0 

I 

EXPERIMENTAL. 

Reagents 

N-Benxyl-2-naphthohydroxamic acid (m.p. 130”) was 
prepared and purified by the method reported elsewhem6 A 
0.1% solution was prepared in alcohol-free chloroform. 
Stock solutions of vanadium were prepared from ammo- 

*Present address: Department of Chemistry, C.M.D. Post, 
Graduate College, Bilaspur (MP), India. 

nium metavanadate in glass-distilled water and standardized 
titrimetrically.7 Solutions of diverse ions were prepared as 
recommended by West.* All chemicals used were of anal- 
ytical grade whenever possible. 

Procedure for extraction and determination of vanadium 

Transfer a suitable aliquot of solution containing 
40-200 pg of vanadium(V) to a separating funnel, and add 
water and concentrated hydrochloric acid to give a final 
volume of IO-15 ml and acid concentration of 2-8M 
(optimum is 4-5M). Add 10 ml of reagent solution in 
chloroform and shake the mixture for at least 2 mitt, allow 
the phases to separate, and collect the reddish-violet organic 
phase. Repeat the extraction with two 2-ml portions of 
reagent solution in chloroform, then wash the aqueous 
solution with two 2-ml portions of pure chloroform. Dry the 
combined extracts and washings over anhydrous sodium 
sulphate (l-2 g), and transfer to a 25-ml standard flask, 
washing the sodium sulphate with chloroform and adding 
the washings to the flask. Dilute to volume with chloroform 
and measure the absorbance in a l-cm cell at 505 nm against 
pure chloroform. 

Procedure for steel samples 

Dissolve 0.30.5 g of steel in about 5 ml of 3M sulphuric 
acid with gentle heating. Add a little concentrated nitric acid 
(0.5-l ml) and heat to fumes. Cool, dilute to about 10 ml 
with water, heat to about 80” and oxidize *the vanadium by 
addition of O.OSN permanganate solution. Cool, make up 
to volume in a lOO-ml standard flask, and take a suitable 
aliquot for analysis as already described. Alternatively treat 
20-50 mg of steel in the same way, but omit the final dilution 
to 100 ml, and use the whole solution for the extraction step. 

RESULTS AND DISCUSSION 

The reddish-violet V(V)-B-ZNHA complex ex- 
tracted into chloroform from 434 hydrochloric acid 
has an absorption maximum at 505 nm. As the 
reagent does not absorb at this wavelength, pure 
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Table 1. Survey of interferences 

Tolerance limit, Tolerance limit, 
Ions ??¶P 

A 
Ions ??n? 

Al(II1) 40 FWII)* 70 
Ba(I1) 140 P*(IIi) 130 
Bi(II1) 50 Th(IV) 60 
Cu(I1) 50 Ti(IV) 5 
Cd(H) 100 2.5 
Cr(IIi) 

Tl(III)* 
40 UVI) 50 

Co(H) 20 
Fe&I) 

WVIYt 5 
25 Zn(I1) 20 

Li(II1) 70 Zr(IV) 70 
Mn(I1) 25 Acetate 60 
Mg(IIj 150 Fluoride 25 
Mo(V1) 50 Chloride 120 
Ni(I1) 30 

*Repeated extraction. 
PRepeated extraction with 0.3% reagent solution, phos- 

Table 2. Determination of vanadium(V) in B.C.S. steels 

B.C.S. Steels 
Certified value, V found,* 

% % 

phoric acid as masking agent. 

chloroform can be used as the blank for all absorb- 
ance measurements. 

The intensity of the coiour is dependent on the 
acidity but is constant over the range 2.0-8.5M 
hydrochloric acid. The influence of other factors was 
investigated with an acid concentration of 4.5h4. 

The volume of the aqueous phase may be varied 
from 5 to 30 ml without affecting the final absorb- 
ance. Chloroform, in which the complex is freely 
soluble, is the most suitable solvent for the extraction. 
The absorbance remains constant for at least a week 
if the extract is kept in a cool dark place. 

The molar ratio of reagent to vanadium must be at 
least 6: 1 for full colour development, but can be up 
to 9O:l without adverse effect on the colour. The 
recommended conditions give a minimum mole ratio 
of -9:l. 

Beer’s law holds at 505 nm over the concentration 
range 1.8-8.8 ppm of vanadium in the chloroform 
solution. The optimum working range for deter- 
mination, based on Sandell’s recommendation,’ is 
2.2-7.4 ppm. The molar absorptivity (E) of the com- 
plex at 505 nm is (5.34 f 0.05) x 10’ 1 .mole-‘.cm-‘. 

Efect of diverse ions 

Various amounts of diverse ions were added to a 
fixed amount (87.4 pg) of vanadium(V) and the 
colour was developed according to the recommended 
procedure. The tolerance limit was calculated as the 
amount of foreign ion which would cause a change 
of 2% in the absorbance. The limits found are listed 

Cr-V. No. 224 
Low alloy steel 

No. 252 
High speed steel 

No. 241/l 

0.242 0.239 f 0.003 

0.460 0.457 + 0.002 

1.570 1.567 &- 0.006 

*Average 4 standard deviation of four determinations, sam- 
ple weights 25-48 mg for No. 224,23-33 mg for No. 252, 
and 20-21 mg for No. 241/l. 
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in Table 1. Phosphoric acid and sulphuric acid are 
tolerated up to 0.67M and O.lSM, respectively. 

PBHA and many other N-arylhydroxamic acids 
give coloured complexes with cerium(IV) and molyb- 
denum~l) which are extractable from fairly eoncen- 
trated hydrochloric acid, and these complexes cause 
serious interference in the determination and vana- 
dium(V). However, B-ZNHA does not give coloured 
extracts with Ce(IV), Mo(V1) or Zr(IV) under the 
conditions recommended for vanadium(V), so these 
ions do not interfere. This shows the remarkable 
selectivity of B-2-NHA for vanadium(~. However, 
titanium(W) forms a yellow complex with B-2-NHA 
and is tolerated only in very small amounts. 

Typical results for some standard steels are given 
in Table 2. 

Tandon, Head of Chemistry Department, Ravishankar 
University, Raipur, for providing laboratory facilities and 
useful suggestions. One of them (BS) is thankful to U.G.C., 
New Delhi, for a Teacher Fellowship award. 

Determination of vanadium in steels 

Acknowledgements-The authors are thankful to Prof. S. G. 

REFERENCES 

I. U. Priyadarshini and S. G. Tandon, Analyst, 1961,36, 
544. 

2. S. G. Tandon and S. C. Bhattacharya, Anal. Chem., 
1961, 33, 1267. 

3. D. C. Bhura and S. G. Tandon, Anal. Chim. Rcta, 1971, 
53, 379. 

4. S. A. Shahid Abbasi, Anal. Chem., 1976, 48, 714. 
5. A. K. Mazumdar and G. Das, Anal. Chim. Acfa, 1964. 

31, 147. 
6. B. R. Sahu and U. Tandon, J. Chem. Eng. Data, 1983, 

28, 433. 
7. A. I. Vogel, Quantitative Inorganic Analysis, 3rd Ed., 

pp. 265, 646. Longmans, London, 1961. 
8. P. W. West, J. Chem. E&c., 19.51, 18, 528. 

Metals, 3rd Ed. Interscience, New York, 1959. 
9. E. B. Sandell, Calorimetric ~etermi~afron of Traces of 



Talked, Vol. 34, No. 7, pp. 655456, 1987 
Printed in Great Britain. Ail rights reserved 

~39-91~/87 $3.00 + 0.00 
Copyright 0 1987 Pergamon Journals Ltd 

SPECTROPHOTOMETRIC DETERMINATION OF IRON BY 
EXTRACTION OF THE IRON(5,5-DIMETHYL- ,2,3- 
~YCLOHE~NETRIONE- 1,2-DIOXIME-3-THIOSEMI- 

CARBAZONE COMPLEX 

F. SALINAS, T. GALEANO DL&Z and J. C. JIMENEZ SANCHEZ 

Department of Analytical Chemistry, Faculty of Sciences, University of Extremandura, 
06071 Badajoz, Spain 

(Received 21 February 1986. Revised 17 November 1986. Accepted 3 February 1987) 

Summary-The iron (II)-S,S-dimethyl- 1,2,3-cyclohexanetrione- 1,2-dioxime-3-thiosemicarbazone complex 
can be extracted from a medium of high acidity into amyl alcohol. Measurement of the absorbance at 
550 nm gives a determination limit for iron of 0.015 pg/ml. The method has been applied to the 
determination of iron in water, wine, beer and fruit juice. 

We have already described the synthesis and analy- 
tical properties of 5,5-dimethyl-1,2,3cyclohexane- 
trione - 1,2 - dioxime - 3 - thio~micarbazone (DCDT) 
and its application to the determination of iron 
in strongly acidic medium.’ Extraction of the 
Fe(II)-DCDT complex into amyl alcohol increases 
the sensiti~ty of the method, and can be applied to 
the determination of iron in water, wine, beer and 
fruit juice. This application, along with an improved 
procedure for synthesis of the reagent, forms the 
subject of this paper. 

EXPERIMENTAL 

Reagents 
All chemicals were of analytical reagent grade or better. 

Stock standard ironfIB solution tl.002 a/l.) was standard- 
ized by titration with’ potassium. dichromate and diluted 
further as required. 

Synthesis of DCDT 
Dissolve 5 g of S,S-dimethyl-1,3-cy~lohexan~ione in a 

solution of 2.5 g of potassium hydroxide in 15 ml of water. 
Add 2.46 g of potassium nitrite, cool the solution in a 
freezing mixture, and keep it at ~0” during the subsequent 
procedure. With continuous stirring add concentrated hy- 
drochloric acid until a slight excess is present. Then add cold 
ethanol until all the yellow product has dissolved, and mix 
with a solution of 2.48 g of hydroxylamine hydrochloride in 
water, neutralized with sodium carbonate. Filter off the 
white precipitate of 5,5-dimethyl-1,2,3-cyclohexanetrione- 
1,2-dioxime obtained and wash it with water. 

Add a solution of 1.4 g of thiosemicarbazide in 70 ml of 
5% v/v hydrochloric acid to a solution of 2.5 g of the 
dioxime in 70 ml of ethanol. Collect the yellow precipitate 
(which appears after a few minutes) and wash it with I : 1 v/v 
ethanol-water mixture (yield 80%). 

The m.p., infrared spectrum and elemental analysis 
confirm the identity of the product. It is used as a 0.5% 
solution in dimethylformamide. 

Procedures for determination of iron 
Place in a separatory funnel 100 ml of sample solution 

containing between 1.5 and 45 fig of iron, and add 15 ml 
of concentrated hydrochloric acid and 1 ml of reagent 

solution. After 5 min add 10 ml of amyl alcohol and shake 
the mixture vigorously for 1 min. Separate the organic phase 
and centrifuge it. Measure its absorbance at 550 nm against 
water. 

Analysti of water. Filter the water immediately after 
sampling and acidify it with 8 ml of concentrated hydro- 
chloric acid per litre. Boil a IOO-ml portion for 10 tnin, and 
determine iron as above. 

Analysis of f&it j&e. Filter the juice and acidify it with 
a few drops of concentrated hydrochloric acid. Analyse a 
known volume containing 1.5-45 ~8 of iron by the pro- 
cedure above, measuring the absorbance against a blank 
prepared by similar treatment of the same volume of the 
juice, but with omission of the reagent. 

Anuiysis of wines. Analyse as for fruit juice, but omit the 
filtration. 

Analysis of beer. Degas the sample and analyse as for 
water. 

RESULTS AND DISCUSSION 

As already reported,’ iron(I1) and iron(II1) form 
a violet complex with DCDT, with maximum 
absorption at 550 nm. The stoichiometry of the 
iron(DCDT complex is 3 : 1 (reagent: Fe). 
Iron(II1) is reduced by the reagent and gives the 
iron(I1) complex. The optimum acidity range for 
complex formation is between H, = -2.8 and pH = 1 
(H, is the Hammett acidity function2). At least 
a IO-fold molar excess of reagent is necessary. 
The molar absorptivity at 550 nm is 8.9 x 10) 
1 .mole-‘.cm-‘. 

Various solvents have been tested for extraction of 
the Fe(II)-DCDT complex, and amyl alcohol was 
found the best. The effect of acidity on the distribu- 
tion of DCDT between hydrochloric acid and amyl 
alcohol is shown in Fig. 1. The extraction of DCDT 
was decreased by protonation of the DCDT at nega- 
tive values of Ho and by dissociation at pH > 6. 

The effect of acidity on extraction of the 
Fe(II)-DCDT complex was also studied with 20 pg 
of iron(I1) in 10 ml of aqueous phase at the desired 
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Fig. 1. Effect of acidity on the extraction of DCDT (initial 
concentration 3.9 x IO-‘M). 

acidity, 1 ml of reagent solution, and 10 ml of amyl 
alcohol. The results are shown in Fig. 2. At Ho values 
more negative than -3 the phase separation is not 
satisfactory. 

Table 1. Tolerance for foreign ions in determination of 20 
fig of iron 

Maximum 
permissible 
w/w ratio 
of foreign 

ion to Fe(B) Ions tested 

2 Co(II), Te(IV), Pd(I1) 
5 Ni(I1) 

25 Mo(VI), Cu(II), BO; 
100 Hg(II), Sn(II), 

Ag(I), Cr(III), Cr(VI)*, Al(III), 
Be(II), W(VI), Zn(II), Cd(II), 

ZloO Pb(II), Bi(III), As(III), Mn(II), 
Ti(IV), Sb(III), Ca(II), Ba(II), 
Mg(II), V(V)*, PO:-, F-, Se-, NO,, 
Br-, IO;*, BrO;*, ClO;* 

*In presence of 1 ml of 10% ascorbic acid solution. 

Table 2. Determination of iron in water bg/m/)* 

Sample DCDT 

Guadiana river 0.104-0.107 
Well water 0.087-0.089 

1, IO-Phenanthroline 
method? 

0.102 
0.087 

Tap water 0.096-0.102 0.094 

*Range of 3 determinations. 
tWith 5.0-cm path-length. 

Table 3. Determination of iron in fruit 
juices @g/ml)* 

Sample DCDT method AAS 

Apple juice 0.534.55 0.50 
Tomato juice 0.58X%0 0.62 
Lemon juice 0.454.46 0.44 
Orange juice 0.46-0.48 0.50 

*Range of 3 determinations. 
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Fig. 2. Effect of acidity on extraction of the Fe(U)-DCDT 
complex. 

Table 4. Determination of iron in wine 
and beer @g/ml)* 

Sample DCDT method AAS 

Dry sherry 1.64-1.66 1.69 
Beer 0.114.13 0.12 

*Range of 3 determinations. 

We chose 1: 10 volume ratio of isoamyl alcohol to 
sample, a shaking time of 1 min and 1 ml of 0.5% 
reagent solution as optimal. 

The extraction constant, determined by the method 
of Roman Galan et al.’ was 2.8 x lOis and the 
method confirmed the stoichiometry of the complex. 

The extract obeys Beer’s law over a wide range of 
concentration. The detection limit4 is 0.005 pg/ml 
and the determination limit’ 0.015 pg/ml. The rela- 
tive error (11 determinations, 20 pg of iron, 95% 
confidence level) is 0.5%. 

In the determination of 20 pg of iron, foreign ions 
can be tolerated at the levels given in Table 1. 

The results obtained in the determination of iron 
in water, fruit juice, wine and beer are given in Tables 
24, with those obtained with l,lO-phenanthroline or 
atomic-absorption spectrometry. 
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Sltmmary--An quation for the current in ~ere~~-~I~ anodic-stripping voltrimmetry at tub&r 
electrodes is derived. Application of a giassycarbon tubular electrode to determination of traces of 
bismuth In environmental water samples by differential-pulse anodic-stripping vohammetry is described. 
In hydrochloric acid medium, the stripping peak current is proportianal to tbe concentration of bismuth 
in the range 2-100 ng/ml, with a deposition time of 3-10min. ‘l%e detection limit is 0.5 ng/ml. 

Tubular electrodes have been studied hy B&de1 and 
co-workers1-3 and anodic stripping voltamrrtctry 
(ASV) with thin mercury films deposited on various 
forms of carbon has been widely used for trace metal 
analysis, and recently for on-line analysis.4 Lieb- 
erman and Zirino’ have used a very high flow-rate in 
a tubular rnerc~~oat~ graphite electrode to detect 
zinc in sea-water at concentrations of t x t0+M, 
with 5-min deposition. Schieffer and Blaedel’+’ used 
a pair of tubular glassy-carbon thin mercury-film 
electrodes in series for measurement of trace amounts 
of heavy metals in tap water; the metals were first 
collected on the upstream electrode, then stripped 
from it and collected on the do~str~ electrode, 

In this paper, we derive an equation for 
differential-pulse anodic-stripping voltammetry 
(DPASV) which expresses the dependence of the 
differential-pulse anodic-stripping current on param- 
eters such as flow-rate, pulse amplitude, bulk concen- 
tration of electroactive species, etc., and con&m it 
experimentally. We have designed a glassy-carbon 
tubular electrode flow-through cell and applied it to 
continuous determination of trace bismuth in tap and 
ground water by DPASV. In 0.06M hydrochloric 
acid medium, the stripping peak current of bismuth 
can be obtained at -0.11 V (us. Ag/AgCl) and is 
liner&y related to bismuth concentration over the 
range 2-100 q/ml, with 3-10 min deposition. This 
method has many advantages such as high sensitivity 
and stability and can be applied to continuous and 
on-line analysis. The bismuth content of enviran- 
mental water samples has been measured. 

Blaedel and Klatt* have derived a simple equation 
for the diffusion current at tubular electrodes: 

i = 5.31 x 10s n IW _W3 V;” C 0 (0 

where C, is the bulk ~n~t~tio~ of electroactive 
species, D the diffusion coefficient, Xthe length of the 
tubular electrode, and V, the volumetric flow-rate. 

In DPASV, by analogy with Hubbard and Auson”s 
treatment,* the electrolysis current is given by 

j = -SFV$+ 

where n is the number of electrons involved in the 
electrode reaction, F the Faraday constant, V the 
volume of the metal thin film, and Ca the bulk 
concentration of reactant R. For differential-pulse 
vohammetry, when the pulse amplitude is AE and the 
duration of the potential pulse is 6, if the potential 
scan-rate is slaw and 6 is small, Ai can be expressed 

by 

Ai = 
AC, 

-nFV- - 
At 

_nFPCl-Cz 
b (3) 

where C, and C, are the concentrations of reactant R 
on the surface of the electrode when the potentials 
applied are E and E + AE, respectively. 

We suppose that before the deposition potential is 
applied, the concentration af R on the surface of the 
electrode (C$) is zero, and that after a deposition 
time tdep 

c,+ = it&bp/nFv 

For convenience, we will write 

so in the stripping process 

c, = cg/(l -t-e,) (6) 

before the pulse is applied. Similarly, for the situation 

651 



658 SHORT COMhfUNlCATlONS 

after application of a potential pulse AE, we can write 

exp ST (E - E,,, + AE + 6~) 1 = e2 (7) 
where v is the potential scan-rate. If AE >>6v, equa- 
tion (7) can be approximated to 

exp sT (E - E,,, + AE) 1 = O2 (8) 
SO 

c, = c;/(l + e,) (9) 

From equations (3), (6) and (9), Ai can be ex- 
pressed as a function of 6, and e2 by 

(10) 

On the other hand, combining (1) and (4) gives 

C; = 5.31 x lo5 nD2’3 X2’3 V;” C,,tdep/nFV (11) 

From equations (10) and (1 1), Ai can be expressed by 

A, = 5.3 1 x 1 O5 nD 2’3 X2’3 I’;‘~ tdep c, 

( 1 I x --- 
lfe, i+e, >i 

6 (12) 

When E = E1,2 - fAE, Ai will be maximal and 
expressed by 

(Ai), = 5.31 x lo5 nD213 X2/3 Vi13 t,,_, C,) 

‘{ 1 +expig AZ]-1 +exp[& AEi/’ 

(13) 

If AE s nF/RT the peak current equation for 
DPASV at tubular electrodes will be:9 

(Ai) = 1 33 x 105n2F P . 

x (AE/6)D2’3 X2’3 V;‘3 tdepCo/RT (14) 

but if 6v approximates to AE, (di), can be expressed 
as 

(Ai), = 1.33 x lo5 n2FDzi3 Xz’3 V:‘3~depC0 

x (AE + 6v)/6RT (15) 

EXPERIMENTAL 

Apparatus 
A model F-78 pulse polarograph was used. The output 

was fed into a recorder (model XWT-204, Dahua Meter 
Factory, Shanghai). 

A schematic diagram of the cell is shown in Fig. 1. The 
body, made from Teflon, is in two parts, each with a l-mm 
diameter hole drilled through its centre. The upper block 
contains a silver-silver chloride reference electrode. Four 
stainless-steel bolts (not shown in the figure) hold the blocks 
together and compress the O-ring and three anion-exchange 
membrane washers on the lower block to provide a leak-free 
liquid bridge between the working and reference electrodes. 
The working electrodes are glassy-carbon tubular elec- 
trodes, made by drilling a l.O-mm diameter hole in a rod 
(The Man-made Crystalline Institute of Beijing) and cutting 

4 

5 

Fig. 1. Glassy-carbon tubular electrode flow-through cell. 1, 
Ag/AgCl electrode; 2, Pt wire counter-electrode; 3, 1M KCl; 
4, O-ring; 5, tubular electrode; 6, anion-exchange mem- 

branes. 

it into suitable lengths, typically 2.0 mm. The polishing 
procedure is that described by Schieffer and Blaedel.6 
Siphoning was used for solution flow. 

Reagents 
All chemicals used were of analytical-reagent grade and 

doubly distilled water was used. 
Standard bismuth solufion. Bismuth powder (1 .OOO g) was 

dissolved in 10 ml of concentrated nitric acid and the 
solution was diluted to 1000 ml. This lOOO-,ug/ml stock 
solution was further diluted as required. 

Mercuric nitrate solution. Mercuric nitrate (0.3426 g) was 
dissolved in 100 ml of water. 

Procedure 
Transfer 1.25 ml of 1 x 10e3M mercuric nitrate, 0.75 ml 

of 2M hydrochloric acid and 2 ml of standard I-pg/ml 
bismuth solution into a 25ml standard flask, and dilute to 
the mark with water. Place this solution in the cell, set the 
deposition potential at -0.5 V, pulse amplitude at 50 mV, 
and the flow-rate (Vr) at 0.6 ml/min. After deposition, scan 
the potential from -0.5 to +0.2 V and 10 mV/sec. The 
differential pulse anodic stripping peak is at -0.11 V. 

RESULTS AND DISCUSSION 

Cyclic voltammetry 

A 6+g/ml bismuth solution was examined by d.c. 
cyclic voltammetry. The difference between the an- 

-0 

Fig. 2. A typical cyclic voltammetric curve for bismuth: 6 
ppm Bi (III), 0.06M HCl, V, 0.6 ml/min, Y 10 mV/sec. 



SHORT COMMUNlCAlTONS 659 

Table 1. Deoendence. of ce.ak current on scan-rate 

Scan-rate, m V/see 1 2 5 10 
(A% ~4 0.97 1.06 1.13 1.30 

odic and cathodic peak potentials (E,, - Epp) was 35 
mV, so this electrode process on the glassy-carbon 
tubular electrode with in situ mercury-plating is re- 
versible. The height of the anodic peak being greater 
than that of the cathodic peak shows that bismuth 
can be deposited on the electrode easily. A typical 
cyclic voltammetric curve is shown in Fig. 2. 

Experimental conditions 

Electrolyte. Hydrochloric acid is used as the elec- 
trolyte. Changing its concentration from 0.04 to 
0.60M has no effect on the peak current, and 0.06M 
was chosen as the acid concentration of the medium. 

Hg(NO,), concentration. Mercuric nitrate was 
chosen for in situ mercury plating, and the stripping 
currents were found constant over the range from 
4 x 10m6 to 5 x 10m4M mercuric nitrate. The concen- 
tration chosen for use was 5 x IO-‘M. 

Deposition potential. Peak currents were indepen- 
dent of deposition potential in the range from -0.3 
to - 1 .O V, and - 0.5 V was selected for practical use. 

Scan-rate. The peak current could not be measured 
at scan-rates of 100 and 50 mV/sec because the scan 
was too fast. The peak heights slowly increased as 
the scan-rate was increased from 1 to 10 mV/sec 
(Table 1), in accordance with equation (15); 10 
mV/sec was chosen for its higher sensitivity. 

Pulse intervals. The diffusion layer thickness will 
increase as the pulse interval increases, and the 
diffusion current will become smaller. It was found 
that the peak current decreased as the pulse intervals 

Fig. 3. A typical DPASV curve for bismuth and a blank: 1, 
blank; 2,80 rig/g Bi(II1); 0.06&f HCl; fdcp 3 min; v 10 mV/sec; 

pulse amplitude 50 mV, pulse interval 0.5 sec. 

were increased from 0.5 to 5.Osec. A I-set pulse 
interval was chosen because it gave a good peak 
shape and higher sensitivity. 

Pulse amplitude. The peak heights were found to be 
a linear function of the pulse amplitude. 

Deposition time. The peak heights were linearly 
related to deposition time in the range from 1 to 
15 min, and 3 and 10 min deposition times were 
chosen for lo-* and 10e9 g/ml bismuth, respectively. 

Flow-rate. The dependence of (Ai), on V:‘3 was 
linear and 0.6 ml/min was chosen as the flow-rate. 

Electrode length. The dependence of (Ai), on X213 
was linear, and in good agreement with expectation. 

Calibration graph and detection limit 

The graph of (Ai), us. bismuth concentration was 
linear and passed through the origin. The detection 
limit was 0.5 ng/ml with a deposition time of 15 min. 
Figure 3 shows typical DPASV curves for bismuth 
and a blank. 

Interferences 

The effect of foreign substances was studied with 
an 80-ng/ml bismuth solution. Co(II), Mn(II), Ni(II), 
W(VI), Pb(II), Mo(VI), Cr(VI), Se(IV) and Ti(IV) at 
8 pg/ml do not interfere with the stripping peak of 
bismuth. Higher levels of Cu(I1) can be dealt with by 
removal of the copper and bismuth with “thiol 
cotton”, and their differential elution with 0.2M 
hydrochloric acid (copper) and 2M hydrochloric acid 
(bismuth).” 

Water analysis 

Untreated water samples can be directly analysed. 
Transfer 20 ml of environmental water sample, 0.75 
ml of 2M hydrochloric acid and 1.25 ml of 1 x 10e3M 
mercuric nitrate into a 25-ml standard flask, and 
dilute to the mark with doubly distilled water. Deter- 
mine the bismuth content by the standard additions 
method, with anodic stripping at - 0.11 V. Results 
are shown in Tables 2 and 3. Relative standard 

Table 2. Analysis of water samples 
(mean and standard deviation of 6 

results) 

Bi content, s.d. 
Sample wlml wlml 

I 2.0 0.11 
II 1.7 0.09 
III 5.2 0.07 
IV 4.5 0.11 

Table 3. Recovery of long/ml bismuth added to samples 

Bi content,* Bi found,* 
Sample nglml wlml Recovery, % 

V 5.1 14.9 98 
VI 1.5 12.0 105 
VII 6.7 17.3 106 
VIII 2.7 12.2 95 

*Means of 3 determinations. 
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~~-Analysis of commercial paraffin waxes by use of molecular sieves and deealin has been shown 
to give misleading results because of the formation of additional compounds. The source and the nature 
of these compounds have been investigated and it has been found that they arc polymers of partially 
dehydrogenated decalin. Care should be taken when using this solvent in such analyses. 

Several procedures for the analysis of ~~ercial 
mineral waxes have been rep~rted.‘~ In our work on 
correlation of wax constituents as the basic feedstock 
for production of fatty acids or alcohols, the correct 
composition of these compounds had to be deter- 
mined, and we used the procedure of Washall et uL4 
because of its simplicity and ease of operation. In 
doing so, however, we encountered artifacts in the 
form of additional compounds in the unabsorbed 
portion of the waxes. The source and nature of these 
additional compounds were investigated and are de- 
scribed in this communication. 

EXPERIMENTS 

Materials 
Waxes. Several refined commercial paraffin waxes were 

used but only the results for the wax with m.p. 52.5” are 
deseribed. 

De&in. Freshly distilled commercial decalin, which was 
a mixture of the cis and trans forms, was used. 

~ole~l~r sieve (.SA, $-in. pellets, AI&e& Associates). 
Activated by heating in a vacuum oven at 250” for 6 hr and 
stored in a desiccator for later use, 

Apparatus 
A Hewlett-Packard model 5700 gas chromatograph was 

coupled directly to a Kratos AEI MS- 12 mass-spectrometer. 
Data were collected with a Finnigan INCOS 2300 system. 

Procedure 
A mixture of molecular sieve (10 g), decalin (10 ml) and 

wax (0.5 g) was heated at 180” for 24 hr, then cooled and 
filtered through a sintered-glass funnel. The molecular sieve 
was extracted in a Soxhlet extractor with a mixture of 
benzene and propanol-2 (100 + 50 ml) for 6 hr. The Ntrate 
and extract were combined, and the solvent was removed, 
leaving a brownish mass. A blank experiment without the 
addition of wax was conducted in a similar way. 

A 0.1~~1 portion of a cyclohexane solution of unabsorbed 
material from the wax was injected into the column. The 
brownish mass from the blank experiment was applied to 
the probe tip, as a saturated solution in cyclohexane. The 
solvent was removed by a stream of nitrogen. The ion source 

temperature was main~n~ at 280”. A Dexsil 300 SCOT 
column programmed to rise in temperatures from 150’ to 
300” at Z”/min was used for the gas chromatographic 
separations. Helium at a flow-rate of 5 ml/min was used as 
the carrier gas. The injection port and the transfer lines were 
maintained at 350” and 310” respectively. 

For recording the mass spectra and acquisition of data the 
experimental conditions were as follows. 

Ionizing voltage 70 V 
Accelerating voltage 4 kV 
Filament current 100 PA 
Scan-rate 2 m/decade 
Scan time 2sec 
Hold lsec 
Cycle time 65ec 
Acquisition Downward scan 

iU?XJLTs AND DliSCIJSSION 

The unabsorbed material from the waxes was 
brown and fluorescent, and showed strong absorp 
tion in the ultraviolet region. It was analysed by gas 
chromato~aphy-mass spectrometry. The recon- 
structed ion-current chromatogram, when compared 
with the chromatogram of the original wax sample, 

Table 1. Characteristic peaks in the spectra of the 
components of the unabsorbed material derived from 

WBxes 

Base peak, Molecule ion peak, 
Peak* m/r m/r 

: 
135 270 
135 270 

3 131 270 
4 131 268 
5 145 268 
6 131 268 
7 145 268 
8 158 266 
9 158 266 

10 165 262 

*In order of appearance on chromatogram. 
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Table 2. Summary of results of the mass spectrometric probe 
analysis of the molecular sieve-decalin extract 

Relative Molecular No. of No. of double 
miz intensity formula rings bonds 

262 0.93 GOH,, 4 6 
264 0.51 GJ% 4 5 
266 1.09 W-G, 4 4 

268 2.04 G& 4 270 1.48 G&a 4 : 
396 0.02 W-G6 6 7 
400 0.03 G&i 6 5 
404 0.02 Gl H44 6 3 

*100X/( Y - Z), where X is the measured intensity, and Y is the 
total ionization and Z the ionization sum for m/z = MS. 

Table 3. Ions in the mass spectrum of the molecular sieve-de&in extract from 
mass I28 to mass 138 

mlz 
128 
129 
I30 
131 
132 
133 
134 
135 
136 
137 
138 

Relative 
intensity* 

1.72 
2.85 
2.02 
5.13 
1.17 
0.62 
0.60 
1.80 
1.06 
1.07 
0.11 

CO&~& 
intensity 

1.67 
2.66 
1.71 
4.90 
0.60 
0.49 
0.53 
1.77 
0.86 
0.95 
0.00 

Molecular No. of No. of doubie 
formula rings bonds 

:;I; 2 2 5 

E$:; 2 2 4 

G& 2 3 

E:$:: 2 2 2 
W% 2 
G&W, 2 1 

2 
2 0 

*See footnote to Table 2. 

showed at least ten additional peaks, the character- 
istics of which are shown in Table 1. The components 
causing these peaks are unusual in wax samples, since 
they do not represent a homologous series but only 
a change in the degree of unsaturation. 

The filtrate, the washings and the extract from the 
blank experiment, when evaporated, gave a brownish 
semi-solid mass which was fluorescent and showed 
absorption in the ultraviolet region similar to that 
exhibited by the unabsorbed material from the waxes. 
The reconstructed ion-current chromatogram for the 
molecular sieve extract (direct introduction probe 
technique) had a large number of peaks. The charac- 
teristics of some of them are recorded in Table 2. 
These peaks had the same molecular weight and 
fragmentation pattern as those in Table 1. Moreover, 
these peaks could possibly originate from compounds 
having a carbon skeleton containing multiples of ten 
carbon atoms, or a bicyclic compound containing ten 
carbon atoms and having varying degrees of un- 
saturation. This observation confirmed that the 
source of the additional peaks present in the un- 
absorbed material from the waxes was not the trans- 
formed products of the waxes but had its origin in the 
decalin-sieve system. 

To explain the formation of these compounds, it 
is proposed that decalin becomes dehydrogenated 
under the influence of a molecular sieve at elevated 
temperatures. The presence of ions with an even m/z 

(Table 3) supports the hypothesis that there are 
dehydrogenated species in the mixture. The suggested 
dehydrogenation is analogous to some reactions of 
decalin which have been described earlier.’ The dehy- 
drogenated intermediates may polymerize in a similar 
manner to dialins.6s7 The newly formed C-C bond 
may be between two a-positions or an a and a 
/3-position to form a linear dimer, or two molecules 
may condense to form a polynuclear compound. The 
ionic species having m/z 135, which may have 
the structure shown in Fig. 1, could he formed by the 
fragmentation of the molecule ion of a linear dimer. 
The other ionic species, having m/z 131 might have 
formed part of a symmetrical molecule with a molec- 
ular weight (m.w.) of 262 but does not because the 

Fig. 1. Possible partial structures of ions in the spectra of 
the additional compounds formed in the decalin-molecular 

sieve system. 
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parent ion m.w. is 268. The remaining ionic species, 
having m/z 145, 158 and 165, which may have the 
structures shown in Fig. 1, cannot arise from the 
fragmentation of symmetrical molecule ions, but 
could originate from compounds containing cyclo- 
hexane rings separated by one or more carbon 
atoms.* The formation of such compounds may result 
from the rupture of one cyclohexane ring and gener- 
ation of free radicals as proposed by Bredael and 
Vinh.’ 

On the basis of these observations it is therefore 
proposed that under the experimental conditions 
described,4 decalin (in the presence of molecular 
sieves) polymerizes to form at least the dimer and 
trimer. For this reason it is felt that care must be 
taken in the application of this procedure for the 
analysis of mineral waxes. 
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Summary-A sensitive spectrophotometric method for the determination of selenium has been developed. 
The method depends on a redox reaction between selenious acid in 8M hydrochloric acid and a chloroform 
solution of ferrocene. One mole of selenious acid produces 4 moles of ferricenium ions, which are then 
oxidized by bromine water. The resulting iron(W) is reduced to iron and determined with 
l,lO-phenanthroline. The relative standard deviation for 20 pg of selenium was l:l%. The apparent molar 
absorptivity of the final solution, referred to selenious acid. is 4.23 x lo4 1. mole-‘. cm-’ at 512 nm. This 
method has been used to determine selenium in copper metal. 

The determination of selenite with 3,3’-diamino- 
benzidinel-’ and related reagent&’ is well established. 
However, these reagents are unstable to light and air.* 
Also, primary amines are carcinogenic’ and their 
selenite complexes have low molar absorptivities. 

Valsov et al.” reported a photometric deter- 
mination of selenious acid with ferrocene, based on 
a redox reaction between selenious acid and ferrocene 
in a strong acid solution (6M hydrochloric acid). 

H,SeO, + 4Fe[(C,H,),] + 4H+ 

+ Se + 4Fe[(C5H,),]+ + 3H,O 

The ferricenium ion has an absorption maximum at 
620 nm and the molar absorptivity corresponding to 
selenious acid is about 2 x lo3 l.mole-’ .cm-‘. Such 
a low sensitivity is not suitable for the determination 
of trace amounts of selenium. 

Chemical multiplication methods have recently at- 
tracted much attention for increasing the sensitivity 
of analytical procedures. Attempts have been made to 
achieve chemical multiplication for the photometric 
determination with l,lO-phenanthroline of the iron- 
(III) formed from the oxidative decomposition of 
ferricenium ions. The proposed method has been 
applied to the determination of selenium in copper 
metal, selenite first being separated from copper(I1) 
by co-precipitation with arsenic. 

EXPERIMENTAL 

Reagents 

Standard selenious acid solution, I x IO-%L Dissolve 
0.1290 g of commercially available selenious acid in water 
and dilute to 1 litre. Prepare a 1 x 10m5M solution by 
diluting the stock solution with water. 

Chloroform solution of ferrocene, 2 x IO--M. Add 20 ml 
of 1 x 10e2A4 methanol solution of ferrocene and 20 ml of 
concentrated hydrochloric acid to 100 ml of chloroform, 

and shake the mixture in a separating funnel. Any fer- 
ricenium ion in the ferrocene is transferred into the aqueous 
phase. Repeat the extraction. The chloroform solution can 
be used for up to three days after preparation. 

Concentrated hydrochloric acid. Pass the acid through 
a column of IRA-900 anion-exchange resin to remove 
iron(II1). 

Buffer solution, pH 6.0. Dissolve 13.75 g of sodium 
nitrilotriacetate in water, adjust the pH to 6.0 with phos- 
phoric acid and dilute the solution to 500 ml. 

I,lO-Phenanthroline, 5 x 10-M. Dissolve 0.59 g of 
l,lO-phenanthroline dihydrochloride in water and dilute the 
solution to 500 ml. 

Hydroxylamine solution. Dissolve 1 g of hydroxylamine 
hydrochloride in water and dilute the solution to 100 ml. 

Sodium arsenite solution. Dissolve 3.47 g of sodium 
arsenite in water and dilute the solution to 200 ml. This 
solution contains 10 mg of arsenic per ml. 

Sodium phosphinate solution. Dissolve 125 g of sodium 
phosphinate monohydrate (NaPH,O,.H,O) in water and 
dilute the solution to 250 ml. 

Washing solution. Mix 10 ml of the sodium phosphinate 
solution and 250 ml of hydrochloric acid (1 + 1). This 
solution is used for washing the arsenic precipitate. 

Apparatus 

A Hitachi, Model 200-10, double-beam spectro- 
photometer and a Hirama, Model 6C, photoelectric digital 
spectrophotometer were used, with l-cm cells. 

Procedure 

Add 10 ml of concentrated hydrochloric acid freed from 
iron(II1) by treatment with the anion-exchange resin to 5 ml 
of sample solution containing selenious acid (Se < 20 fig). 
Shake the mixture with 5 ml of the chloroform solution of 
ferrocene in a separating funnel for 15 min. The ferricenium 
ion passes into the aqueous phase from the chloroform 
solution of ferrocene. Evaporate the aqueous phase to 
about 5 ml, add 2 ml of bromine water and evaporate to 
dryness in a beaker, dissolve the residue in 1 ml of O.lM 
nitric acid, add 1 ml of hydroxylamine hydrochloride solu- 
tion, 4 ml of l,lO-phenanthroline solution and 5 ml of buffer 
solution (pH 6.0) and dilute with water to 25 ml. Measure 
the absorbance at 512 nm in l-cm cells after 30 min. 

Copper analysis procedure. Dissolve the sample in 140 ml 

664 
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of mixed acid (HNOj : HClO,: H,O = 2 : 5 : 3 v/v). Dilute 
with water to volume in a 200-ml standard flask, take a 
20-ml aliquot, add 30 ml of water, 50 ml of concentrated 
hydrochloric acid, 1 ml of amen&e solution (10 mg of 
arsenic) and 20 ml of sodium phosp~nate solution in that 
order. Boil the solution for 10 mitt, filter off the precipitate 
on filter paper, and wash with washing solution. Dissolve 
the precipitate off the filter paper with 5 ml of hot nitric acid 
(1 + 2) and wash the paper with 5 ml of hot water. Evap 
orate the solution and washings to dryness and dissolve the 
residue in 3 ml of water. Pass the solution through a column 
(8 mm bore, 100 mm in height) of CG-I20 cation-exchange 
resin to remove copper(I1). Wash the column with two l-ml 
portion of water and add 10 ml of hydrochloric acid to the 
eluate. Determine selenium by the procedure above. 

RESULTS AND DISCUSSION 

Blank value 

Chemical multiplication procedures are very useful 
for the determination of trace amounts of some 
elements. However, there may be a disadvantage in 
that the blank value is also increased. Here the blank 
values from the reagents were almost negligible, but 
that from the concentrated hydrochloric acid had to 
be decreased by pretreating the acid with a strong 
anion-exchange resin. Valsov et al.” used a homo- 
geneous solution (acetic acid-methanol-hydrochloric 
acid) as the medium for the ferrocene-selenite re- 
action. We found that shaking an aqueous selenite 
solution with a chloroform solution of ferrocene gave 
a blank that was only 40% of that obtained by the 
method of Valsov et al.” 

Effect of concentration of hydrochloric acid 

The reaction of ferrocene with selenious acid in 
methanol-hydrochloric acid-acetic acid is complete 
in a few minutes. However, when the two-phase 
system is used with the same ~n~ntration of hydro- 
chloric acid, the time required to attain constant 
absorbance is 40 min. The effect of the acid concen- 
tration of the aqueous phase on the reaction rate was 
examined by measuring the absorbance of the aque- 
ous phase after shaking the extraction system for 
20 min. Figure 1 shows that the absorbance begins to 

- 0 10 

HCC (MI 

Fig. 1. Effect of acid concentration: 5 ml of 5 x IO-rM 
selenite, 5 ml of 2 x lO_jM ferrocene in chloroform, 20 min 

Fig. 3. Effect of ferrocene concentration: 5 ml of 5 x lo-‘A4 
selenite, 10 ml of 12M hydrochloric acid, 5 ml of ferrocene 

shaking time. solution, 20 min shaking time. 

06 

r 

I 
0 

/ , 
10 20 

Time tmin) 

I 
30 

Fig. 2. Effect of shaking time: 5 ml of 5 x 10-W selenite, 
5 ml of 2 x 10m3M fermcene in chloroform, 10 ml of 12M 

hydrochloric acid. 

increase at 4M acid and reaches a constant value at 
> 7M acid. 

The shaking time needed for equilibration also 
depends on the acidity and was found to be 10 min 
for 8M and 40 min for 6M hydrochlo~c acid 
medium (Fig. 2). 

Effect of amount of ferrocene 

As shown in Fig. 3, a constant absorbance was 
obtained when more than 5 ml of 1.6 x IO-‘M 
ferrocene sohrtion was used. The ~n~ntration of 
ferrocene is then 40 times greater than that of 
selenious acid. 

E#ect of other ions 

The effect of various ions on the determination of 
selenium was examined. Cations such as copper 
and iron(fI1) interfere with the reaction of ferrocene 
and selenious acid. Oxidizing anions, such RS dichro- 
mate, chlorate and nitrite lead to positive errors. 

Since both tellurite and selenite react with ferro- 
cene and release ferricenium ion in acid solution, 
selenite should be separated from tellurite. Two 
methods”~‘* have been proposed for the separation. 

0.6 

1 t I I 4 J 
0.0 04 08 12 1.6 20 

Concentration tmM1 
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Table 1. Determination of selenium (five renlicatesl in Conner 

Proposed method 3,3’-Diaminobenzidine method’ 

Sample Se, ppm c.v., % SG ppm C.V., % 

A 197 3.2 200 3.8 
B 0.41 16 0.36 10 

Marbinya and Kapantsyah” reported that tellurite is 
sorbed on a column of IRA-900 anion-exchange resin 
from 8M hydrochloric acid, but selenite is not. We 
found this method useful for separation of selenite 
from a 30-fold mole ratio of tellurite. The traces of 
tellurium in ordinary samples of copper metal, how- 
ever, have negligible effect on the determination of 
selenium even without a separation. 

adsorbed on the precipitated arsenic, leading to a 
large error. This copper(I1) was therefore removed 
with a cation-exchange resin. For sample A, 1 g 
was dissolved and a tenth of the solution used for 
analysis. For sample B, a 50-g portion was dissolved 
in 350 ml of mixed acid and a tenth of the solution 
used for analysis. 

Calibration graph 

The results (Table 1) showed good agreement with 
those found by the 3,3’-diaminobenzidine method.’ 

The calibration graph showed that Beer’s law is 
obeyed for up to 20 pg of selenium, with the reagent 
solution as reference. The molar absorptivity found 
was 4.23 x lo4 l.mole-‘.cn-’ at 512 nm and the 
coefficient of variation (estimated for 20 pg of 
selenium) was 1.1%. The absorbance of the reagent 
blank was 0.142 (water as reference) in l-cm cells at 
512 nm. 

Determination of selenium in copper metal 

The proposed method was used to determine trace 
amounts of selenium in copper metal. Prior separ- 
ation of selenite from copper(I1) was necessary and 
the method of co-precipitation with arsenic was 
employed. The co-precipitation gave good recovery 
of selenium and the arsenite did not interfere with 
the ferrocene-selenious acid reaction. However, if a 
high concentration of copper(I1) solution containing 
selenious acid and arsenite was treated with sodium 

1. 
2. 
3. 

4. 

5. 

6. 

7. 
8. 

9. 

10. 

11. 

phosphinate in acid medium, traces of copper were 12. 
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Summary-Amberlite IRA 900 anion-exchange resin modified with manganesetetrakis(sulphophenyl)- 
porphine has been used as a catalyst instead of peroxidase for the determination of hydrogen peroxide 
by the reaction 

2H,O, + N,N-diethylaniline + 4-aminoantipyrine - ca’a’ys’ quinonoid dye (&,,, 550 nm) + 4H,O. 

The apparent molar absorptivity for hydrogen peroxide was 1.1 x lo4 l.mole-‘.cn-‘, coefficient of 
variation 0.7%. This value is approximately 84% of that obtained by the use of peroxidase as catalyst. 
Similar conditions to those in the enzymatic reaction were suitable for use of the modified resin as catalyst, 
and the results show it to be a good substitute for peroxidase in this reaction system. 

We have demonstrated’ that an anion-exchange resin 
(Amberlite IRA 900) modified with manganese- 
tetrakis(sulphophenyl)porphine (I; Fig. 1) can act like 
peroxidase as a catalyst in the determination of 
hydrogen peroxide by formation of a dye from 
4-aminoantipyrine (AAP) and phenol, as in reaction 
(l).* However, a large excess of phenol is required to 
obtain sensitivity comparable to that given by per- 
oxidase, because a large amount of the phenol is 
adsorbed on the modified resin. However, if a cat- 
ionic chromogen, N,N-diethylaniline (DEA), is used 
instead of peroxidase [reaction (2)] satisfactory sensi- 
tivity for the determination of hydrogen peroxide is 
obtained, since there is no adsorption of this chromo- 
gen on the resin. 

EXPERIMENTAL 

Materials 
Tetrakis(sulphophenyl)porphine (Tokyo Kasei Co., Ltd.) 

was used without further purification, for preparation of the 
modified resin. Other reagents were of analytical or reagent 
grade. The chromogenic reagent solution was a 1: 1: 3 v/v 
mixture of AAP (1 mg/ml), DEA (1 mg/ml) and borate 
buffer @H 7.0, O.OSM). 

Preparation of the resin 
An aqueous solution of I was prepared and used to 

modify the Amberlite IRA 900 resin as described pre- 

*To whom correspondence should be addressed. 

viously.3 The absorption spectrum of the solution agreed 
with that reported by Harriman and Porter.4 

Apparatus 

The absorption spectra and the absorbances were 
measured on a Shimadzu UV-I80 double-beam spectro- 
photometer with a IO-mm fused-silica cell. 

Procedure 
The chromogenic reagent solution (5.0 ml) and the 

modified resin (100 mg) were added to the samole solution 
(1.0 ml) containing 5-20 pg of hydrogen peroxide, and the 
mixture was incubated at 37” for 20 min. The absorbance 
of the supernatant solution was measured at 550 nm against 
the-reagent blank. Measurements were also made on com- 
par&on solutions5 consisting of 5.0 ml of pH 7.0 phosphate 
buffer containing 2.5 units of peroxidase, 500 UR of AAP. 
500 pg of DEA and appropriate amounts df-hydrogen 
peroxide. 

RESULTS AND DISCUSSION 

Selection of optimal conditions 

In optimization of the conditions, 1 .O ml of hydro- 
gen peroxide solution (20 pg/ml) was used in all tests. 

PH. The absorbance of the dye produced in reac- 
tion (2) reached a maximum at around pH 7 in 
borate, acetate and Tris buffers, as shown in Fig. 2. 
It is of interest that the absorbance of the dye formed 
at a given pH differed considerably from buffer to 
buffer. In phosphate buffer the absorbance was only 
70% of that obtained in borate buffer. This indicates 
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Reaction I 

2 “24 +O- 
Peroxidare , 

“3 
4- Aminoanti - 
pyrine (AAP) 

Phenol Quinonoid Dye I 

Reaction 2 

2 H202 + 

N (C2H5)2 

+ 

b 

Peroxidase . 

-AAP _ N,N-Dirthyl- 
aniline (DEA) 

H3C’. 

Quinonoid Dye 2 

Fig. 1. Structure of manganese-tetrakis(sulphophenyl)- 
porphine complex. 

that the presence of a large amount of phosphate 
inhibits the peroxidase-like activity of the modified 
resin, probably by co-ordination as an axial ligand to 
Mn’+. In the present study, therefore, we chose 
0.05M borate buffer of pH 7.0, which is also the 
optimal value for the use of peroxidase. 

Incubation temperature and time. As shown in 
Fig. 3, the maximum absorbance of the dye was 
obtained when the incubation was done at 35-37”. 
We selected 37”, the optimal temperature for the 
reaction of peroxidase. Figure 4 shows that reaction 
(2) reached equilibrium after 20-30 min. Residual 
hydrogen peroxide in the reaction mixture was hardly 
detectable even after incubation for 10-15 min, indi- 
cating that hydrogen peroxide was consumed in 
formation of the quinonoid dye. We therefore judged 
incubation for 20 min to be enough for the deter- 

PH 

Fig. 2. Effects of pH and buffers. l borate buffer; 0 acetate 
buffer; A Tris buffer; A phosphate buffer. 

mination. In the phenol-AAP system reported pre- 
viously, the absorbance is decreased by adsorption of 
the dye on the resin when incubation is continued for 
more than 15 min. However, in the DEA-AAP 
system, an increase in the sample absorbance is 
caused by an increase in the absorbance of the 
reagent blank, and the difference in absorbance be- 
tween the test solution and the blank becomes almost 
constant after incubation for 20 min. This indicates 
that the quinonoid dye formed in the present system 
is not adsorbed on the modified resin. 

Quantity of DEA. The effect of amount of DEA on 
the absorbance was examined in the presence of 1.0 
mg of AAP, with the results shown in Fig. 5. In the 
previous work* a large excess of phenol (> 10 times 
the amount of AAP) was required because of its 
adsorption on the modified resin. However, in the 
present system, a weight of DEA equal to that of the 
AAP is sufficient. 

‘.O- f--- 
z 
x 0.5 - 

4 
0.. 20 30 40 50 

Temperature, ‘C 

Fig. 3. Effect of incubation temperature. 

oLn” I ” ” ’ 30 60 90 
Incubation time, min 

Fig. 4. Effect of incubation time. 
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I 2 3 o- ’ I ’ s ’ * ’ 
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DEL\, mg MnTPPS, , mg 

Fig. 5. Effect of quantity of DEA. Fig. 6. Effect of quantity of resin. 

Substance 

Table I. Effect of foreign substances* 

Added, Error,* Added, Error,* 
LQ? % Substance pg % 

Heparin 0.4 +1.1 Fe’+ 20 -3.9 
NaF 400 +0.8 Br- 1000 +7.4 
EDTA 40 0.0 100 +0.5 
Glycine 100 +2.2 co:- loo0 +29.3 
Ascorbic acid 40 -0.5 100 +1.4 

1000 +1.4 PO:- loo0 - 18.7 
1000 +1.7 100 -2.4 

*In determination of 20 pg of hydrogen peroxide incubated for 20 min at 
37°C in O.OSM borate buffer (pH 7.0). 

Quantity of resin. The absorbance of the quinonoid 
dye reaches a maximum and constant value when 
more than 100 mg of modified resin is added to the 
DEA-AAP system, as shown in Fig. 6, whereas a 
large amount of the resin causes the absorbance of 
the phenol-AAP system2 to decrease. 

Repeated use of the resin 

In an attempt to confirm that the resin accelerates 
reaction (2) catalytically, the effect of repeated use of 
the resin on the absorbance of the resulting dye was 
examined. Practically constant absorbance was ob- 
tained for the dye produced in ten consecutive cycles 
of use of the same portion of resin and no decrease 
in absorbance because of no adsorption of dye on 
the resin was observed. This result strongly suggests 
that the resin behaves as a catalyst which may be 
comparable to immobilized peroxidase. 

Calibration graphs 

Both the modified resin and the peroxidase method 
give linear response up to 20 /.~g of hydrogen per- 
oxide. The relative standard deviation found was 
0.7% for 20 pg of hydrogen peroxide (n = 10). The 
apparent molar absorptivity obtained with the resin 
system was 1.1 x IO4 l.mole-‘.cn-‘, in contrast to 
1.3 x 10m4 l.mole-‘.cm-’ for the peroxidase method. 

Interferences 

The results of the interference tests are summarized 
in Table 1. Of the inorganic ions tested, only iron(II1) 
interfered seriously, but the interference was tolerable 
with less than 20 pg. Up to 100 pg of carbonate, 

phosphate or bromide can be tolerated. Usual doses 
of anticoagulants, 0.02 ml of serum and 1.5 mg of 
albumin did not interfere seriously, indicating that 
the present method could be applicable for the deter- 
mination of hydrogen peroxide liberated in serum. 
Ascorbic acid, which causes serious interference in 
the determination of hydrogen peroxide with per- 
oxidase,6 did not interfere in amounts up to 40 pg. 

CONCLUSION 

The results obtained indicate that the DEA-AAP 
system is better than the phenol-AAP system for 
the determination of hydrogen peroxide with the 
modified resin as catalyst. The resin is very stable and 
a good substitute for peroxidase. 
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THE USE OF 2,3-DICHLORO-5,6-DICYANO-p-BENZOQUINONE 
FOR THE SPECTROPHOTOMETRIC DETERMINATION 

OF SOME CARDIOVASCULAR DRUGS 
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Alexandria, Egypt 
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Summary-Some basic cardiovascular drugs containing secondary or tertiary amino groups are deter- 
mined spectrophotometrically. The method is simple and sensitive; it is based on the interaction of the 
drugs, as n-electron donors, with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) as a n-acceptor. The 
highly coloured radical anion exhibits maximum absorption at 460 nm. The drugs determined are 
pindolol, dipyridamole, hydralazine hydrochloride, quinidine sulphate, prenylamine lactate and tolazohne 
hydrochloride. Beer’s law is obeyed for these drugs. The procedure is sensitive enough to permit unit dose 
assay of the individual drugs in their pharmaceutical formulations. The assay results are in accord with 
the pharmacopoeia1 assay results. 

The cardiovascular drugs investigated are of diverse 
chemical types, and many chemical methods have 
been reported for their evaluation. 

Pindolol, which is a jl-adrenergic blocking drug, is 
determined in its pure form or in pharmaceutical 
preparations spectrophotometrically in O.lM hydro- 
chloric acid medium at 264 nm.’ It may also 
be determined spectrofluorometrically in ethanol 
medium by its excitation at 263 nm and emission at 
305 nm.2 

Tolazoline, which is a peripheral vasodilator drug, 
is determined spectrophotometrically in alcohol at 
257 nm,3 or at 250 nm after its alkaline hydrolysis to 
phenylacetic acid.4 It can also be determined col- 
orimetrically by formation of an ion-pair complex 
with Methyl Orange.5 

The antihypertensive drug hydralazine has been 
determined by direct spectrophotometric measure- 
ment at 239, 260, 302 and 315 nm,6s7 and also by 
reaction with p-dimethylaminobenzaldehyde.’ Hy- 
dralazine has been determined fluorometrically in 
sulphuric acid medium.’ 

Dipyridamole, which is a coronary vasodilator 
drug, has been determined simultaneously with oxa- 
zepam by application of the orthogonal function 
method to absorbance measurement at two pH val- 
ues.” The drug has also been determined fluoro- 
metrically in methyl alcohol” or in hexane-isoamyl 
alcohol mixture.12 

Another coronary vasodilator, prenylamine, has 
been calorimetrically determined with a,a-diphenyl- 
/l-picrylhydrazyl (absorbance measurement at 
520 nm).i3 It has also been determined fluoro- 
metrically after reaction with sodium anthracene-2- 
sulphonate.14 

Many spectrophotometrici>” and fluorometric1g20 
methods have been reported for the determination of 
the antiarrhythmic drug quinidine. 

2,3-Dichloro-5,6-dicyano-p-benzoquinone (DDQ) 
has been used for the detection of some drugs having 
an imidazoline ring in their molecules,21 and for the 
spectrophotometric determination of some alka- 
loids,u some antimalarials23 and some tranquillizers 
and antidepressants. 24 Formation of the radical anion 
in the reactions has been established by electron-spin 
resonance measurements, for the alkaloids, tranquil- 
lizers and antidepressants.22v24 

In the research described here, the reagent was 
utilized to develop a simple, sensitive and accurate 
method for the spectrophotometric determination 
of some cardiovascular drugs, namely pindolol, 
dipyridamole, quinidine sulphate, hydralazine hydro- 
chloride, prenylamine lactate and tolazoline hydro- 
chloride, either in their pure form or in their tablet 
preparations. 

Dipyridamok 

tfH NH2 

cc, 0 0: 
NH CHa &HI 

_ _ 
Hydrakzine Toluoline 

EXPERIMENTAL 

Materials and reagents 

Pharmaceutical grade pindolol (Sandoz), dipyridamole 
(Boehringer), quinidine sulphate (Misr), hydralazine hydro- 
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Reayl*minc 

Quinidine 

standard solution. The procedure was then completed as for 
the calibration graph. 

For drug bases. An accurately weighed quantity of 
powdered tablets equivalent to 50 mg of pindolol or di- 
pyridamole was transferred to a NO-ml standard flask and 
shaken for 15 min with 50 ml of chloroform. The solution 
was then made up to volume with chloroform, mixed and 
filtered. The procedure was completed as for the calibration 
graphs. 

RESULTS AND DlSCUSSlON 

P 07 

6 CH, CH CH, NH CH (CH,), 

I 
OH 

Pindolol 

chloride (CIBA), prenylamine lactate (Hoechst) and tol- 
azoline hydrochloride (CID). 

DDQ reagent; a freshly prepared 0.2% solution of 
2,3-dichloro-$6dicyano-p-benxoquinone (EGA Chemie, 
West Germany) in acetonitrile. 

Preparation of standard solutions 

For drag salts. An accurately weighed amount of the drug 
salt [hydralazine hydrochloride (183.2 mg= 150.0 mg of 
base), quinidine sulphate (120.6 mg m 50.0 mg of base), 
tolazoline hydrochloride (61.4 mg = 50.0 mg of base) or 
prenylamine lactate (127.8 mg = 100.0 mg of base)] was 
dissolved in about 40 ml of water. The solution was made 
alkaline with ammonia solution and extracted by shaking 
with four successive 20-ml portions of chloroform. The 
extracts were pooled by tiltration through a filter paper 
containing anhydrous sodium sulphate into a IOO-ml stan- 
dard flask and made up to volume with chloroform. 

For drag bases. A 0.5 mg/ml chloroform solution of 
pindolol or dipyridamole was prepared. 

Calibration graphs 

A 20 ml-portion of standard solution was diluted to 
100 ml with chloroform. Serial volumes of this solution in 
the range 0.4-3 ml were transferred to S-ml standard flasks, 
and the solvent was evaporated by heating in a water-bath 
at 70”. Each residue was dissolved in 2 ml of acetonitrile, 
then 2 ml of DDQ reagent were added. The volume was 
brought to 5 ml with acetonitrile and the absorbance was 
measured, after 15 min, at 460 nm (430 nm for dipyrida- 
mole) against a reagent blank prepared simultaneously. 

Analysis of tablets 

For drug salts. Ten tablets were finely powdered and 
mixed. An accurately weighed quantity equivalent to the 
drug base concentration mentioned in preparation of stan- 
dard solutions was transferred to a lOO-ml standard flask 
and extracted with 80 ml of water by vigorous shaking for 
15 min. The solution was then made up to volume with 
water, mixed and filtered. In a separatory funnel, a 50-ml 
portion of the filtrate was made alkaline to litmus paper 
with ammonia solution and extracted with four successive 
lo-ml portions of chloroform, which were pooled, dried and 
diluted accurately to 50 ml with chloroform as for the 

Each of the drugs tested reacts with DDQ in 
acetonitrile to give an intensely orange-red product, 
exhibiting an absorption maxima at 460 nm, except 
for dipyridamole, for which the maximum at 430 nm 
is used (Fig. 1). 

The electron-spin resonance investigations**” have 
proved that a charge-transfer complex is formed by 
the interaction of the drug base as an n-donor and 
DDQ as a n-acceptor. This reaction is enhanced by 
polar solvents such as methanol or acetonitrile, which 
promote complete electron transfer from the donor to 
the acceptor, resulting in formation of the DDQ 
radical anion as the major chromophore. 

0.6 - 

0.1 - 

0.6 - 

Wavelength (nm) 

Fig. 1. Absorption curves for DDQ colour reaction. -. -. -. - 
Eindolol(22 &ml); -----dipyridamole (37 fig/ml); ....... 
tolaxoline (48 pg/ml); - prenylamine (88 pg/ml); 
-.-.-. quinidine (31 rg/ml); ..-.. hydralaxine 

(70 flg/m1). 
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Table 1. Assay results for some cardiovascular drugs by use of DDQ reagent 

DDQ method Official method 

Mean Mean 
Drug name recovery,* % recovery,* % rt 9 
Prenylamine lactate BP 1980 99.6 + 0.8 99.1 f 1.0 0.24 1.48 
Segontine (Hoechst) 60 mg/tab. 98.7 f 0.9 99.3 f 0.6 1.67 1.81 
Quinidine sulphate BP 1980 100.3 + 0.5 100.0 * 0.7 1.04 2.41 
Lab. tab.* 200 mg/tab. prep. 99.3 * 0.7 99.7 * 1.1 0.81 2.56 
Tolazoline hydrochloride BP 1980 100.2 &- 1.0 100.3 + 0.6 0.16 3.30 
Lab. tab.* 50 mg/tab. prep. 99.9 f 0.7 100.5 * 0.9 1.58 1.93 
Hydralazine hydrochloride USP XX 99.9 k 0.6 100.1 * 0.4 0.82 2.91 
Lab. tab.+ 25 mg/tab. prep. 101.4 f 0.8 101.2 + 0.4 0.38 3.43 
Pindololf: 100.4 f 0.5 100.1 &- 0.6 0.80 1.47 
Visken (Sandoz) 5 mg/tab. 101.4 _+ 0.8 101.0 f 1.2 0.86 2.16 
Dipyridamole$ _ 99.0 + 0.4 99.9 f 0.6 1.25 1.66 
Persantin (Boehrinaer) 75 ma/tab. 100.9 + 1.1 100.8 + 0.8 0.26 1.81 _, _. _ - 
*Mean and standard deviation (9 results) calculated with respect to nominal content in sample. 
tTheoretica1 I = 1.75. 
$Theoretical F = 3.44. 
#Laboratory prepared tablets; the tablet filler is composed of lactose 90, starch 7, talc 2.7 and 

magnesium stearate 0.3 parts. 
IAssayed by the BP 1980 non-aqueous titration method with Crystal Violet as indicator, for 

comparison. 

The influence of various factors on the colour 
development was studied to determine the optimal 
conditions, viz. reagent concentration and choice of 
solvent. Maximum absorption was obtained when 
2 ml of 0.2% DDQ solution were used in a total 
volume of 5 ml. Non-polar solvents (benzene, carbon 
tetrachloride or chloroform) were found to be un- 
suitable, but polar solvents such as methanol or 
acetonitrile were found ideal, as they provide a high 
yield of DDQ radical. In these solvents the colour 
attains maximum intensity in about 15 min and 
remains stable for a further 30 min. 

The calibration graphs are linear over the concen- 
tration ranges 840 pg/ml for pindolol and quinidine, 
10-50 pg/ml for dipyridamole, 12-60 pg/ml for tol- 
azoline, 20-100 pg/ml for prenylamine and 32-160 
pg/ml for hydralazine, in the final solution measured. 

The molar absorptivities were 4.8 x 10’ 
l.molee’.cm-’ for pindolol, 1.07 x 10’ for hy- 
dralazine, 5.73 x lo3 for quinidine, 2.33 x 10’ 
for tolazoline, 1.03 x lo4 for dipyridamole and 
3.13 x lo3 for prenylamine. 

Results obtained for determination of the chosen 
drugs in their tablet formulations were compared 
with results obtained by the official BP 1980 
methods25 for prenylamine lactate, quinidine sulphate 
and tolazoline hydrochloride and the USP method26 
for hydralazine hydrochloride. For pindolol and di- 
pyridamole, for which there are no official methods, 
the BP 1980 non-aqueous titration method with 
Crystal Violet as indicator was used (Table 1). The 
calculated t and F values indicate that the proposed 
and the official methods are equally accurate. 

Compared with the official methods the DDQ 
method is simple, fast and more sensitive, and seems 
useful for the analysis and quality control of these 
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ANALYTICAL DATA 

COLOUR SPECIFICATION OF PYRIDINE-ZALDEHYDE 
AND 6-METHYLPYRIDINE-2-ALDEHYDE 

p-NITROPHENYLHYDRAZONES AS 
INDICATORS FOR pH DETERMINATION 
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Smnmary-The physicochemical properties, chromaticity co-ordinates and chromatic parameters for 
py~dine-2-aldehyde ~-nitroph~ylhyd~one and ~methylpy~~ne-2-aldehyde ~-~trophenylhy~one 
(proposed as new indicators for calorimetric pH measurements) am reported. The sensitivity and rapidity 
of colour change have been evaluated in terms of specific colour discrimination (SCD), pH of maximum 
colour change and half band-width of change of SCD (in terms of pH). The chromatic separations 
calculated from the co-ordinates obtained by the CIE 1976 recormnendations (CIELUV or CIELAB) and 
the LABHNU 1977 colour space are compared and correlated with the standard deviation of colour 

In spite of the number of acid-base indicators that 
have been proposed, full reports on their properties 
are scanty, especially for indicators covering the high 
pH range (10-14). The most suitable approach to 
spectrophotometric evaluation of colour changes in 
the transition range is through the CIE chromaticity 
systems. 

Konopik and Leberl**2 reported that some azo 
and hydroxyazo dyes are suitable for calorimetric 
destination of high pH values. Chugreeva3 pro- 
posed phenylhydrazones as indicators for alkaline 
medium, and the p-nitrophenylhydrazones have 
been reported to be the best compounds for this 
purpose.4J ~~dine-2-~dehyde p-ni~ophenylhydra- 
zone (2-PANPH) and Gmethylpyridine-2-aldehyde 
p-nitrophenylhydrazone (6-Me-2-PANPH) have 
been proposed as calorimetric pH indicators.6s7 
The present paper reports their physicoche~~l 
properties and colour change characteristics. 

Apparatus 
All nH measurements were made with a Phillips PW 9408 

digital pH-meter and a Beckman PHI-70 pH-meter with a 
alass-AR/ARC1 combined electrode and Endurartlass elec- 
&es. ‘&e pH-meters were calibrated with stand&d buffers 
and calcium hydroxide solution. All absorption spectra 
were recorded on Pye-Unicam SP 800 and Perkin-Elmer 
Coleman 55 spectrophotometers equipped with l.O-cm glass 
cells. 

Reagents 
Reagent-grade chemicals and doubly~isti~~ water were 

used throughout. 2-PANPH and 6-Me-2-PANPH were pm- 
pared as reported earlier. 6*7 The products were mcrystallixed 
from ethanol and tested for purity by TLC.8 Their analytical 
characteristics agreed with those reported earlier.“’ The 
chemical shifts of the n.m.r. spectra agreed well with the 
literature data.“rO 

The indicator solutions (4.0 x 10v5M) were prepared in 
2: 3 v/v ethanol-water mixture, adjusted to an ionic strength 
of 0.1 with potassium chloride. 

Buffer solutions of Na,B,OrNaOH (pH 9.~-10.80~, 
N%HPO,-NaOH (pH 10.90-12.00), NaOH-KC1 (pH 
12.00-13.00), as recommended by Bates and Bower,” were 
used. 

Procedure 
The ionization constants were determined spectrophoto- 

metrically by the methods of parallel straight lines,‘* con- 
current straight lines” and the &en-Sommer method” 
and recalculated from the complementary chromatic&y 
parameters.i~+‘6 

The stability of the indicator solutions was determined by 
periodical spectrophotometric measurements at the absorp- 
tion maxima. 

The pH of the indicator solutions was measured and the 
absorbances or transmittances were recorded over the range 
380-770 nm, at pH-intervals of 0.2 in the transition range. 
The weighted ordinate method” was applied for estimation 
of the trichromatic stimuli X, Y and 2 by use of the CIE 
distribution functions’* of standard illuminant C. The 
proportional x. y chromatic co-ordinates were calculated 
from the trichromatic stimuli. 

RFSULTS AND Dl!SCUSSION 

The absorption spectra of the indicator solutions at 
different pH values clearly demonstrate the sharpness *Author for correspondence. 
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Table I. Spectral characteristics 

Indicator 

2-PANPH 

A mar I SOI 9 

Medium nm Logr* nm 

pH 10.2 405 4.553 pH 14.0 545 4.602 450 

CMe-2-PANPH pH 10.2 420 4.278 oH 13.0 550 4.307 450 

*f units were Lmole-‘.cxn-‘. 

of absorbance change with increase in pH. The 
spectral characteristics are given in Table 1. 

The indicator solutions were stable for about a 
month. In acid medium the absorbance decreased by 
3% in 24 hr for 2-PANPH and by 5% in 30 hr for 
6-Me-2-PANPH. At pH 13,2-PANPH was stable for 
only 1 hr and 6-Me-2-PANPH for 4 hr. 

Table 2 lists the visual transition characteristics of 
both indicators. The pH$ values were found from 
absorbance us. pH graphs for measurements at 54.5 
nm for 2-PANPH and SO nm for 6-Me-2-PANPH. 
The transition intervals of 1.0 x 10e4N 6-Me-2- 
PANPH solutions in various solvents were 
determined; NJV-dimethylformamide narrows the 
transition interval and shifts it towards lower pH 
values. In acetone-water (2: 3 v/v) medium the tran- 
sition interval is widened. The pK values were deter- 
mined at 20 _+ l”, in ethanol-water (2: 3) at ionic 
strength 0.1. 

Colimr change evaluation 

The colour transition for both indicators was eval- 
uated through the x-y CIE 1931 chromaticity co- 
ordinatesi’ at pH-intervals of 0.2 (Table 3). These 
co-ordinates were converted by simplified trans- 
formations in the “perceptually more uniform chro- 
matic spacing” (P.M.U.C.S.) co-ordinates which give 
rise to the CIE-1960 UCS diagram (Fig. 1); the colour 
change goes from the yellow to the ~ddish-pu~le 
zones. 

The sensitivity and rapidity of the colour changes 
were evaluated in terms of the SCD (specific colour 
di~~mination) values,” which were easily obtained 
from the P.M.U.C.S. co-ordinates.” The SCD values, 
together with the pH of maximum colour change 

Table 3. Chromati~ity co-ordinates for the colour-change of 
the indicators* 

2-PANPH 6Me-2-PANPH 
-. 

PH x Y Y X Y Y 

10.2 0.357 0400 96.2 0.342 0.375 96.9 
10.4 0.357 0.399 95.7 0.343 0.373 96.0 
10.6 0.358 0.398 94.7 0.343 0.312 94.1 
10.8 0.358 0.396 93.2 0.343 0.369 92.5 
11.0 0.359 0.394 91.3 0.344 0.365 89.4 
11.2 0.361 0.389 88.0 0.345 0.358 85.1 
11.4 0.363 0.383 83.5 0.341 0.349 79.1 
11.6 0.366 0.373 71.0 0.348 0.336 71.6 
11.8 0.370 0.360 69.0 0.350 0.319 62.9 
12.0 0.376 0.341 59.2 0.352 0.299 54.0 
12.2 0.382 0.317 49.0 0.353 0.278 45.9 
12.4 0.388 0.290 39.7 0.354 0.257 39.3 
12.6 0.391 0.262 32.1 0.353 0.239 34.3 
12.8 0.392 0.237 26.5 0.352 0.225 30.9 
13.0 0.389 0.216 22.7 0.351 0.214 28.6 
13.2 0.385 0.200 20.2 
13.4 0.381 0.189 18.7 
13.6 0.377 0.181 17.1 
13.8 0.375 0.175 17.1 
14.0 0.373 0.172 16.7 

‘cut =4.0 x WSM; EtOH-H,O(2:3); p =O.I. 

(pH___ and the half band-width of change of SCD, 
in pH units (ApHIJ2scD) are listed in Table 4, along 
with those for other indicators reported in the litera- 
ture.20,21 The SCD/pH plot shows a single peak (at pH 
12.4-12.6), and the absence of humps proved that no 
significant impurities were present. The SCD values 
of 6-Me-2-PANPH are of the same order as those of 
phenolsulphamphthalein (at pH 7.0-&O), Cresol Red 
and Thymol Blue. The sensitivity of 2-PANPH, as 
demonstrated by its SCD values, is at least as good 
as that of the sulphamphthalein indicators. The rate 
of colour change, as shown by the half band-width 
of colour change, was lower by a factor of 2-3 than 
that of some indicators of the family of phthaleins, 
sulphonphthaleins and sulphamphthaleins.20~zi The 

PH,, values fall very close to the corresponding 
pK, values, and 2-PANPH may be regarded as a 
“reference indicator”. 

In accordance with Stiles’s proposalqz2 colour- 
difference formulae (AK) are applied, following the 

Table 2. Estimated pH intervals of colour change 

Indicator pH interval of 
and medium colour changet pH& PK, (n )$ PK,@B 

2-PANPH 
EtOH-H,O (2: 3) 10.2-13.5 12.50 12.59 + O.Ol(4) 12.51 + 0.02 (6) 

6-Me-2-PANPH 
EtOH-H,O (2: 3) 10.8-13.2 12.10 12.22 + 0.02 (7) 12.18 + 0.06(5) 

Acetone-H,0 (2: 3) 10.4- 13.5 
DMF-H,O (2 : 3) 10.6-12.7 

tFrom visual observations (cu, = 1.0 x 10-4M). 
IMean f SD resulting from the application of the several spectrophotometric methods to n 

replicates. 
§Mean f SD calculated from the ~mplementary chromaticity parameters (n replicates). 
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CIE 1960 UCS 
Dvagrom 

0.1 02 0.3 0.4 0.5 06 

U 

Fig. I. Chromatic co-ordinates (u, u) on the CIE 1960 UCS diagramis of ethanol-water (2:3) solutions 
of 2-PANPH (0) and 6-Me-2-PANPH (0) at different pH values (c”, 4.0 x IOesM; p = 0.1). For the 
transition intervals, pH, = 10.2 for both indicators; pH,, = 14.0 for 2-PANPH and 13.0 for 

6Me-2-PANPH. 

CIE recommendations, owing to their significance in 
practice. Bhuchar et ~1.~’ earlier compared the 
AE&/ApH values with the lOOOAa/ApH values, 
calculated according to PMUCS recommendations, 
for sequential pH values of indicator solutions. They 
concluded that AE * has the same significance for the 
colour change as the standard deviation As does for 
colour matching. 

Recently, Richteti3 has defined a new uniform 
colour space called LABHNU 1977, with the 
object of attaining uniformity for the CIELUV and 
CIELAB 1976 systems. Co-ordinates were obtained 

from the expressions 

L* = 116(Y/Y,)1’3 - 16 

A*=sOO(A’-A:)Y”~ 

B*=5OO(B’-B;)Y”’ 

where X,, = 98, Y. = 100 and Z,, = 118 are the colour 
stimuli for standard ilhnninant C (CIE 1931 recom- 
mendations), and X, Y and Z are the tristimuli as 
obtained for an indicator solution at a particular pH. 
The A’ and B’ co-ordinates may be obtained from 

Table 4. Colour changes of various indicators 

SCD at Half band- 
maximum width of 

colour change of SCD 
Indicator 

Phenolohthalein 
o-Creskphthalein 
Thymolphthalein 

PH, PK, 

10.26 

change 

45.0 

in PH units pH_ - pK 

0.40 
9.00 71.0 0.40 

10.50 35.0 0.50 
10.90 30.0 0.40 
7.68 35.0 0.85 
8.32 8.05 16.0 0.85 +0.27 
7.90 23.0 0.90 
8.70 8.46 19.0 0.80 f0.24 
8.90 27.0 0.90 
5.05 17.0 0.72 
7.65 7.96 25.4 1.10 -0.31 
8.15 7.82 32.6 0.55 +0.33 
8.05 8.32 36.0 1.57 -0.27 
8.20 8.22 39.0 0.70 -0.02 

Phenol Red 

Cresol Red 

Thymol Blue 
Congo Red 
Phenolsulphamphthalein 

o-Cresolsulphamphthalein 

2-PANPH 12.60 12.59 38.1 1.40 +O.Ol 
6-Me-2-PANPH 12.40 12.22 25.3 1.50 +0.18 



676 ANALYTICAL DATA 

r , I I I I 

0.25 0.27 0.29 0.31 0.33 

-0.07 - 
acid form - A’ 

Fig. 2. Change of colour co-ordinates A’B’ (LABHNl_F3 mode) of the 4.0 x 1O-5&f ethanol-water (2: 3) 
solutions of 2-PANPH (0) and 6-Me-2-PANPH (0) at different pH values (p = 0.1). For transition 

intervals see caption to Fig. 1. 

the CIE-xy 193 1 co-ordinates: 

A ’ = 1/4(x/y + l/6)“’ 

B’ = - 1/12(z/y + 1/6)‘13 

In Fig. 2 the colour co-ordinates A’ and B’ 

[cH, = 4.0 x lo-‘M; 35% w/w ethanol in water; 
Z = 0. l] of the indicators proposed are plotted for the 
first time in LABHNU space. The AEXJApH values 
calculated according to the LABHNU system gave 
linear correlation with those calculated according to 
the CIELAB system, with slopes of 1.020 and 0.997 
for 2-PANPH and 6-Me-2-PANPH, respectively. 
Thus the diverse colour-difference formulae are 
shown to be fully equivalent to the unit standard 
deviation method for colour matching. The values of 

PH,, and ApHiizsco (or APH,,~~~~,& would not 
change considerably if compared with those obtained 
in accordance with PMUCS calculations (Table 4) 
and CIELAB recommendations, mainly with the 
latter. The pH, values for both systems were 12.4 
(ZPANPH) and 12.2 (6-Me-2-PANPH) and 
ApH,,Z~I.,~pH values of 1.50 units were obtained for 
both indicators. 
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Summary-The platinum-group metals (PGMs), Ru, Rh, Pd, OS, Ir and Pt, are widely used as catalysts 
in petroleum and chemical processes. They find wide applications in automotive exhaust-gas control 
converters and are of immense importance to the electronics industry. They are found in many items of 
jewellery and serve to an increasing extent as a form of investment. The PGMs are extracted in minute 
quantities from a limited number of ores, found mainly in S. Africa and the USSR. They are concentrated 
and separated from each other by elaborate chemical processes. Because of their great intrinsic value (Pt 
$650 per oz; Rh $1400 per oz), the recycling of the PGMs from literally hundreds of different forms of 
scrap is an essential factor in the overall management of the PGM economy. In this survey emphasis is 
placed on the need to tailor the analytical method according to (a) the environment in which the PGMs 
occur, (6) the individual PGM concentrations, and (c) the desired sensitivity and precision. The factors 
which determine the choice of chemical, physicochemical and/or instrumental approaches are discussed. 
They are further commented on in extensive presentations of dissolution and separation techniques and 
methods for the final measurement of individual PGMs. Appendices are provided which present 
the compositions and sources of the products most frequently encountered in PGM analysis, along 
with information on methods of decomposition, separations required, type of separation, and final 
determination. 

SAMPLlNG” 

The sampling of homogeneous substances containing 
precious metals is comparatively simple. Minerals, 
ores and concentration products should be in 
powdered form, preferably finer than 200-mesh. They 
can be. sampled by conventional techniques with such 
sampling equipment as thiefs, riffles and screens. 
Sampling may be manual or automatic. Homo- 
geneous metals and alloys can be sampled by taking 
swarf, chips, millings, or sawings. 

The sampling of heterogeneous substances is more 
complicated. Electronic scrap can be alloyed with 
copper, nickel, or sometimes lead, to produce 
homogeneous alloys which can be sampled by the 
conventional sampling procedures mentioned above; 
alternatively the material can be melted with alumi- 
nium, leading to a friable alloy which can be crushed 
to a powder suitable for normal sampling methods. 
Some heterogeneous substances can be burned to a 
powder. Solutions containing precious metals can be 
evaporated or treated with zinc or aluminium, and 
the residues ignited prior to sampling. Powdered 
material containing precious metals is often referred 
to as “sweeps”. 

DECOMPOSITION 

Low -grade material 

Geochemical exploration samples, ores, residues and 
sweeps.2,6*7*“2 These substances contain one or more 
of the platinum-group metals (PGMs), often in acid- 

*One mg per assay ton is equivalent to 1 troy oz per ton. 

insoluble form. To remove the matrix elements and 
isolate the PGMs, it is often advantageous to employ 
some form of fire-assay concentration. It must, how- 
ever, be borne in mind that the traditional fire-assay 
methods involving the lead collection system are 
suitable for isolating gold and silver, less so for 
isolating platinum and palladium, and only to a very 
limited extent for isolating rhodium, ruthenium, iri- 
dium and osmium. This is largely due to the high 
melting points of the PGMs and their inability to 
form alloys with gold and silver that are suitable for 
subsequent chemical treatment. Therefore, a brief 
outline of the fire-assay procedure should suffice. 

An assay ton* (29.166 g), or a fraction thereof, of 
sample is taken for analysis and mixed with a suitable 
flux containing a large proportion of lead monoxide 
and various proportions of compounds such as so- 
dium carbonate, potassium carbonate, borax, silica, 
potassium nitrate, or organic substances, such as 
starch or flour. The ratio of the various components 
depends on whether the sample (a) contains an excess 
of basic components, in which case more silica is 
added, (b) contains an excess of acidic components 
(additional carbonate or borax is then required), (c) 
is high in copper (more PbO is then used), (d) tends 
to oxidize the flux components, requiring addition of 
organic reducing substances, (e) reduces too much 
PbG to lead, in which case potassium nitrate is added 
as an oxidizing agent. 

Optimum conditions, as indicated by the fluidity of 
the melt and the weight of lead button desired, are 
ensured by a judicious balancing of the weights of 
sample and the various flux reagents. The PGMs, 
together with silver and gold, are collected in the 
resulting lead button. The matrix elements react with 
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the flux components to form a slag which is sub- 
sequently discarded, unless additionally reworked for 
the recovery of trace amounts of precious metals 
retained in it. 

If the lead button obtained is of proper weight 
(30-60 g) and comparatively clean, the scarification 
step may be omitted. However, when the lead button 
weighs more than 60 g or is known or suspected to 
retain base metals, it should be transferred to a 
fireclay dish called a scorifier. More lead is added, 
and a little silica, and the mixture is melted in an 
oxidizing atmosphere for about 30 min at about 900”. 
Much of the lead then oxidizes to form a glassy slag 
which further extracts impurities. The lead button is 
next placed on a preheated cupel prepared from bone 
ash or magnesite. On heating in a muffle furnace at 
a temperature of about 80&850” in an oxidizing 
environment, the resulting lead oxide is absorbed into 
the cupel or is volatilized. A bead of precious metals 
remains. This cupellation step is only feasible when 
the bead contains an adequate amount of silver, 
either present in the original sample or added to the 
sample-fusion charge, to collect the PGMs. Osmium 
is largely volatilized during the cupellation step. For 
further treatments of the silver bead, see below. For 
a chemical treatment of the lead button, see the 
section on separations, below. 

Other fire-assay collection media have been sug- 
gested for determining small amounts of platinum- 

group elements. They involve the use of 
iron-nickel+opper alloys and tin.2,‘2.13 Because of the 
lower fusion temperature required, copper alone has 
also been suggested as a collector of the precious 
metals.‘“” However, none of the methods above has 
yet found general acceptance. On the other hand, the 
collection of PGMs into nickel sulphide (fusion of the 
sample with a mixture of borax, sodium carbonate, 
nickel carbonate and sulphur) is being used to an 
increasing extent. ‘a*0 This approach has many ad- 
vantages over the conventional lead-based fire-assay 
systems. A new technique involving the collection of 
PGMs into copper sulphide has recently been de- 
scribed,*’ and has several advantages over the nickel 
sulphide technique. First of all, in the copper sulphide 
method gold is also quantitatively collected. Another 
advantage is the possibility of dissolving the copper 
sulphide in hydrobromic acid, thus allowing the 
separation of the PGMs from large amounts of silver 
and lead. In both the nickel sulphide and copper 
sulphide collection schemes the matrix elements 
are removed by acid treatments and the precious 
metals contained in the acid-insoluble residue are 
eventually determined instrumentally or, where 
justified, gravimetrically. 

Automotive exhaust and petroleum reforming cata- 
lyst~.**~*~ For the most exacting requirements, the 
samples are decomposed by an acid treatment with 
sulphuric acid alone or mixed with phosphoric acid. 
The final determination is either spectrophotometric 
or by some other instrumental technique. In the 

opinion of the writer, fire-assay procedures are less 
suitable for decomposing catalysts, whether auto- 
motive or reforming, since the normal fire-assay 
fluxes cannot successfully cope with the large alumina 
content of these catalysts. ** Other investigators, how- 
ever, claim quantitative recoveries of platinum metals 
by fire-assay procedures.27s29,30 

Metals and alloys containing small amounts of 
PGMs. Fire-assay procedures are often applicable 
but in many instances a chemical attack can be used 
to greater advantage. Typical are copper metal and 
alloys containing the PGMs originating in electronic 
scrap. This type of sample can be dissolved in dilute 
nitric acid and the solution evaporated with sulphuric 
acid. Sometimes, the sample can be directly decom- 
posed with sulphuric acid. A subsequent treatment 
with formic acid will aid in the precipitation of 
platinum and palladium. An additional precipitation 
of a small amount of copper as sulphide, with either 
hydrogen sulphide or sodium thiosulphate, ensures 
complete recovery of even trace amounts of platinum 
and palladium.31 In the case of rhodium, this precip- 
itation is quantitative only if the rhodium is first 
converted into chloride complexes by boiling with 
hydrochloric acid. This approach is not applicable to 
ruthenium, since this element is largely volatilized 
during the heating with sulphuric acid. In addition, 
the method cannot be applied to iridium, since irid- 
ium sulphate is sufficiently stable to resist quantitat- 
ive precipitation with formic acid, hydrogen sulphide 
or thiosulphate. More efficient is the dissolution of 
copper base alloys in fuming perchloric acid and 
subsequent precipitation of all the PGMs with formic 
acid from a dilute perchloric acid medium.)’ 

Intermediate concentrations of PGMs in powdered 
form (individual elements up to 25%) 

In many instances, the PGMs are soluble in aqua 
regia. If a small residue remains, it may be solubilized 
by fusion with sodium peroxide, or the precious 
metals in it may be recovered by one of the fire-assay 
procedures. It must, however, be remembered that 
rhodium, iridium and ruthenium do not alloy with 
silver. On the other hand, small amounts of rhodium 
and iridium can be collected into gold. Upon treat- 
ment with aqua regia, gold and rhodium dissolve 
while iridium remains insoluble.32,33 

High concentration of PGMs 

Platinum-base alloys, Pt 80%, containing O--5% of 
Pd, Rh, Ru, Ir, Au or Ag. These alloys are usually 
soluble in aqua regia. Any insoluble silver chloride 
must be filtered off and re-treated for the recovery of 
occluded PGMs. The separation of these elements 
from each other and their final measurements will be 
described later. 

Platinum-base alloys containing more than 10% of 
Ir or Rh. These alloys are insoluble in aqua regia at 
atmospheric pressure but can be dissolved in it at 
elevated temperatures in high-pressure systems.34 
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More convenient is preliminary fusion of the sample 
with zinc and dissolution of the melt in hydrochloric 
acid.’ A black powder remains, containing the plat- 
inum metals in elemental form, ready for an attack by 
acids or by other appropriate means, prior to dis- 
tillation (OS and Ru), chlorination (Rh, Ir), or chem- 
ical separations such as by bromate hydrolysis (Pt, 
from Ir and Rh). 

Also of considerable value is a fusion of the sample 
with lead. The resulting lead alloy can be dissolved in 
dilute nitric acid, leaving a residue containing PGMs. 
A small amount of rhodium must, however, be 
recovered from the nitric acid filtrate. If the lead alloy 
is decomposed with perchloric acid all PGMs and 
also silver and gold, can be precipitated as metals by 
the use of formic acid.3’*3s 

Pt-Rh and Pt-Ir alloys, if in finely divided form, 
can also be solubilized by mixing the sample with 10 
times its weight of sodium chloride and heating at 
800” in a stream of chlorine.’ 

Palladium -base alloys. These usually contain silver 
and often varying amounts of platinum, gold and 
ruthenium. Dental alloys may also contain non- 
precious metals such as tin, indium, gallium, zinc or 
copper. These alloys can sometimes be decomposed 
with nitric acid, but more often require the use of 
aqua regia. Any undissolved ruthenium must be fused 
with sodium peroxide, dissolved and added to the 
main sample solution. The separation and deter- 
mination of the PGMs in palladium-base alloys will 
be described later. 

Pure PGMs 

Platinum and palladium are soluble in aqua regia; 
rhodium is solubilized by fusion with sodium pyro- 
sulphate; ruthenium is strongly attacked by hypo- 
chlorites; Ru, Rh, OS and Ir are rendered soluble by 
fusion with sodium peroxide and dissolution of the 
cooled melt in hydrochloric acid. 

SEPARATIONS 

Separation from matrix elements 

Separations involving fire-assay products. The lead 
button obtained as described above is treated with 
dilute nitric acid. After filtration, the insoluble resi- 
due contains all the gold, ruthenium and iridium, 
most of the platinum, but only part of the palladium 
and rhodium. The insoluble residue is therefore best 
suited for the determination of ruthenium, iridium 
and, where required, of gold. The determination of 
the other platinum group elements by the lead 
button-nitric acid dissolution method is complex. 
Thus, when a lead button containing Au, Ag, Pt, Pd, 
Rh, Ir, Ru and/or OS is dissolved in dilute nitric acid, 
most of the osmium is volatilized. Silver and part of 
the palladium and rhodium are dissolved together 
with the lead. If the silver content of the sample is 
significant, some platinum will also dissolve. When 

the insoluble residue is treated with aqua regia, gold, 
platinum, residual palladium and part of the rhodium 
dissolve, while iridium, ruthenium and residual rho- 
dium remain insoluble. Recently an alternative treat- 
ment of the lead button was described,35 based on the 
dissolution of the lead button in perchloric acid with 
the addition of acetic acid. Subsequently, the PGMs 
were precipitated with formic acid. More recent tests 
indicate that the acetic acid can be entirely omitted, 
and if the lead button contains only small amounts 
of PGMs the dissolution can be speeded up by the 
addition of about 0.25 g of arsenious oxide. The 
method can be extended to major concentrations of 
all the PGMs.~’ Most surprisingly, no Ru is lost 
during the heating step with perchloric acid, since the 
Ru apparently remains as an Ru-Pb alloy. 

If the lead button has been subjected to cupellation 
(see tire-assay methods, above), the silver bead con- 
taining PGMs is treated with dilute nitric acid to 
dissolve the silver and most of the palladium. Plat- 
inum will also dissolve if the sample contains at least 
an equivalent amount of gold. The silver bead natu- 
rally must be large enough to hold any rhodium, 
ruthenium, and iridium mechanically (minimum ratio 
of Ag to PGM 1OOO:l). These three elements, to- 
gether with gold, remain insoluble in dilute nitric acid 
and can be determined instrumentally after fusion of 
the insoluble residue with sodium peroxide and 
acidification of the leached melt with hydrochloric 
acid. In another recently introduced fire-assay tech- 
nique, cupellation is interrupted when the weight of 
the lead button has been reduced to less than 1 mg. 
This lead bead is then analysed for the PGMs by 
standard optical emission spectrometry techniques.36 
Platinum and palladium can also be determined 
instrumentally after removal of the silver by precip- 
itation as the chloride. If present in sufficient quan- 
tities, platinum and palladium can be determined 
gravimetrically after precipitation with ammonium 
chloride (Pt) or dimethylglyoxime (Pd). Also of 
interest is the selective extraction of the palladium 
dimethylglyoxime complex with chlorofonn3’ 

Other separation schemes. These are justified only 
if other elements interfere with the final deter- 
mination of individual platinum group elements. 
With modem instrumentation it is often possible to 
make final measurements without the necessity for 
any separations. In other instances, limited separ- 
ation schemes may suffice. Thus, the PGM content of 
a solution can be determined efficiently by plasma 
techniques without the removal of modest concen- 
trations of alkali metals (e.g., from sodium peroxide 
fusions) or copper (from dissolution of CU,S).~’ Sim- 
ilarly, small amounts of copper or nickel do not 
interfere with the precipitation of platinum by ammo- 
nium chloride or the precipitation of palladium by 
dimethylglyoxime (DMG). On the other hand, the 
gravimetric determination of a PGM presupposes the 
absence of all other elements when the final weighing 
form is the PGM itself. Of the many ion-exchange 
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methods suggested in the past, only the separation of 
PGMs from base metals by cation-exchangers (such 
as Dowex-1) is used to any extent.” Thus, in weakly 
acid medium, base metals are retained, while the 
PGMs, owing to the strength of their chloride com- 
plexes, pass into the effluent. Unfortunately, there is 
slight retention of palladium, probably as pal- 
ladium(IV). One other cation-exchange procedure 
deserves to be mentioned. Strelow3* recently de- 
scribed a method for the separation of all the PGMs 
from large amounts of base metals, with the strongly 
acidic cation-exchange resin Ag5QW x 4. This 
method is based on the formation of stable 
PGM-thiourea complexes which are sorbed by the 
resin. 

Various possibilities of applying solvent extraction 
techniques to separations of PGMs from base 
metals and from each other have been discussed 
by Freiser. 39 Another technique which has not 
yet been fully investigated is based on cellulose 
chromatography.“@’ 

Only a few other separation schemes can be cited 
here. Platinum and palladium in trace amounts can 
be collected by freshly precipitated tellurium.25.26 Pal- 
ladium can be separated from large amounts of silver 
and/or lead by its precipitation from dilute nitric acid 
solution with dimethylglyoxime.31 Small amounts of 
Pd(DMG)* can be extracted with chloroform.” All 
the PGMs can be separated from the matrix elements 
by precipitating the former with hypophosphite and 
a mercurous salt in a slightly acid medium4’ or with 
hydrazine hydrate or aluminium in an alkaline 
medium.” Sodium nitrite can also be used; it is one 
of the most effective reagents for complexing the 
PGMs and precipitating gold and base metals.2s42 

Separation of PGMs from silver and gold 

The separation from silver is achieved by precip- 
itation of silver chloride. It must, however, be remem- 
bered that the precipitate has a tendency to occlude 
PGMs, particularly palladium, so it must be purified. 
This can be done by fire-assay or by converting AgCl 
into soluble AgClO, by fuming with perchloric acid. 
There are many schemes for separating the PGMs 
from gold, amongst which precipitation of the latter 
with oxalic acid appears to be the most quantitative.* 
There are also ion-exchange resins suitable for the 
separation of PGMs from gold.43 

Separation of the PGMs from each other 

As in the case of the separation of the PGMs from 
base metals, there is an increasing tendency to avoid 
at any cost chemical separation of the precious metals 
from each other. Since there exist comparatively few 
mutual interferences of the precious metals in their 
determination by atomic-absorption spectrometry 
(AAS) or plasma techniques, the belief is widespread 
that, with good instrumentation, time and money 
could be saved by eliminating chemical separations 
altogether by relying strictly on instrumental 

measurements. Nothing could be further from reality. 
First of all, the precision obtainable by AAS or 
plasma techniques is rarely better than 1% and may 
be as poor as 5-lo%, particularly when the sample 
and standard solutions cannot be closely matched. 
Also, in most instrumental methods the sensitivity 
varies to a great extent from one PGM to another. 
For instance, the sensitivity for rhodium by both 
AAS and by PES (plasma emission spectrometry) is 
very high, whereas that of AAS for iridium is wholly 
unsatisfactory and that of plasma emission just about 
acceptable. This will be discussed further below in the 
section on instrumental methods. It is for this reason 
that the chemical separations, which admittedly 
are considerably slower and which also require a 
thorough knowledge of the chemistry of the precious 
metals, cannot be entirely avoided. 

Separation of platinum and palladium. If platinum 
is the predominant element, the usual procedure 
consists of precipitating the platinum with ammo- 
nium chloride and determining the palladium in the 
filtrate by precipitation with dimethylglyoxime. The 
platinum usually retains a little palladium and must 
therefore be reprecipitated. A small amount of plat- 
inum is soluble in the ammonium chloride medium 
and must be determined by AAS or plasma tech- 
niques, usually after destruction of the ammonium 
chloride with nitric acid. 

If palladium is the predominant element, or the 
sample contains at least 100 mg of palladium, prior 
precipitation of the palladium with dimethylglyoxime 
is more effective. Platinum is determined in the 
palladium filtrate after the alcohol has been boiled off 
and the organic matter destroyed by evaporation 
with nitric and perchloric acids. Subsequently, the 
platinum is precipitated with ammonium chloride or 
other agents such as hydrazine or hydrogen sulphide. 
The separation of platinum from palladium can 
also be achieved in conjunction with the bromate 
hydrolysis scheme described later. 

Separation of platinum from iridium and/or rho- 
dium. This is a modification suggested by German 
analysts” of a method originally introduced by 
Gilchrist.45,46 Rhodium and iridium are separated 
from platinum by the interaction of sodium bromide 
with sodium bromate in a very dilute hydrochloric 
acid solution. The reaction takes up protons and 
liberates bromine, until a pH of 6.5 is reached. At this 
pH rhodium and iridium are quantitatively precip- 
itated, while palladium and platinum stay in solution. 
In the original Gilchrist version the palladium accom- 
panied the rhodium and iridium, because the pH was 
adjusted to 7. The pH adjustment is automatic in the 
German version, whereas the adjustment in the orig- 
inal method requires considerable skill. To achieve a 
quantitative separation it is advisable to reprecipitate 
the rhodium plus iridium. Platinum is recovered from 
the combined filtrates by precipitation with zinc and 
the addition of hydrochloric acid. The platinum 
sponge is filtered off and dissolved in aqua regia and 
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the metals are eventually precipitated with ammo- 
nium chloride. The hydrated oxides of rhodium 
and iridium are dissolved in acid and the metals 
determined instrumentally. 

Separation of rhodium from iridium. This is one 
of the most difficult analytical tasks. No entirely 
satisfactory method is available. Copper, silver and 
antimony powders have been suggested by some 
and rejected by others. 2,7*47-50 The precipitation of 
rhodium with titanium trichloride, originally pro- 
posed by Gilchrist~S though tedious and lengthy, is 
probably as good as any other method. This then is 
one area where modem instrumentation can come to 
the rescue of the chemically inclined precious-metals 
analyst. 

Separation of ruthenium and osmium from the other 
PC&. Ru and OS in their octavalent state form 
volatile compounds which give clean separations 
from the other PGMs. The oxidation to this state can 
best be achieved in an alkaline medium. This can be 
done by fusing the finely divided sample with sodium 
peroxide in a zirconium crucible. Beamish describes 
a number of distillation procedures. For the simul- 
taneous removal of both metals, oxidation with 
sodium bromate, bromic acid, perchloric acid, 
chlorine, bismuthate, permanganate, ceric oxide, lead 
dioxide or peroxydisulphate can be used.2 For selec- 
tive distillation of osmium tetroxide, nitric acid has 
been recommended.* The present writer prefers the 
distillation of the osmium from a hydrochloric acid 
medium with sodium chlorate and absorption of the 
resulting 0~0, in a sodium hydroxide solution con- 
taining some ethanol as reductant. Use of a 1-2M 
hydrochloric acid medium prevents the loss of any 
ruthenium during the distillation of the osmium. 
After removal of the osmium, an excess of sulphuric 
acid is added to the sample solution, which is then 
evaporated until light fumes appear. A small amount 
of perchloric acid introduced into the distillation 
flask will then effect instantanteous oxidation of the 
ruthenium to the tetroxide, which distils. The RuO, 
is passed into a train consisting of several flasks 
containing 6M or 4M hydrochloric acid, which will 
reduce the RuO, to non-volatile RuCl, . Other PGMs 
can be recovered in the sample solution after the 
distillation of the OS and Ru. 

DETERMINATION OF THE PLATINUM GROUP 
ELEMENTS 

The question whether an element should be deter- 
mined chemically or by an instrumental technique is 
a fundamental one for which there is no easy answer. 
Ideally, the goal is to obtain an analytical result as 
fast as possible, as precisely and accurately as poss- 
ible, with equipment which is as cheap as possible, 
and with personnel requiring the minimum amount 
of training and/or supervision. Obviously, there have 
to be choices and compromises. Generally speaking, 

chemical methods are more precise, instrumental 
methods more rapid. Errors in gravimetric measure- 
ments are usually of the same absolute magnitude, 
those in instrumental measurements are usually of the 
same relative magnitude. Thus, a I-mg error in a 
gravimetric procedure causes a relative error of only 
1 part per thousand if 1 g of the element determined 
is present. The error is 1 part per hundred (l%), if 
100 mg of the element determined is present, and 1 
part in ten (10%) if only 10 mg of the element is 
present. Since the concentration of an element in 
solution which can be determined instrumentally is 
more or less constant, the analytical errors are con- 
stant and relate to the concentration of the element 
in the original sample. A typical l-2% relative error 
in measurements is intolerable if the concentration of 
a PGM in the sample is 50% or more. The same error 
may be tolerable when the concentration of an ele- 
ment is less than 10%. Since the relative error in a 
typical gravimetric procedure for the same concen- 
tration range is 1%, a generalization can be made 
that instrumental methods should be used optimally 
in the 10% range or lower, while gravimetric mea- 
surements, if applicable, are best suited for the 
> 10% range. The errors inherent in spec- 
trophotometric methods are similar to those of in- 
strumental methods requiring the preparation of 
solutions, namely AAS and PES (plasma emission 
spectrometry) techniques. Spectrophotometric meth- 
ods have the additional disadvantage that in most 
instances they require the removal of virtually all 
other elements, particularly other precious metals. 

Determination of platinum group elements by chemical 
methoak 

Platinum. Earlier researchers disapproved of the 
ammonium chloride precipitation of platinum be- 
cause of (a) the slight solubility of (NH,),PtCI, and 
(b) the occlusion of small amounts of other PGMs in 
the precipitate. 2ps These objections, however, are no 
longer valid, since solubility losses and impurity gains 
can be monitored effectively by modem instrumen- 
tation, and corrections applied. The precipitate is 
ignited to the metal, which is a convenient weighing 
form. The method is well suited for amounts of 
platinum greater than 100 mg, particularly for the 
determination of platinum in platinum-base alloys. 
Another effective precipitation agent for platinum is 
formic acic. It should be used in 4.5M sulphuric acid 
medium. The platinum sponge obtained can be di- 
rectly ignited and weighed, as long as the solution 
contains no other PGM. Other precipitating agents 
are hydrogen sulphide, zinc, magnesium and hydra- 
zine. As a rule, the platinum sponge thus obtained is 
either purified, or dissolved, and the platinum finally 
precipitated as (NH,), PtCI,. Other precipitants have 
been described by Beamish and van Loon.50 

Small amounts of platinum (1-75 mg) can be 
determined with good precision by the spectro- 
photometric stannous chloride method.51*52 This 
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method is particularly suited to the determination of 
platinum in reforming and automotive catalysts, 
since large amounts of alumina and acids, such as 
hydrochloric, sulphuric and phosphoric, do not inter- 
fere. If the final determination is based on the 
differential spectrophotometric principle, precisions 
of 0.5% relative can be achieved.53 Palladium inter- 
feres in the determination and must be removed by a 
dimethylglyoxime-chloroform extraction. The small 
but significant effect of rhodium and the slight effect 
of iridium can be compensated for by preparing 
platinum standard solutions containing matching 
amounts of the interfering elements. Other reagents 
suitable for the spectrophotometric measurement 
have been described by Beamish,’ Beamish and van 
Loon50 and more recently by Gorda et al.” Di- 
aminobenzoic acid, originally proposed in 1971,55 has 
recently been proposed for the determination of 
platinum in automotive catalysts.56 For the deter- 
mination of 0.1-100 mg of platinum by instrumental 
methods, see below. Prior separation or concen- 
tration schemes may or may not be required. 

Pulladium. Dimethylglyoxime (DMG) has been 
used for more than 70 years as a precipitating agent 
for amounts of palladium ranging from a few mg 
to 1000 mg.57 Its value lies in its specificity and the 
fact that the Pd-DMG product is of definite com- 
position, and hence can be used as the weighing form. 
There is no interference from the other PGMs, but 
more than milligram amounts of gold do interfere. 
Normally, a 1% solution of the reagent in ethanol or 
methanol is used. An aqueous solution of the sodium 
salt of DMG is used if alcohol interferes in sub- 
sequent treatments of the Pd-DMG filtrate. A great 
many other dioximes have been suggested over the 
years. None, however, has been shown to be superior 
to DMG.* Two reagents used in the past, 
nitrosonaphtho158 and potassium iodide59 are now 
largely replaced by the dioximes. Beamish lists a 
number of other reagents suitable for gravimetric 
purposes;* their use, however, is limited to special 
situations and can hardly be justified in view of the 
recent developments in the instrumental field. 

There are a number of possibilities for determining 
trace amounts of palladium spectrophotometrically.* 
The present writer prefers furildioxime. Its complex 
with palladium can be extracted with chloroform and 
measured directly, without back-extraction.3’ For 
milligram amounts of palladium, the palladium 
iodide complex looks attractive.W Recent develop- 
ments in spectrophotometric methods for palladium 
are discussed by Chang and Zhou6’ 

Rhodium. The anhydrous trichloride, RhCl,, ob- 
tained by chlorination, can be converted into metallic 
rhodium by ignition, first in air and then under 
hydrogen, producing an excellent weighing form. 
Iridium, which also forms an acid-insoluble tri- 
chloride, interferes. In the absence of other 
H,S-group elements, hydrogen sulphide is also an 
excellent precipitant for rhodium. If rhodium has 

been separated from platinum and palladium by the 
bromate hydrolysis technique, the precipitate, after 
thorough washing with ammonium chloride solution, 
can also be converted into the metal by ignition first 
in air and then under hydrogen.’ The metal, however, 
must be treated with hot dilute hydrochloric acid 
for removal of residual alkali metal. Again, iridium 
interferes. It was mentioned above that the separ- 
ation of the two elements is difficult. It is therefore 
now a common practice to determine the sum of the 
two elements gravimetrically, then the lesser com- 
ponent instrumentally. Several other precipitating 
agents are available.2,50 

For trace amounts of rhodium, spectrophotometric 
methods using either stannous chloride6* or bromide63 
are available. Both methods tolerate small amounts 
of iridium, but no other PGM. Again, Beamish lists 
several other reagents which may be of interest.* 
Since the sensitivity for rhodium is one of the highest 
in both emission and absorption spectrometry, most 
precious-metals analysts now opt for an instrumental 
approach. 

Iridium. Chlorination to give the anhydrous tri- 
chloride and subsequent conversion into the metal 
can be applied in the same way as for rhodium. 
Similarly, the product obtained by bromate hydro- 
lysis can be converted into the metal. There is a 
scarcity of specific precipitating agents for iridium in 
an acid medium. Reducing agents which easily pre- 
cipitate the other PGMs are useless for iridium, since 
small but significant amounts of the iridium are 
merely reduced to a lower oxidation state. 

For trace amounts of iridium there are several 
spectrophotometric procedures which, unfortunately, 
are not particularly attractive.2 They may be of 
limited interest to those who do not have plasma 
equipment. The most selective method is based on the 
production of a purple colour by heating with a 
mixture of perchloric, sulphuric, phosphoric and 
nitric acids.64 The detection limit, however, is only 
20 pg per ml of mixed acid.* A procedure for deter- 
mination of iridium in the presence of moderate 
amounts of platinum (as in Pt-Ir catalysts) is based 
on the reddish colour developed in hydrochloric or 
sulphuric acid medium on addition of sodium hypo- 
chlorite,7*65 but rhodium interferes. The instrumental 
approach involving plasma techniques is far superior 
(see below). 

Ruthenium and osmium. These two elements have 
many characteristics in common, e.g., they can be 
separated from matrix elements and other PGMs by 
distillation of the tetroxides. For the gravimetric 
determination of both elements precipitation with 
hydrogen sulphide is feasible, or both elements can be 
precipitated by hydrolysis at a pH of about 64.5.’ 
The ruthenium products can be filtered off on paper, 
but the osmium products must be collected in 
a Gooch crucible on a pad of asbestos, or on a 
Munroe-type platinum crucible, before ignition in a 
stream of hydrogen. 
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For trace amounts of both elements the spectro- 
photometric determination based on the thiourea 
complexes appears attractive. The ruthenium colour 
is blue& and that of osmium is red.‘*67 Other spectro- 
photometric reagents have been mentioned by 
Beamish.* Owing to the position of Fe and Ru in the 
Periodic Table it should be of interest that most 
reagents suitable for spectrophotometric deter- 
minations of iron also form coloured compounds 
with ruthenium. 

Determination of the platinum group elements by 
instrumental methods 

The instrumental methods introduced during the 
last 20 years have undoubtedly revolutionized the 
repertoire of the precious-metals analytical chemist. 
In 1966, Lewis mentioned atomic-absorption spec- 
trometry, introduced by Walsh,‘* on the last page of 
Beamish’s classical monograph.* In the same mono- 
graph Beamish gave a brief outline of potential 
applications of neutron activation and mass spec- 
troscopy and prophetically predicted “each of these 
methods may contribute much to the analytical field. 
As with all analytical methods, they are subject to 
limitations.” At that time, spectrochemical and 
X-ray fluorescence (XRF) methods were to some 
extent already used in precious-metals laboratories 
and therefore were more prominently featured in 
Beamish’s monograph. 

The question whether a PGM should be deter- 
mined by a chemical procedure or by an instrumental 
technique has already been touched on above. There 
is no single correct answer to this question. The 
expression “it all depends”, although usually con- 
sidered a cliche, is most appropriate here. Let us then 
consider the various factors which may influence the 
chemist in deciding whether to use a chemical or an 
instrumental approach, or possibly both. 

Type and concentration of elements to be deter- 
mined. For the trace to low range (0.01% or less) the 
PGMs are preferably determined instrumentally or, 
where applicable, by spectrophotometry (generally 
considered a chemical technique). For the low to 
medium range (l-10%), there are many instances 
where a chemical approach may be justified, e.g., 
the gravimetric determination of palladium with 
dimethylglyoxime, the gravimetric determination of 
rhodium and/or iridium after chlorination, the gravi- 
metric determination of osmium or ruthenium after 
distillation. In this range an instrumental error of 2% 
relative is reflected in an uncertainty of 0.0242% 
absolute in the final PGM result. In the high range 
(lCrlOO%), chemical methods generally have the 
advantage over instrumental methods, primarily be- 
cause of their superior precision. Even so, if matrix 
matching is possible and statistical data indicate that 
a precision of 1% can be achieved, many analysts 
may prefer instrumental measurement of the PGMs, 
particularly if lengthy separations can be avoided. 

Equipment available. Instruments are expensive. 

DCP, ICP and XRF instruments cost $75,000 or 
more, AAS equipment somewhat less. For the occa- 
sional user, the purchase of such instruments, there- 
fore, can scarcely be justified. If the work load of the 
laboratory, however, consists of often recurring ana- 
lytical requirements, the acquisition of appropriate 
instrumentation should be seriously considered. The 
case for the introduction of instrumentation becomes 
even more compelling, if more than one PGM 
must be determined in the same sample. Also of 
primary importance is the question whether the 
preparation of the sample solution is simple and 
the instrumental measurements relatively free from 
matrix interferences. 

Personnel available. The use of instrumentation 
requires personnel of a higher calibre than that 
commonly found in a fire-assay laboratory. Though 
many of the operations with instruments have 
been simplified and even automated, there has to be 
someone in the organization who is capable of 
trouble-shooting when the equipment misbehaves 
and someone who is capable of determining which 
parameters of a method are essential. A sound knowl- 
edge of the analytical chemistry of precious metals, as 
well as that of base metals, is a prerequisite for 
ensuring optimum use of an instrument as the final 
measuring device. 

Standards. It should be remembered that all instru- 
mental methods, unlike most chemical methods, 
merely compare the concentration of an element in 
the sample with that in a reference material of known 
composition. The instrumental method used may 
tolerate small, moderate, or even large deviations 
between the concentrations of matrix elements 
in standards and samples. If the time required to 
prepare matching standards becomes excessive, a 
chemical procedure may be more attractive. 

The most important instrumental techniques 

X-Ray fluorescence. 70,7’ XRF was developed from 
X-ray emission (XRE), in which the sample is directly 
exposed to radiation with an energy greater than the 
excitation threshold of the element under study. The 
method is based on measurement of the secondary 
X-rays emitted by the constituents of a sample excited 
by primary X-rays. The inner electron shells of the 
atom lose one or more electrons, which are then 
replaced by the outer shell electrons. There is an 
accompanying loss of energy by the replacement 
electrons, which is emitted as radiation. The resulting 
line spectrum is characteristic for each element. 
Though the intensity of the emitted lines of XRF is 
only a small fraction of that of XRE, recent advances 
in electronics have reduced much of the sensitivity 
advantage of XRE. The main advantage of XRF is 
its simplicity. Two different types of XRF instrument 
are available; energy-dispersive and wavelength- 
dispersive. 

Considerable progress in the instrumentation, 
particularly with regard to the energy sources, the 
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precision of the dispersion systems and the electronic 
quality of the detection and measuring devices, allows 
rapid analysis for the PGMs with excellent precision. 
Multi-channel spectrometers facilitate the simul- 
taneous determination of all the PGMs, and of gold, 
silver, and many base metals. 

The main advantage of XRF over the various 
atomic emission or absorption techniques (OES, 
DCP, ICP, AAS) described below, is that it is non- 
destructive, allowing recovery of the original sample 
after the determination. Its main disadvantage is 
that for quantitative work standards with the same 
chemical composition and physical characteristics as 
the sample must be available or prepared. If solid 
samples are to be analysed, facilities are required for 
preparing a set or sets of PGM-bearing alloys with 
highly polished surfaces. One laboratory” routinely 
analyses platinum alloys containing 5-10% of pal- 
ladium and/or rhodium, another” determines the 
PGMs in a tin button72 obtained by the fire-assay 
technique mentioned earlier. A solution technique 
used by another organization73 simplifies the prepara- 
tion of standards, but at the expense of sensitivity. 
Microgram amounts of all precious metals have been 
determined by absorbent-pad-and-cellulose pellet 
techniques. 74 Computer programs have been designed 
to correct for the positive or negative effects of other 
PGMs or those of base metals on the result for the 
PGM being determined. As far as sensitivity is con- 
cerned, with wavelength-dispersive instruments, the 
radiation of the K-lines of Ru, Rh, Pd and Ag is 2-3 
times more intense than that of the L-lines of OS, Ir, 
Pt and gold. 

Optical emission spectroscopy (OES). This tech- 
nique is particularly well suited for the determination 
of impurities in pure PGMs. In addition, when 
combined with preconcentration techniques based on 
chemical or fire-assay principles, it allows deter- 
mination of platinum and palladium concentrations 
in complex matrices down to 0.03 pg/g or 0.001 
oz/ton.31 In this particular procedure 20 mg of gold 
is used as a collector and the Pt and Pd content of the 
gold is compared with that of gold standards contain- 
ing known quantities of the two PGMs. With minor 
variations, the method can be applied to the deter- 
mination of trace amounts of rhodium and iridium. 

The direct current (dc) arc is the most useful 
spectral source. It is produced by passing a current of 
2-30 A between two electrodes, one of which contains 
the sample. Although the high-voltage ac and inter- 
rupted dc arcs are useful for some applications, they 
have largely been replaced by newer techniques, such 
as AAS and PES. One attractive feature of OES with 
photographic recording is its capability of providing 
simultaneously qualitative and/or quantitative infor- 
mation on many elements (typically 2MO or more).” 

Spark-source mass-spectroscopy (SSMS). SSMS is 
a semiquantitative technique with ultrahigh sensi- 
tivity, which has detection limits in the low pg/g and 
rig/g ranges. When used instead of OES for final 

measurements, it allows determination of the PGM 
content of complex matrices at the 1 rig/g level.31 In 
this technique the sample is sparked in a vacuum by 
a high-energy radiofrequency spark to produce posi- 
tive ions of the sample elements. A double-focusing 
spectrometer separates the ions according to their 
“mass-to-charge” ratio, first in an electrostatic, then 
in a strong magnetic field. The ions thus separated are 
recorded photographically on an ion-sensitive photo- 
plate or are measured by means of photomultipliers. 
Accelerator mass spectrometry has recently been used 
to determine the isotopic composition of osmium in 
terrestrial samples.76 

Flame atomic emission and absorption spectrometry. 
In FAES and in FAAS the sample solution is 
subjected to a high-energy thermal environment 
provided by a flame, which evaporates the solvent 
and produces excited-state atoms, which return to the 
ground-state or other lower energy state and emit 
light. In FAES the emission spectrum is measured. 
This technique cannot be applied to PGMs because 
the flame is unable to provide the energy needed for 
excitation of the PGMs. In FAAS, some of the 
ground-state PGM atoms are excited by resonance 
absorption light of specific wavelength from a suit- 
able source containing the analyte element. The 
fraction of light absorbed increases with the number 
of PGM atoms present, thus providing quantitative 
measurement of the amount of the PGM. 

FAAS has largely replaced spectrophotometry 
as the work-horse in the precious-metals analytical 
laboratory. There are several reasons for this. (a) 
FAAS is virtually element-specific. Thus a PGM 
which cannot be determined spectrophotometrically 
at all in the presence of certain other PGMs or base 
metals, can often be determined with comparative 
ease by FAAS. (b) In many instances, there is 
no interference by moderate concentrations of base 
metals, and even where there is, it can be dealt with 
by the standard-addition technique. The limitations 
to the use of FAAS in precious-metals analysis 
mainly arise from the sensitivity, which is poor for 
some PGMs, particularly iridium. The relative con- 
centrations of PGMs required to match the AAS 
response of a reference unit concentration of silver 
are: Pd 4, Rh 5, Ru 9, OS 100, Ir 150, Pt 38, Au 5. 
A relative value of 40 or more would indicate that the 
element should not be handled by FAAS (OS, Ir), 
unless present in substantial quantities or isolated 
from the matrix. It must also be remembered that 
FAAS is a solution technique and therefore requires 
that the element(s) can be dissolved with relative ease, 
and without introducing too much extraneous 
matter. This is obviously difficult, if not impossible, 
in the case of many samples containing the PGMs in 
a complex matrix.‘1~50~77*78 

Electrothermal atomic-absorption spectrometry 
(ETAAS). This technique supplements FAA& inas- 
much as it offers greatly enhanced sensitivity. This 
can be explained as follows. In FAA& the sample 
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passes through the observation zone so rapidly that 
the effective lifetime of the absorbing atom is very 
brief, only a few thousandths of a second. In ETAAS, 
on the other hand, the residence time of atoms in 
the light-beam is lO&lOOO times longer, thereby 
providing correspondingly greater sensitivity. Un- 
fortunately, the precision is much poorer because of 
the small volume of sample solution (S-50 ~1) used 
and the difficulties encountered in reproducible sam- 
pling and control of the atomization conditions. In 
addition, since ETAAS also generally relies on the 
preparation of solutions of samples and standards, 
it is subject to the same dissolution limitations 
as FAAS. Attempts have been made to use solid 
samples, but with limited success. An interesting 
application of ETAAS for geochemical exploration 
work was recently described,79 in which diantipyryl- 
methane was used for isolating the PGMs by 
extraction into chloroform. 

depend to some extent on the instrumentation used 
and the availability of interference-free wavelengths. 

Inductively-coupled plasma-mass spectrometry. 
This technique (ICP-MS) has recently been intro- 
duced, but not yet fully examined as to its suitability 
for PGM determinations. 85 However, effective means 
have been devised to extract ions from the plasma 
(which is at atmospheric pressure) and introduce 
them (at greatly reduced pressure) into a quadrupole 
mass spectrometer for mass resolution and detection. 
ICP-MS may be of interest to laboratories having no 
access to SSMS. Laser MS instruments have also 
been built, but are still in the experimental stage. 

Plasma emission spectrometry (PES). Plasma emis- 
sion spectrometry is a variant of atomic emission 
spectrometry (AES), based on use of a plasma for 
excitation. It is based on the principle that in high- 
intensity electromagnetic fields gases become conduc- 
tors and complex electric charge-transfer phenomena 
occur, called gas discharges. The result of a gas 
discharge is the production of an ionized gas at very 
high temperature, containing electrons, positive ions 
and neutral atoms and molecules, called a plasma. 

Inductively coupled plasma-atomic fluorescence 
spectrometry. This technique (ICP-AFS) has recently 
been advocated as an efficient tool for PGM analy- 
sis.86 In atomic fluorescence, the plasma does not 
function as an excitation source but solely as an 
atomization cell to produce ground-state (or low- 
energy excited state) atoms. Excitation is mainly by 
resonance absorption of light from an external light- 
source, and the fluorescence emitted by return to a 
lower energy state is viewed at an angle to the 
excitation beam. The sensitivity of the method is said 
to be comparable to that of FES techniques. The cost 
of the equipment compares favourably with that of 
AAS. 

Plasmas are increasingly used as a spectral ex- 
citation source for determining the PGMs. Generally, 
the sample is introduced in the form of a solution 
that is atomized by the carrier gas in various 
fashions. Two types of plasma are used: the direct 
current plasma (DCP) and the inductively-coupled 
plasma (ICP). Lasers are also used as an excitation 
source. 

Instrumentation for both techniques has been de- 
veloped rapidly during the last few years. Moderately 
priced instruments are readily available, based on the 
sequential principle (measurement of one PGM at a 
time). There are also more expensive instruments 
based on the use of multichannel detectors (ICP) or 
cassettes (DCP) allowing the simultaneous deter- 
mination of all the PGMs, as well as of silver, gold 
and many base metals. There is even a fast sequential 
DCP instrument.8h84 

Activation analysis. Gamma rays, charged par- 
ticles, and particularly neutrons react with isotopes of 
the PGMs to produce radioactive nuclides. The char- 
acteristic radiation emitted by the nuclides produced 
can be used for detection and determination of the 
PGMs. In some instances, neutron-activation analy- 
sis is more sensitive than any other technique. 
Though instrumental NAA (INAA) can be applied 
effectively to gold and silver determinations, in the 
case of the PGMs some separation or concentration 
is necessary, either before or after the irradiation.50~87 

Controlled-potential coulometry (CPC). In 
controlled-potential coulometry, the substance is 
electrolysed at a working electrode with the potential 
controlled or kept constant during the electrolysis by 
means of a potentiostat. The current is integrated 
with an electronic integrator or coulometer. A refer- 
ence electrode and a two-electrode electrolysis cell are 
employed. 

Though FAAS has certain advantages over the arc 
and spark emission methods for PGM analysis, it is 
decidedly inferior to PES in sensitivity and linear 
dynamic range. Also, the PES methods tolerate the 
presence of moderate amounts of alkali-metal salts, 
and this will often permit use of fusion of a sample 
with alkaline fluxes such as sodium peroxide and 
sodium carbonate. 

For the analyst, the manipulation of the technique 
resembles that of conventional titrations, except that 
the amount of “titrant” used is measured by means 
of current and the operations are inherently semi- 
automatic. This technique has been shown to be very 
effective for the determination of all the PGMs, as 
well as of gold and silver.** Unfortunately, it has 
not yet received the attention from precious-metal 
analysts that it richly deserves. 

The linear dynamic ranges @g/ml) of DCP for the Other instrumental techniques that are of value to 
eight precious metals at interference-free wave- the PGM analyst for specific applications include 
lengths are Ru 0.5-50, Rh 0.1-50, Pd 0.1-30, Ag polarography, differential pulse polarography, 
0.440, OS 0.5-100, Ir 0.5-5, Pt 0.3-75, Au 0.3-100. anodic stripping voltammetry, ion-selective electrode 
The corresponding ranges of ICP are similar, but potentiometry and most recently, ion-chromatog- 
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raphy. The applicability of this latter technique to 
PGM analysis was recently discussed by Heberlin.s9 

CONCLUSIONS 

Up to twenty years ago the chemical repertoire 
for the analysis of PGMs was largely limited to 
gravimetric methods (including fire-assay), enhanced 
to a limited extent by various spectrophotometric 
methods. The analysis of substances rich in PGMs 
always involved extensive and often tedious separ- 
ation schemes to isolate the elements to be deter- 
mined, before a final gravimetric method could be 
applied. In many respects, the introduction of instru- 
mental methods of analysis has lessened the burden 
on precious-metals analysts, by reducing the need for 
extensive chemical separations. On the other hand, 
the availability of these techniques has led to tight- 
ened accuracy requirements and to the extension of 
the analytical repertoire to additional elements and to 
a variety of products not previously encountered. 

Only a limited number of PGM materials can be 
analysed by purely instrumental techniques. Though 
in instrumental methods random errors can some- 
times be limited to 1% relative, systematic errors are 
often significantly greater, unless standard samples of 
the same composition, both chemical and physical, 
are available and employed. 

Although the 1% relative error (at best) of the 
instrumental approach may be acceptable when the 
content of an element is 10% or less, for higher 
concentrations of an element a 1% error is in most 
instances intolerable. Where a higher degree of pre- 
cision is required or when the PGMs are present in 
trace amounts, the precious-metals analyst has to 
take recourse to chemical methods, some involving 
gravimetry, others preconcentration steps. It should 

be pointed out that chemical methods, whether based 
on some form of classical or neoclassical form of 
fire-assay or on wet chemical techniques, can often he 
extensively modified by instrumental measurement of 

the solubility of certain precipitates or of the con- 
tamination of final products. It is thus possible to 

streamline or revitalize many older procedures which 
previously had suffered from such defects. This 
clearly demonstrates, in the case of PGM analysis, 
the “Interdependence of Chemical and Instrumental 
Methods”.” 

APPENDIX 

CONDENSED OUTLINE OF METHODS OF ANALYSIS 
APPLICABLE TO THE PLATINUM GROUP METALS 

Table 1 lists the common designation and composition of 
important PGM-bearing substances. In the case of minerals, 
the formulae will often correspond only roughly to the 
actual result of an analysis. 

Table 1 also provides each substance with a code number 
which is used to identify it in Table 2. In addition, Table 1 
lists the constituents of each substance for which methods 
of analysis are included in Table 2. Although the deter- 
mination of other elements may occasionally be required for 
various special purposes, only those for PGMs are included. 
Thus, the entry Pt-Re catalyst following the sample code 25 
signifies that only methods suited to the determination of Pt 
will be found in Table 2. 

As pointed out repeatedly in the text, the choice of a 
procedure for determining any particular element depends 
considerably on the environment in which this element 
occurs, the equipment available for its isolation and final 
determination, and also on the experience of the analyst. 
Different substances must be decomposed in different ways 
and necessitate the execution of different separations. 
Procedures which are suited to the determination of a PGM 
in a specific substance may not be applicable to its deter- 
mination in a sample of different origin. This is particularly 
so in the case of sweeps, which have wide ranging base-metal 
compositions and precious metal contents ranging from 
below 1 ppm to 20-30%. In the case of referee analysis, the 
analyst is also frequently asked to determine just one or two 
PGMs, with the remaining PGMs not to be determined at 
all. No attempt is therefore made to provide methods 
covering all eventualities. The procedure which is best suited 
for the determination of a specific PGM may be identified 
by locating the code number in the second column of Table 
2. The remaining columns of this table will then provide 
information concerning the decomposition of the sample, 
the nature and some details of the separations that must be 
made, and the final isolation and determination of the 
element sought. A reasonable estimate of the composition 
of most PGM-bearing substances can be obtained by a 
preliminary XRF scan. 
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No. 

Table 1. List of important PGM-bearing substances often analysed 

Name of PGM Approximate Associated 
substance composition compounds Analyse for 

Pt 7585%; OsIr I-4% Au, Pd, Rh, Pd, Rh Pt, Pd, Au, Ir, Rh 
raw ore about 7 ppm Pt olivine mineral 

1 Native platinum 
concentrate 

2 Osmiridium 

3 Sperrylite 

4 Cooperite 

5 Braggite 

6 Stibiopalladinite 

7 Laurite 

PGM-metals or sponge 

8 99.999% 

9 99.99% 

10 99.9% 

11 99% 

PGM salts 

12 Ru-salts, pure 

13 Rh-salts, pure 

14 Pd-salts, pure 

15 OS-salts, pure 

16 Ir-salts, pure 

17 Pt-salts, pure 

PGM solutions 

18 Solutions of substances 12-17 

19 Ru-soln. 

20 Rh-soln. 

21 Pd-soln. 

22 Ir-soln. 

23 Pt-soln. 

Catalysts 

24 Pt catalyst 

25 Pt-Re catalyst 

26 Pt-Pd catalyst 

27 pt-Rh catalyst 

0s:Ir:Ru:Pt 
3.5:3:1.0:0.6 

Native Pt OS, Ir, Pt, Ru 

PtAs,; Pt 5&55% 

PtS; Pt 82%, Pd 2.5% 

Pt,PdNi$ 

Pd,Sb and Pd,Sb, 

RuS, 

NiCu sulphides 

Minerals of 
of Merensky Reef 

see No. 4 

see No. 4 

see No. 4 
sands of Borneo 

Pt, Rh 

Pt, Rd, Rh 

Pt, Pd, Rh 

Pd, Pt 

Ru, OS 

Ru, Rh, Pd, OS, Ir, or Pt 

- 

RuCl,. 3H,O 

RhCl,, Rh(NO,),.nH,O 

WCI,, Pd ammines 

oso, 

Na,IrCl,.6H20 

H, PtCl, , Pt ammines 

Ru 

Rh 

Pd 

OS 

Ir 

Pt 

pure or impure 

pure or impure 

pure or impure 

pure or impure 

pure or impure 

waste or recovery 

waste or recovery 

waste or recovery 

waste or recovery 

waste or recovery 

elements of 
substances 12-17 

Ru 

Rh 

Pd 

Ir 

Pt 

Pt 0.3-0.8% 

Pt 0.34.6% 

Pt 0.03-0.15% 
Pd 0.0220.12% 

on alumina Pt 

on alumina Pt 

on alumina Pt, Pd 

Pt 0.0330.25% 
Rh 0.0050.03% 

on alumina Pt, Rh 

continued 
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Table I-continued 

SrLw KALLMANN 

No. 
Name of PGM 

substance 
Approximate 
composition 

Associated 
compounds Analyse for 

28 I’-Pd-Rh catalyst 

29 Pt-Pd monolith 

30 Pt-Rh monolith 

31 Pt-Pd-Rh monolith 

32 Pt-Ir pellets 

33 Pt catalyst 

34 Pd catalyst 

35 Pt-Pd catalyst 

36 Ru catalyst 

37 Ru catalyst 

38 Ru residue 

39 Rh catalyst 

Residues 

40 Rh residue 

41 Anode slime 
Se>5% 

42 Anode slime 
Se 20-30% 

43 Electronic scrap 

44 Electronic scrap 

45 Ruthenium paste 

46 Ag-Pd paste 

47 Copper anodes 

Alloys 

48 F’-Rh 

49 I+Ir 

50 Pt-Pd 

51 Jewellery scrap 

Pt 0.03Xt.20% 
Pd 0.03XI.l5% 
Rh 0.005-0.05% 

see No. 26 

see No. 27 

see No. 28 

Pt 0.30%&r 0.30% 

pt 0.3-15% 

Pt 0.25520% 

Pt 0.15-15% 
Pd 0.15-20% 

Ru 0.510% 

Ru 0.254.60% 

Ru 0.154.50% 

Rh 0.54% 

on alumina 

on cordierite Pt, Pd 

on cordierite Pt, Rh 

on cordierite Pt, Pd, Rh 

on alumina Pt, Ir 

on carbon Pt 

on carbon Pd 

on carbon Pt, Pd 

on carbon 

on alumina 

on various organics 

on carbon 

Rh 0.20-0.60% on various organics 

Ag 5-50%; Au O.lLO.5%; often high 
Pt 3-10 ppm; Pd IO-100 ppm Cu, Pb, Sn, Sb 

similar to No. 40 similar to No. 40 

Ag, Au, Pt, Pd, Rh; 
any one 0.01-l% 

Ag, Au, Pt, Pd, Rh; 
any one 0.0-l% 

Ru 3-10%; Ag 520% 
Pd 3-S%; Pt, Au low 

powder left 
after ignition 

usually collected 
in copper 

high in Pb, Bi 
SiO,; for making 
resistors 

Ag:Pd 713 usually on barium 
titanate for 
making capacitors 

Ag, Au, Pt, Pd upon electrolysis 
anode slime 
remains; see 40, 41 

Rh 5-10% 

Ir 5-20% 

Pd 4&60% 

Pt 8G90%, Pd &lo% 
Rh @-lo%, Ru l-5% 
Ir 0.25-S%, Au C&5% 
Ag 0.25-3% 

balance is Pt 

balance is Ir 

HNO, production 
“gettering alloy” 

various precious 
metals are melted 
with platinum to 
form solid soln. 

Pt, Pd, Rh 

Ru 

Ru 

Ru 

Rh 

Rh 

Pt, Pd 
(Ag, Au) 

Pt, Pd 
(Ag, Au) 

Pt, Pd 
(Ag, Au) 

Pt, Pd 
(Ag, Au1 

Ru, Ag, Pd 
Au. Pt 

WW 

Pt, Pd 
(Ag, Au) 

Pt, Rh 

Pt, Ir 

Pt, Pd 

Pt, Pd 
Ir, Rh 
Ir, Rh, Ru 
(Ag, Au) 

continued 



Table I-continued 

Determination of platinum group elements 689 

No. 
Name of PGM 

substance 
Approximate 
composition 

Associated 
compounds Analyse for 

52 Dental alloy Ag IO-50%, Pd 1060% 
Pt O-2%, Ru t&0.5% 

often contains Cu, 
Sn, In, Zn, Ga 

53 Dental alloy always contains Cu Ag 5-15%, Au 5060% 
Pd 3-lo%, Pt 3-7% 

Pt 20-45% 54 pt-Ni Ni is used to melt 
heterogeneous Pt 
material 

Pd, Pt 
Ru(Ag) 

Pd, Pt 
(Ag, Au) 

Pt 

55 pt-co Pt 20-45% Co serves the same 
purpose as nickel 

Pt 

56 Ir-Ni Ir 2&35% Ni is used to melt 
heterogeneous Ir 
scrap 

Ir 

57 PtPd-Rh Pt l&35%, Pd 7-15% Recovery of the 
concentrate Rh 0.83% PGMs from 

Fe 20-50%, Pb 0.5-3% automative catalyst 

Examples of “sweeps” 
composirions 

Pt, Pd, Rh 

58 Example No. 1 Rh 2.5%; Pd 0.015%; Pt 0.72% Majors: Pb, Bi, 
Ru 3.5%; also Au, Ag each Cu 

59 Example No. 2 Pd 2.5%; Pt 0.1%; Majors: Al, Si, Zr 
Ag 0.25% Minors: Fe, Ni, Zn 

60 Example No. 3 Pd 10.5%; Ag 12.3%; Majors: Ba, Ti 
Pt 0.12%; Au 0.27% Minors: Zr, Nb, Sr 

61 Example No. 4 Au 2.8%; Ag 3.2% Majors: Cu, Pb, Al 
Pt 0.14%; Pd 1.3% Minors: Fe, Zn, Zr 

62 Example No. 5 Au 0.04%; Pt 0.07% Majors: Si, Al, Cu, 
Pd 3.25%; Rh 0.05% Pb, MgG . Minors: 
Ir 0.18%; Ru 0.10% Fe, Ni, Cr, Ti, Sn 
Ag 1.25% Zn, Ba 

63 Example No. 6 Pt 15%; Pd 1% Majors: Fe, Ni 
Rh 0.15% Minors: Cr, Si 

64 Example No. 7 Pd 35%; Pt 2%; Rh 1.5%; Majors: Si, Fe, Pb 
Ru 0.04%; Ir 0.07%; 

Pt, Pd, Rh 
(Ag, Au) 

Pt, Pd 
(Ag) 

Pt, Pd 
(Ag, Au) 

Pt, Pd 
(Ag, Au) 

Pt, Pd 
Rh, Ru, 

&, Au) 

Pt, Pd 
Rh 

Pd, Pt, Rh, Ru 

65 Example No. 8 Rh 17%; Pt 0.20%; Majors: Si, Al, Fe Rh, Pd 
Pd 0.48% Pt 

Ru, Ir 
Pt, Pd 

66 Example No. 9 Ru 12%; Ir 0.15%; Majors: Si, Pb, Bi 
Pt 0.05%; Pd 1.24% Fe, Zn 

67 Example No. 10 Au 0.18%; Ag 2.4%; Majors: Al, Cu, Pb 
Pt 0.75%; Pd 3.4% Si, Zn (Ag, Au) 

Pd, Pt _. 



E
le

m
en

t(
s)

 
de

te
rm

in
ed

 

T
ab

le
 2

. 
Pr

oc
ed

ur
es

 
fo

r 
th

e 
an

al
ys

is
 

of
 P

G
M

 
su

bs
ta

nc
es

 
(n

.a
. 

=
 n

ot
 

ap
pl

ic
ab

le
; 

~0
11

. =
 c

ol
le

ct
or

) 

M
at

er
ia

l 
co

de
 

D
ec

om
po

si
tio

n 
Se

pa
ra

tio
n 

T
yp

e 
of

 
Fi

na
l 

(s
ee

 T
ab

le
 

1)
 

w
ith

 
re

au
ir

ed
 

fr
om

 
se

pa
ra

tio
n 

de
te

rm
in

at
io

n 
R

ef
er

en
ce

s 

R
u 

R
U

 

R
u 

36
,3

8 

R
u 

31
 

R
u,

 O
S,

 I
r,

 P
t 

R
u 

R
u 

R
u,

 O
S 

R
u 

R
u 

R
u 

2 8 9,
10

, 
11

 

I 12
 

18
,1

9,
 p

ur
e 

R
u<

lO
O

m
g 

18
,1

9,
 p

ur
e 

R
u<

lO
O

m
g 

19
, i

m
pu

re
 

R
u<

lO
O

m
g 

19
, i

m
pu

re
 

R
u>

lO
O

m
g 

Z
n,

 t
he

n 
N

qO
, 

fu
si

on
 

na
. 

n.
a.

 

fi
re

-a
ss

ay
 

C
u,

S,
 

N
iS

 

co
nv

er
t 

in
to

 
m

et
al

 

n.
a.

 

pp
tn

. 
w

ith
 

H
,S

 
or

 h
yd

ro
ly

si
s 

at
 p

H
 6

 

na
. 

(a
) 

na
. 

(b
) 

n.
a.

 

R
u,

 P
d,

 P
t 

(A
g,

 A
u)

 
45

 

R
u,

 R
h,

 P
d,

 I
r 

51
 

(A
g,

 A
u)

 

R
u 

62
 

R
u,

 I
r,

 P
t, 

Pd
 

66
 

R
h,

 I
r,

 P
d(

A
u)

 
1 

R
h,

 P
t, 

Pd
 

3,
43

5 
(a

) 
or

e 
(b

) 
m

in
er

al
 

ig
ni

tio
n 

an
d 

N
qO

, 
fu

si
on

 

(a
) 

N
a,

O
, 

fu
si

on
 

(b
) 

fi
re

-a
ss

ay
 

Pb
, 

N
iS

, 
C

u,
S 

aq
ua

 
re

gi
a 

se
e 

62
, 

Pd
, 

Pt
, 

R
h,

 
R

u,
 I

r 
(A

g,
 A

u)
 

N
a,

O
, 

fu
si

on
 

aq
ua

 
re

gi
a 

le
ad

 f
ir

e-
as

sa
y 

aq
ua

 
re

gi
a 

al
l 

m
at

ri
x 

el
em

en
ts

 

n.
a.

 

na
. 

al
l 

m
at

ri
x 

el
em

en
ts

 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 
m

at
ri

x 
an

d 
al

l 
PG

M
s 

n.
a.

 

di
st

ill
at

io
n n.
a.

 

n.
a.

 

N
a,

O
, 

fu
si

on
 

of
 a

ci
d-

in
so

l. 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 

na
. 

di
st

ill
at

io
n n.
a.

 

O
S
, 

Ir
 g

ra
v.

 
R

u,
 P

t 
PE

S 

SS
M

S 

O
E

S 

PE
S 

2,
7 

91
,9

2 

75
,9

3,
94

 

18
82

2 

gr
av

. 
+

 O
E

S 

PE
S 

gr
av

. 

PE
S 

PE
S 

gr
av

. 

PE
S 

20
 

7 20
 

20
 

I 20
 

n.
a.

 
Pb

 

H
C

l, 
H

B
r,

 
H

C
10

4 

na
. 

fu
si

on
 

oY
a’

 
H

N
O

,-
in

so
l. 

w
ith

 N
a,

O
, 

di
st

il 
R

u 

fu
si

on
 

of
 

re
si

du
e 

w
ith

 
N

a,
O

, 

PE
S 

PE
S 

PE
S 

PE
S 

20
 

20
 

18
-2

1,
35

 

20
 

is
ol

at
io

n 
of

 
ru

th
en

iu
m

 
di

st
ill

at
io

n 
gr

av
. 

or
 P

E
S 

7,
20

 

in
so

l. 
fi

lt.
, 

N
a,

O
, 

fu
si

on
 

of
 r

es
id

ue
 

A
A

S,
 

PE
S 

20
 

m
at

ri
x 

fi
ltr

at
io

n 
co

lle
ct

io
n 

in
 g

ol
d 

N
a,

O
* 

fu
si

on
 

of
 r

es
id

ue
 

O
E

S 
gr

av
. 

or
 P

E
S 

2,
1,

50
,7

5,
93

,9
4 

2,
20

 



R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

R
h 

8 9,
 1

0,
 1

1 

13
 

18
,2

0,
 p

ur
e 

R
h<

lO
O

m
g 

18
,2

0,
 p

ur
e 

R
h>

lO
O

m
g 

20
, 

im
pu

re
 

R
hc

lO
O

m
g 

20
, 

im
pu

re
 

R
h>

lO
O

m
g 

21
 

28
 

30
 

31
 

39
,4

O
 

R
h 

43
,4

4 

48
 

R
h 

57
 

R
h,

 P
t, 

Pd
 

58
 

R
h 

62
 

R
h 

63
 

R
h 

64
 

R
h,

 P
t, 

Pd
 

Pd
, 

Pt
 

65
 

4,
57

6 

n.
a.

 

na
. 

co
nv

er
si

on
 

in
to

 
m

et
al

 

(a
) 

di
re

ct
 

(b
) 

co
nv

er
t 

in
to

 
m

et
al

 

co
nv

er
t 

in
to

 
m

et
al

 

n.
a.

 
n.

a.
 

SS
M

S 

na
. 

n.
a.

 
O

E
S 

n.
a.

 
n.

a.
 

gr
av

. 
+

 O
E

S 

n.
a.

 
n.

a.
 

A
A

S,
 

PE
S 

n.
a.

 
n.

a.
 

gr
av

. 

na
. 

na
. 

gr
av

. 
+

 O
E

S 

91
,9

2 

75
,9

3,
94

 

2,
1,

15
,9

3,
94

 

11
,2

0 
27

7 

2,
1,

75
,9

3,
94

 

na
. 

n.
a.

 
n.

a.
 

A
A

S,
 

PE
S 

20
 

na
. 

se
e 

27
, 

Pt
, 

R
h 

se
e 

28
, 

Pt
, 

Pd
, 

R
h 

se
e 

30
, 

Pt
, 

R
h 

se
e 

31
, 

Pt
, 

Pd
, 

R
h 

ig
ni

tio
n 

N
%

O
z 

fu
si

on
 

se
e 

Pt
, 

Pd
, 

R
h 

(A
g,

 A
u)

 

(a
) 

di
re

ct
 

(b
) 

aq
ua

 r
c&

 
(c

) 
aq

ua
 r

eg
ia

 

se
e 

57
, 

Pt
, 

Pd
, 

R
h 

Pb
, 

N
iS

, 
C

u,
S 

co
lle

ct
io

n 

se
e 

62
, 

Pd
, 

Pt
 

R
h,

 
R

u,
 I

r 
(A

u,
 A

g)
 

se
e 

63
 P

t, 
Pd

, 
R

h 

se
e 

64
, 

Pd
, 

Pt
, 

R
h,

 
R

u 

Pb
, 

N
B

, 
C

u,
S 

co
lle

ct
io

n 
re

m
ov

al
 

of
 c

ol
le

ct
or

 

fi
re

-a
ss

ay
 

co
lle

ct
 w

ith
 A

u 

al
l 

ba
se

 m
et

al
s 

an
d 

ot
he

r 
PG

M
s 

na
. 

n.
a.

 
A

A
S,

 
PE

S 
I,

20
 

n.
a.

 

R
hK

m
 

Pt
 

re
m

ov
al

 
of

 c
ol

le
ct

or
 

pr
ec

ip
ita

te
 

+
 c

hl
or

in
at

e 
gr

av
. 

n.
a.

 
X

R
F 

n.
a.

 
R

h,
 A

A
S,

 
PE

S 
hy

dr
ol

. 
pp

tn
. 

gr
av

. 
or

 P
E

S 

di
ss

ol
ve

 
co

lle
ct

or
. 

N
qO

, 
fu

si
on

 
of

 a
ci

d-
in

so
l. 

PE
S 

18
-2

1 

fu
si

on
 

of
 a

ci
d-

in
so

l. 
w

ith
 N

a,
O

,, 
pp

tn
. 

w
ith

 Z
n,

 c
hl

or
in

at
io

n 

R
h,

 
gr

av
. 

Pt
, 

Pd
, 

PE
S 

O
E

S,
 P

E
S 

2,
7,

11
,1

8-
21

 

%
 

2,
1,

36
,1

5,
93

,9
4 co

n
ti

n
u

ed
 



T
ab

le
 2

-c
on

tin
ue

d 

E
le

m
en

t(
s)

 
de

te
rm

in
ed

 
M

at
er

ia
l 

co
de

 
D

ec
om

po
si

tio
n 

Se
pa

ra
tio

n 
T

yp
e 

of
 

Fi
na

l 
(s

ee
 T

ab
le

 
1)

 
w

ith
 

re
qu

ir
ed

 
fr

om
 

se
pa

ra
tio

n 
de

te
rm

in
at

io
n 

R
ef

er
en

ce
s 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
 

Pd
, 

Pt
(A

g,
 A

u)
 

Pd
, 

Pt
 

8 9,
lO

 

11
 

14
 

18
,2

1 
pu

re
 

Pd
>

 
1o

O
m

g 

18
,2

1 
pu

re
 

Pd
zl

O
O

m
g 

21
 i

m
pu

re
 

Pd
cl

O
O

m
g 

21
 i

m
pu

re
 

Pd
>

lO
O

m
g 

26
 

28
 

29
 

31
 

34
 

35
 

41
,4

2 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 

(a
) 

co
nv

er
t 

in
to

 
m

et
al

 
(b

) 
di

ss
ol

ve
 

in
 d

il.
 H

C
l 

na
. 

n.
a.

 
n.

a.
 

n.
a.

 
n.

a.
 

n.
a.

 

n.
a.

 

se
e 

26
, 

F
’t

, P
d 

se
e 

28
, 

Pt
, 

Pd
 

se
e 

29
, 

Pt
, 

Pd
 

se
e 

31
, 

Pt
, 

Pd
, 

R
h 

ig
ni

tio
n,

 
aq

ua
 r

eg
ia

 
fi

ltr
at

io
n 

ig
ni

tio
n,

 
aq

ua
 r

eg
ia

 
lil

tr
at

io
n 

(a
) 

H
,S

O
, 

de
co

m
po

si
tio

n 
A

g 
pp

tn
., 

fi
ltr

at
io

n,
 

(b
) 

le
ad

 f
ir

e-
as

sa
y 

fu
se

, 
sc

ar
if

y 
an

d 
cu

pe
l 

se
e 

43
,4

4,
 

Pt
, 

Pd
, 

R
h 

(A
u,

 A
g)

 

se
e 

45
, 

R
u,

 P
d,

 
Pt

(A
g,

 
A

u)
 

H
,S

O
, 

de
co

m
p.

 
or

 P
b 

fi
re

-a
ss

ay
 

aq
ua

 
re

gi
a 

co
lle

ct
io

n 
in

to
 

si
lv

er
 

se
pa

ra
tio

n 
of

 P
t 

an
d 

Pd
 

n.
a.

 

n.
a.

 

na
. 

n.
a.

 
pp

tn
. 

w
ith

 
D

M
G

 

(a
) 

pp
tn

. 
w

ith
 D

M
G

 
(b

) 
di

re
ct

 

pp
tn

. 
w

ith
 D

M
G

 

(a
) 

pp
tn

. 
w

ith
 D

M
G

 
(b

) 
di

re
ct

 

pp
tn

. 
w

ith
 

D
M

G
 

tr
ea

tm
en

t 
of

 i
ns

ol
. 

by
 t

ir
e-

as
sa

y 

re
m

ov
e 

A
g 

H
N

O
, 

pa
rt

in
g 

D
M

G
 

pp
tr

r 
of

 P
d 

SS
M

S 

O
E

S 

by
 d

if
fe

re
nc

e 
O

E
S 

gr
av

. 
+

 O
E

S 
gr

av
. 

gr
av

. 
A

A
S,

 
PE

S 

2,
1,

15
,9

3,
94

 
2,

1,
11

,5
0 

2,
1,

11
,5

0 
11

.2
0 

gr
av

. 
A

A
S.

 
PE

S 

2,
1,

11
,5

0 

2,
1,

11
,5

0 
11

,2
0 

2,
7,

11
,5

0 

<l
o%

, 
PE

S,
 A

A
S 

11
,2

0 
>

 l
o%

, 
D

M
G

 
gr

av
. 

2,
7,

11
,5

0 

<
3%

, 
PE

S,
 A

A
S 

1 I
,2

0 
>

3%
, 

D
M

G
 

gr
av

. 
2,

1,
11

,5
0 

A
A

S,
 

PE
S 

l&
20

 
A

A
S,

 
PE

S 
1,

11
,2

0 

A
A

S,
 

PE
S 

Pd
. 

Pt
 g

ra
v.

 

2,
1,

11
,2

0,
44

 

2,
1,

41
 



P
d,

 R
 

R
4W

 

P
d,

 W
A

u,
 A

g)
 

52
 

H
N

O
, 

53
 

Pd
 

Pd
 

Pd
, 

Pt
(A

g)
 

51
 

58
 

59
 

Pd
, 

Pt
(A

g,
 

A
u)

 
60

 

Pd
, 

Pt
(A

g,
 

A
u)

 
61

 

Pd
, 

Pt
. 

R
h,

 
R

u,
 

Ir
(A

g,
 

A
u)

 

Pd
 

Pd
, 

Pt
, 

R
u,

 R
h 

62
 

63
 

64
 

Pd
 

Pd
, 

Pt
, 

Ir
 

65
 

66
 

Pd
, 

Pt
 

(A
g,

 A
u)

 

Ir
 

Ir
 

Ir
 

Ir
 

Ir
 

61
 

2 8 9,
 1

0,
 1

1 

16
 

18
,2

2 
pu

re
 <

 1
0%

 

Ir
 

18
,2

2 
pu

re
 z

 
10

%
 

Ir
 

22
, 

im
pu

re
 <

 1
0%

 

aq
ua

 re
gi

a 

se
e 

57
, 

Pt
, 

Pd
, 

R
h 

se
e 

58
, 

R
h,

 P
t, 

Pd
 

A
g-

be
ad

 
co

lle
ct

io
n 

H
N

O
, 

tr
ea

tm
en

t 

(a
) 

as
 f

or
 

59
 a

bo
ve

 
(b

) 
Pb

-b
ut

to
n 

co
lle

ct
io

n 

(a
) 

as
 f

or
 6

0(
b)

 a
bo

ve
 

(b
) 

cl
@

 
to

ll.
 

Pb
-b

ut
to

n 
or

 C
ur

s 
co

lle
ct

io
n 

se
e 

63
, 

Pt
, 

Pd
, 

R
h 

aq
ua

 r
eg

ia
, 

N
q0

2 
fu

si
on

 
of

 r
es

id
ue

 

se
e 

65
, 

R
h,

 P
t, 

Pd
 

N
iS

, 
C

u,
S 

(a
) 

A
g 

be
ad

 
~0

11
. 

re
m

ov
e 

A
g 

(b
) 

Pb
-b

ut
to

n 
~0

11
. 

re
m

ov
e 

Pb
 

se
e 

2,
 R

u,
 O

S 
R

u,
 0

s 

n.
a.

 
n.

a.
 

n.
a.

 
n.

a.
 

co
nv

er
si

on
 

in
to

 
m

et
al

 
n.

a.
 

(a
) 

co
nv

er
si

on
 

in
to

 
m

et
al

 
n.

a.
 

(b
) 

n.
a.

 
n.

a.
 

co
nv

er
t 

in
to

 m
et

al
 

n.
a.

 

n.
a.

 
n.

a.
 

Pd
 f

ro
m

 
A

g 
by

 A
gC

l 
pp

tn
. 

pp
tn

. 
of

 A
g 

as
 

A
sC

l 

Pd
 f

ro
m

 
Pt

, 
R

u 
w

ith
 D

M
G

 
Pd

(A
g)

 
gr

av
. 

Pt
, 

R
u 

PE
S 

pp
tn

. 
of

 A
u 

w
ith

 o
xa

lic
 a

ci
d 

ox
al

ic
 a

ci
d 

Pt
 o

r 
Pd

 >
 5

%
, 

A
A

S,
 P

E
S 

>
5%

, 
gr

av
. 

2,
7,

11
,5

0 
20

 

11
,2

0 

2,
7,

11
 

re
m

ov
al

 
of

 A
g 

pp
tn

. 
as

 A
gC

l 
A

A
S,

 P
E

S 
7,

11
,2

0 

re
m

ov
al

 
of

 l
ea

d 

re
m

ov
al

 
of

 
m

at
ri

x 
~0

11
. 

re
m

ov
al

 
of

 
m

at
ri

x 
~0

11
. 

H
C

lO
, 

di
ss

ol
. 

H
C

O
O

H
 

pp
tn

. 
W

A
g)

 g
ra

v.
 

Pt
(A

u)
 

A
A

S,
 

PE
S 

A
A

S,
 

PE
S 

A
A

S,
 

PE
S 

7,
11

,3
5 

11
,2

0 

H
C

lO
, 

di
ss

ol
. 

H
B

r 
di

ss
ol

. 
11

,2
0,

35
 

11
,2

0,
21

 

H
C

lO
,, 

H
B

r 
H

B
r 

A
A

S,
 

PE
S 

11
,2

0,
21

,3
5 

se
pa

ra
te

 
Pd

 
D

M
G

 
pp

tn
. 

Pd
 g

ra
v.

 
2,

7,
11

,5
0 

ac
id

if
y,

 
fu

si
on

 
Pt

, 
R

u,
 R

h,
 P

E
S 

11
,2

0 

re
m

ov
e 

R
u 

d
is

so
lv

e 
in

 H
C

l 
or

 
H

B
r,

 
fu

m
e 

re
si

du
e 

w
ith

 H
N

O
, 

+
 H

C
lO

., 

di
ss

ol
ve

 
in

 H
N

O
r 

di
ss

ol
ve

 
in

 H
C

lO
, 

U
se

 r
es

id
ue

 
fr

om
 

di
st

ill
. 

A
A

S,
 P

E
S 

18
-2

1 

2,
7,

11
,2

0 
11

,2
0,

35
 

n.
a.

 

n.
a.

 

n.
a.

 

n.
a.

 
na

. 

na
. 

n.
a.

 

A
A

S,
 

PE
S 

A
A

S,
 

PE
S 

PE
S 

SS
M

S 

O
E

S 

gr
av

. 
+

 O
E

S 

gr
av

. 
PE

S 

g
ra

v.
 

+ 
O

E
S 

PE
S 

20
 

91
,9

2 

75
,9

3,
94

 

2,
7,

11
,7

5,
93

,9
4 

2,
7,

11
,5

0 
20

 

2,
7,

11
,7

5,
93

,9
4 

. 
., 



T
ab

le
 2

-c
on

ti
nu

ed
 

o\
 

E
le

m
en

t(
s)

 
M

at
er

ia
l 

co
de

 
D

ec
om

po
si

tio
n 

Se
pa

ra
tio

n 
T

yp
e 

of
 

Fi
na

l 
de

te
rm

in
ed

 
(s

ee
 T

ab
le

 
1)

 
w

ith
 

re
qu

ir
ed

 
fr

om
 

se
pa

ra
tio

n 
de

te
rm

in
at

io
n 

R
ef

er
en

ce
s 

P 

Ir
 

22
, 

im
pu

re
 >

 1
0%

 
n.

a.
 

Ir
, 

Pt
 

32
 

Ir
, 

Pt
 

49
 

(a
) 

H
F 

or
 H

,S
O

, 
(b

) 
N

aO
H

 
or

 N
ar

O
z 

(a
) 

n.
a.

 
(b

) 
aq

ua
 r

eg
iu

 

Ir
 

56
 

Ir
 

62
 

Ir
, 

Pt
, 

Pd
 

66
 

Pt
 

Pt
 

Pt
 

Pt
 

Pt
 

Pt
 

47
%

 6
 

8 9,
 1

0 

11
 

17
 

18
,2

3,
 p

ur
e 

Pt
<

lO
O

m
g 

(c
) 

ch
lo

ri
na

tio
n 

(d
) 

Z
n-

fu
si

on
 

H
C

l 
di

ss
ol

n.
 

ch
lo

ri
na

tio
n 

se
e 

Pd
, 

Pt
 

R
h,

 
R

u 
Ir

(A
g,

 
A

u)
 

C
u,

S,
 

N
iS

 
co

lle
ct

io
n 

se
e 

4,
5,

6 
Pd

, 
Pt

 

n.
a.

 

n.
a.

 

n.
a.

 

co
nv

er
t 

in
to

 
m

et
al

 
n.

a.
 

Pt
 

18
,2

3,
 p

ur
e 

Pt
>

lO
O

m
g 

18
,2

3,
 i

m
pu

re
 

Pt
<

lO
O

m
g 

18
,2

3,
 i

m
pu

re
 

Pt
>

lO
O

m
g 

24
,2

5 

n.
a.

 

se
e 

18
,2

3 
pu

re
 

Pt
 

se
e 

18
,2

3 
pu

re
 

Pt
 

H
,S

O
,-

H
,P

O
, 

Pt
, 

Pd
 

26
 

se
e 

Pt
, 

24
,2

5 

Ir
, 

Pt
 s

ol
n.

 
Ir

, 
Pt

, 
pp

te
. 

n.
a.

 
Ir

 <
 5

%
 h

ea
t 

w
ith

 p
re

ss
ur

e 
Ir

C
l, 

in
so

l. 
in

so
l. 

aq
ua

 r
eg

iu
 

di
ss

ol
n.

 

Ir
C

l, 
in

so
l. 

pl
us

 o
xi

da
nt

 
pl

us
 r

ed
uc

ta
nt

 

. 
. 

br
om

at
iiy

dr
ol

. 

Pt
C

l, 
vo

la
til

e 
Se

p.
 I

r 
fr

om
 

Pt
 b

y 
br

om
at

e 
hy

dr
ol

. 

N
iC

l, 
so

l. 

H
B

r 
or

 H
C

l 
ac

id
-i

ns
ol

., 
di

ss
ol

ut
io

n 
ex

pe
l 

R
uO

, 
w

ith
 

H
C

lO
, 

n.
a.

 

na
. 

n.
a.

 

n.
a.

 
n.

a.
 

na
. 

n.
a.

 

n.
a.

 

n.
a.

 
(a

) 
n.

a.
 

(b
) 

N
H

&
l 

or
 

N
,H

, 
. H

C
l 

pp
tn

. 

n.
a.

 
pp

tn
. 

br
om

at
e 

hy
dr

ol
. 

+
 c

hl
or

in
at

io
n 

pp
tn

. 
of

 P
t 

us
e 

H
,S

, 
H

C
O

O
H

 
or

 N
a,

S,
O

, 

se
pa

ra
tio

n 
D

M
G

C
H

C
I,

 
of

 P
t 

an
d 

Pd
 

ex
tr

ac
tio

n 

gr
av

. 
+

 O
E

S 
2,

7,
11

,7
5,

93
,9

4 

PE
S 

PE
S 

X
R

F 
Pt

 g
ra

v.
 

Ir
 P

E
S 

gr
av

. 
Pt

 g
ra

v.
 

Ir
 P

E
S 

gr
av

. 

PE
S 

18
21

 

SS
M

S 

O
E

S 

O
E

S 
by

 d
if

f. 

gr
av

. 
+

 O
E

S 
A

A
S,

 
PE

S 

gr
av

. 

gr
av

. 

20
,3

1 
20

,3
1 

71
,7

3 
44

-4
6 

20
 

7 91
,9

2 

75
,9

3,
94

 

2,
7,

75
,9

3,
94

 
11

,2
0 

2,
7,

41
 

2,
7,

41
 

sp
ec

tr
op

ho
t. 

22
,2

3 
or

 A
A

S,
 

PE
S 

11
,2

0 

Pt
 s

pe
ct

ro
ph

ot
. 

22
,2

3 
Pd

 A
A

S,
 

PE
S 

11
,2

0 



Determination of platinum group elements 695 

Ki 
d 



T
ab

le
 2

-c
on

tin
ue

d 

E
le

m
en

t(
s)

 
M

at
er

ia
l 

co
de

 
de

te
rm

in
ed

 
D

ec
om

po
si

tio
n 

Se
pa

ra
tio

n 
(s

ee
 T

ab
le

 
1)

 
T

yp
e 

of
 

Fi
na

l 
w

ith
 

re
qu

ir
ed

 
fr

om
 

se
pa

ra
tio

n 
de

te
rm

in
at

io
n 

R
ef

er
en

ce
s 

Pt
 

60
 

se
e 

60
, 

Pd
, 

Pt
(A

g,
 

A
u)

 

P
t 

61
 

Pt
 

62
 

Pt
, 

Pd
, 

R
h 

63
 

Pt
 

64
 

Pt
 

65
 

Pt
 

66
 

Pt
 

67
 

se
e 

61
, 

Pd
, 

Pt
 

(A
g,

 A
u)

 

se
e 

62
, 

Pd
, 

Pt
, 

Ir
 

R
h,

 
R

u,
(A

g,
 

A
u)

 

(a
) 

C
u,

S,
 

N
iS

 
(b

) 
Pb

-b
ut

to
n 

se
e 

64
, 

Pd
, 

Pt
 

R
u,

 R
h 

se
e 

65
, 

R
h,

 
Pt

, 
Pd

 

se
e 

66
, 

Pd
, 

Pt
, 

Ir
 

se
e 

67
, 

Pd
, 

Pt
(A

g,
 

A
u)

 

di
ss

ol
ve

 
ac

id
-i

ns
ol

. 
P

t 
gr

av
. 

2,
7,

11
 

Pd
, 

R
h 

PE
S,

 A
A

S 
18

-2
1 

P
t 

1 
se

e 
1,

 R
h,

 I
r,

 P
d(

A
u)

 
us

e 
aq

ua
 r

eg
ia

 
so

lu
tio

n 
gr

av
. 

2,
7,

11
,5

0 



Determination of platinum group elements 697 

1. 

2. 

3. 

REFERENCES 34. E. W. Withers, W. G. Schlecht and C. L. Gordon, 
J. Res. Natl. Bur. Sta!s., 1944, 33, 451. 

C. 0. Ingamells, General Sampling Theory, paper 35. A. Diamantatos, Analyst, 1986, 111, 213. 
presented at IPMI Conference on Precious Metals, 36. Annunl Book of ASTM Standards, Part 42, E 400,351, 
Morristown, NJ., 1978, and San Francisco, Cal., 1980. 1982. 
F. E. Beamish, The Analytical Chemistry of the Noble 37. J. G. Fraser, F. E. Beamish and W. A. E. McBride, 
Metals. Pergamon Press, Oxford, 1960. Anal. Chem., 1954, 26, 495. 
G. F. Williams, Sampling-Poor Relation, paper 38. C. H. S. W. Weinert and F. W. E. Strelow, naner 

39. 

40. 
41. 

42. 
43. 

8. 

9. 

10. 

11. 

12. 

13. 

presented at IPMI, New England Chapter Meeting, 
Newport, I.E., 1984. 
P. M. Gy, Sampling of Particulate Materials-Theory 
and Practice, Elsevier, Amsterdam, 1979. 
Gesellschaft Deutscher Metallheutten und Bergleute, 
Analyse der Metalle, Vol. 3. Springer, Berlin, 1975. 
E. A. Smith, The Sampling and Assay of the Precious 
Metals, 2nd Ed. Griffin, London, 1947. 
T. J. Walsh and E. A. Hausman, in Treatise on 
Analytical Chemistry, I. M. Kolthoff and P. J. Elving, 
(eds.) Part II, Vol. 8, 379. Wiley, New York, 1963. 
J. Sarins, Sampling of Unusual Precious Metal Bearing 
Materials, paper presented at 10th annual IPMI mect- 
ing, Lake Tahoe, Nev., 1986. 
E. E. Bugbee, A Textbook of Fire Assaying. Wiley, New 
York, 1957. 
A. McGuire, Classical Fire Assaying, paper presented 
at 1st IPMI Seminar on Sampling and Assaying, 
Morristown, N.J., 1978. 
F. E. Beamish and J. C. van Loon, Analysis of Noble 
Metals. Academic Press, New York, 1977. 
G. H. Faye and W. R. Inman, Anal. Chem., 1961, 33, 
278. 

44. 

45. 
46. 

47. 

48. 

49. 

50. 

14. 
51. 
52. 

15. 

16. 
17. 
18. 

J. Whitney, X-Ray Fluorescence Analyses of Precious 
Metal Concentrates Melted With Tin, paper presented at 
Eastern Analytical Symposium, New York, 1982. 
R. de N&e, Analysis of Precious Metals Combining 
Classical Collection Procedures With Modern Instru- 
mentation, paper presented at 10th annual IPMI meet- 
ing, Lake Tahoe, Nev., 1986. 
L. M. Banbury and F. E. Beamish, Z. Anal. Chem., 
1965, 211, 178. 
K. C. Agrawal and F. E. Beamish, ibid., 1965,211,265. 
L. M. Banbury and F. E. Beamish, ibid., 1966,218,263. 
R. V. D. Robert, E. van Wyk and R. Palmer. Natl. Inst. 
Met. Rep. S. Afr. Rept., No. 1371, 1971 

53. 
54. 

55. 
56. 

57. 
19. M. M. Kruger and E. van Wyk, ibid., No. 1432, 1972. 
-A S. Kallmann and C. Maul. Talanta. 1983. 20. 21. 58. L”. 

21. 
22. 
23. 
24. 

25. 
26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

S. Kallman, ibid., 1986, 3j, 75. ’ 
Idem, ibid., 1976, 23, 579. 
S. Kallmann and P. Blumberg, ibid., 1980, 27, 827. 
R. J. Van Duyne and E. J. Gapper, Znterlaboratory 
Assessment Study, AC Spark Plug Division of General 
Motors. Part I, 1976. Part II. 1977. 
N. M. Potter, Anal. bhem., i976, 48, 531. 
P. Palmer and G. Streichert, Natl. Inst. Techn., Rep. S. 
Afr. Rept., No. 8, 1971. 
J. Sarins, Spent Auto Catalysts, Sample Preparation and 
Analysis, paper presented at the IPMI New England 
Chapter Meeting, Newport, RI., 1984. 
S. Kallmann, Sampling and Analysis of Automotive 
Catalysts, paper presented at the Platinum Symposium 
of IPMI, Washington, D.C., 1985. 
A. Davies, The Analysis of Precious Metal Bearing 
Catalysts, paper presented at the 10th annual IPMI 
meeting, Lake Tahoe, Nev., 1986. 
D. Hunt, An Investigation into the Collection of Noble 
Metals By Fire Assay With Particular Reference to the 
Texas Gulf Project, paper presented at the 10th annual 
meeting of IPMI, Lake Tahoe, Nev., 1986. 
S. Kallmann, Ledoux & Co, unpublished laboratory 
notes. 
M. M. Schnepfe and F. S. Grimaldi, Talanta, 1969, 16, 
591. 
Idem, ibid., 1969, 16, 1641. 

__. 
59. 

60. 

61. 
62. 

63. 

64. 
65. 

66. 
67. 
68. 
69. 

70. 

71. 

72. 

73. 

presented at 2nd International Symposium on ihe 
Analytical Chemistry in the Exploration, Mining and 
Processina of Materials, Pretoria, 1985. 
H. Freiser, Solvent Extraction of Metal Chelates, paper 
presented at IPMI meeting, San Francisco, Cal., 1980. 
S. T. Payne, Analyst, 1960, 85, 698. 
W. R. Schoeller and A. R. Powell, The Analysis of 
Minerals and Ores of the Rarer Elements, 3rd Ed. 
Griffin, London, 1955. 
R. Gilchrist. J. Res. Natl. Bur. Stds. 1938. 20. 745. 
R. C. Mallet, E. J. Ring, H. R. Middleton; M: Dubois 
and T. W. Steele, Natl. Inst. Techn., Rep. S. Afr. Rept., 
No. 17, 1973. 
Gesellschaft Deutscher Metallhuetten und Bergleute, 
Edelmetall-Analyse. Springer, Berlin, 1964. 
R. Gilchrist, J. Res. Natl. Bur. St&, 1932, 9, 547. 
R. Gilchrist and E. Withers, J. Am. Chem. Sot., 1935, 
57, 2565. 
A. D. Westland and F. E. Beamish, Anal. Chem., 1954, 
26, 739. 
T. J. Walsh and F. A. Meier, Engelhard Industries, 
unpublished work, 1930. 
G. G. Tertipis and F. E. Beamish, Anal. Chem., 1980, 
32, 486. 
F. E. Beamish and J. C. van Loon, Recent Advances in 
the Analytical Chemistry of the Noble Metals. Pergamon 
Press, Oxford, 1972. 
G. H. Ayres, Anal. Chem., 1953, 25, 1626. 
G. H. Ayres and A. S. Meyer, Jr., ibid., 1951, 23, 299. 
S. Kallmann, Talanta, 1976, 23, 579. 
A. Timmegowda, H. Sankegowda and N. M. M. 
Gowda, Anal. Chem., 1984, 56, 358. 
L. D. Johnson and G. H. Ayres, ibid., 1966, 38, 1218. 
Meffert, Degussa, Work Rhein Felden, private com- 
munication, 1986, 1 l/86. 
L. Duparc, Compt. Rend. Sot. Phys. Hist. Nat., 1912, 
29, 20. 
W. Schmidt, Z. Anorg. Chem., 1913, 80, 335. 
F. E. Beamish and J. Dale, Ind. Eng. Chem., Anal. Ed., 
1938, 10, 697. 
R. Kaltenbach, Engelhard Corp., private communi- 
cation, 1986. 
Chang Yun PO and Zhou Nan, Talanta 1986, 33, 939. 
G. H. Ayres, B. L. Tuffly and J. S. Forester, Anal. 
Chem., 1955, 27, 1742. 
S. S. Berman and R. Ironside, Can. J. Chem., 1958,36, 
1151. 
G. H. Ayres and Q. Quick, Anal. Chem., 1950,22, 1403. 
H. Robinson, Engelhard Industries, Assay Laboratory, 
Newark, New Jersey, unpublished work, 1945. 
G. H. Ayres and F. Young, Anal. Chem., 1950,22,1277. 
L. Tschugaeff, Compt. Rend., 1918, 167, 235. 
A. Walsh, Spectrochim. Acta, 1955, 7, 108. 
L. S. Birks, X-Ray Spectrochemical Analysis, 2nd Ed. 
Interscience, New-York, 1969. 
R. Jenkins, An Introductron to X-Rav Svectrometrv. _ _ . 
Heyden, New York, 1976. 
K. Heim, Johnson Matthey, private communication, 
1983. 
J. Whitney, X-Ray Fluometric Spectrometry-Some 
Precious Metals Applications, paner presented at the 
Analytical Seminar -of the New England Chapter of 
IPMI, Newport. Rhode Island. 1984. 
H. M. Luekhow, Degussa, Wolfgang, West Germany, 
private communication, 1985. 



698 SILVE KALLMANN 

74. P. R. Oumo and E. Nieboer, Andpt, 1979, 104, 1037. of Ion-Exchangers with High Aflnity for Noble Metals, 
75. C. L. Lewis, in reference 2, p. 487ff. paper presented at the 2nd International Symposium on 
76. U. Fehn, R. Teng, D. Elmore and P. W. Kubik, Isotopic Analytical Chemistry in the Exploration, Mining and 

Composition of Osmium in Terrestrial Samples Deter- Processing of Materials, Pretoria, South Africa, 1985. 
mined By Accelerator Mass Spectrometry, University of 85. R. S. Houk, Plasma Ionization Techniques for Elemental 
Rochester Report, UR-NSRL-304, 1986. Analysis By Mass Spectrometry, paper presented at the 

77. Perkin Elmer, Analytical Methoa!s for Atomic Absorp- 2nd International Symposium on Analytical Chemistry 
tion Spectrometry, Revised Ed., 1982. in the Exploration, Mining and Processing of Materials, 

78. S. Kallmann and E. W. Hobart, Anal. Chim. Acta. 1970, Pretoria, South Africa. 1985. 
51, 120. 

79. D. J. Nicholas, The Rapid Separation and Analysis of the 
Primary Platinum Group Elements, Gold and Silver, 
paper presented at the 2nd International Symposium on 
Analytical Chemistry in the Exploration, Mining and 
Processing of Materials, Pretoria, S.A., 1985. 

80. T. J. Hanson and R. D. Ediger, Am. Lab., 1980,12, No. 
3, 116. 

81. Beckman, Atomic Spectroscopy By Plasma Emission, 
Techn. Bulletin T-1630-AS-8533. 

82. J. Skwarto, A. Savolainen, G. Olear, B. Marvelle and 
H. Griflin, Multielement Analysis of Fire Assay Col- 
lection Beads By Multichannel DCP Spectrometer, paper 
presented at the seminar of the New England Chapter 
of IPMI, Newport, Rhode Island, 1984. 

83. R. Brown, V. Luciano and D. Leighty, Analysis of 
Precious Metals Using Inductively Coupled Plasma 
(ICP) Spectroscopy, paper presented at the seminar of 

86. R. La&one, Precious Metal Analysis by Inductively 
Coupled Plasma-Atomic Fluorescence Spectrometry, 
paper presented at the Eastern Analytical Symposium, 
New York, 1983. 

87. A. Egan, Atomic Energy of Canada Limited, private 
communication, 1986. 

88. J. E. Harrar and M. C. Waggoner, Pap. Surf Finish., 
1981, 68, 41. 

89. S. Heberlin, paper presented at the IPMI Western 
Regional Analytical Symposium, San Jose, Cal., 1987. 

90. S. Kallmann, Interdependence of Instrumental and Clas- 
sical Chemical Methods of Analysis of Precious Metals, 
paper presented at the Eastern Analytical Symposium, 
New York, 1983. 

91. A. J. Aheam, Mass Spectrometric Analysis of SoIt&. 
Elsevier, Amsterdam, 1966. 

92. J. Franzen and K. D. Schuv. Z. Anal. Chem.. 1967.225. - , 
295. 

the New England Chauter of IPMI. Newoort. Rhode 93. ASTM Committee E-2. Methods for Emission Soec- 
Island, 1984: - 

_. 
trographic Analysis, 7th’Ed., 1982.- 

84. A. Kettrup and M. Grothe, Applications of Multi- 94. A. J. Lincoln and J. C. Kohler, Anal. Chem., 1962, 34, 
element DCP Emission Spectrometry to the Investigation 1247. 



Talanra, Vol. 34, No. 8, pp. 699703, 1987 0039-9140/87 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1987 Pergamon Journals Ltd 

A NEW TYPE OF ZEEMAN-EFFECT 
ATOMIC-ABSORPTION SPECTROPHOTOMETER 

JING SHI-LIAN*, LI SHAO-WAN, WANG RONG-RONG, MA YI-ZAI, Yu CHU-MING, YAN YAN, 
ZHANG DONG-HUA, SUN JINA and ZHANG ZHONG-MING 

Technology Laboratory, Institute of Environmental Chemistry, Academia Sinica, Beijing, 
People’s Republic of China 

(Received 6 February 1985. Revised 9 March 1987. Accepted 3 April 1987) 

Summary-A new type of Zeeman-effect atomic-absorption spectrophotometer has been developed. It 
uses fast heating of a special atomizer made from a pyro-coated graphite tube lined with 
tungsten-tantalum alloy, for easier determination of refractory and rare-earth elements. A boxcar 
integrator is used, and the atomic absorption, background absorption and atomization temperature can 
be recorded. By means of the &man effect, the instrument can correct for background absorbance up 
to 2.0. 

Zeeman-effect atomic-absorption spectrophotometers 
(ZAAS) can simultaneously correct for background 
absorption and change in the light-intensity from 
the hollow-cathode lamp. Hence they bring the 
high sensitivity of the graphite furnace technique 
into full play, and make the results accurate and 
reliable. Much attention has therefore been paid 
to instruments of this kind, which may be regarded 
as the third generation of atomic-absorption 
spectrophotometers.’ 

Our first Zeeman-effect model, the ZM-I,* 
had much the same specifications as the Zeeman- 
effect instruments made abroad. On the basis of 
our experience with the ZM-I and investigation of 
the advantages and weaknesses of various Zeeman- 
effect models,3 a new model-the ZM-II-has been 
developed. 

The ZM-II is designed to use the model QR-1 
graphite-furnace power-supply made in this labora- 
tory, which can raise the temperature of the graphite 
furnace at a rate of up to 6OOO”/sec. It is also 
equipped with a new version of the graphite furnace, 
the graphite tube being lined with tungsten-tantalum 
alloy. The sensitivity and reproducibility thus 
obtained for determining refractory and rare-earth 
elements are superior to those of the ZM-I. 

Operating principle 

The general operational principle of the ZM-II is 
shown in Fig. 1, as a block diagram. 

When the instrument works in the Zeeman mode, 
the power supply to the deuterium lamp is discon- 
nected from the circuit, and the signal which would 

*Author for correspondence. Current address: Research 
Center for Eco-Environmental Sciences. Academia 
Sinica, P.O. Box 934, Beijing, China. 

otherwise be provided to the deuterium lamp is 
connected to the power supply of the hollow-cathode 
lamp by means of the summing amplifier. The 
hollow-cathode lamp (HCL) then emits light under 
rigorous control by the rotating artificial-quartz 
Rochon prism, i.e., when the polarization plane of 
the Rochon prism is parallel with or perpendicular to 
the applied magnetic field, the lamp source emits 
pulsed light beams P,, or P,, respectively. Thus these 
two kinds of light beam, P,, and P,, have exactly the 
same wavelength but different planes of polarization. 
They pass alternately through the graphite furnace, 
which is placed between the poles of a 9-kG magnet. 
During atomization, these two light beams are modu- 
lated by the Zeeman effect, with the modulation 
related to the concentration of the analyte in the 
graphite-furnace atomization cell. The beam P,, can 
be absorbed by both the background and the atomic 
vapour of the sample, but the beam P, is absorbed 
only by the background. Therefore, electronic sub- 
traction of the one signal from the other produces the 
net atomic absorption of the sample.4 After Zeeman 
modulation, these two light beams P,, and P, pass 
through the monochromator, which selects the anal- 
yte resonance line and removes the stray light. The 
photomultiplier converts the light received through 
the monochromator slit into an electronic signal. 
After processing of this signal by the electronic 
circuit, the atomic-absorption and background ab- 
sorption are recorded. 

Optical system of the ZM-II ZAAS 

The optical system of the ZM-II ZAAS is shown 
in Fig. 2. Figure 2a shows the optical system for the 
deuterium-lamp correction mode. When the instru- 
ment operates in the Zeeman mode (Fig. 2b), the 
Rochon prism together with lenses L, and L, replaces 
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Fig. 1. Block diagram of spectrometer. 

the semi-transparent mirror M, and lens L;, and the 
graphite furnace takes the place of the burner, with 
the same optical axis as the burner, as shown in Fig. 
2b. The optical aperture is 16.8 mm, the angle of 
acceptance 3.5” and the transmission efficiency 13.9% 
at 250 nm. 

Electronic circuit of the ZM-II ZAAS 

A schematic diagram of the electronic circuit of the 
ZM-II ZAAS is shown in Fig. 3. Briefly, it consists 
of two parts, the lamp supply and the receiver- 
amplifier. 

The lamp supply consists of the Zeeman signal 

Display 

generator, multivibrator, signal generator for modu- 
lation and demodulation, summing amplifier, hollow- 
cathode lamp supply and deuterium lamp supply. 

The circuit of the hollow-cathode lamp supply 
plays two roles. One is to make the lamp emit light 
only according to the position of the rotating Rochon 
prism, and the other is to produce the demodulation 
signal and correction signal. The demodulation signal 
is used to demodulate the atomic-absorption signal 
plus the background signal, as well as the 
background signal only. The correction signal serves 
to guarantee outstanding background-correction 
capability. 

F. B. 

(a) 

SP 

SP 

(b) 

Fig. 2. The optical layout of the ZM-II ZAAS: 

H.C.L. hollow-cathode lamp S,, S, slits 
L, collimating lens G grating 
L* convergent lens M, semi-transparent mirror 
P Rochon prism M* collimating/convergent mirror 
AB graphite tube P.M. photomultiplier 
W,, W, quartz window ST,, ST, diaphragms 
L, convergent lens D.L. deutermm lamp 
SP monochromator F.B. burner 
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pre-amplifier 
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response 
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absorption display 
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Fig. 3. The electronic circuit diagram of the ZM-II ZAAS: 

16 peak-holder 
17 logarithmic amplifier 
18 BKG output 
19 BKG display 
20 emission amplifier 
21 H.V. supply 
22 power supply of motor 
23 Zeeman signal generator 
24 multivibrator 
25 modulation signal generator 
26 summing amplifier 
27 E.L. supply 
28 deuterium lamp supply 
29 element lamp 

The receiver-amplifier unit consists of pre- 
amplifier, main amplifier, feedback corrector, de- 
modulator, response circuit, connecting circuit, 
logarithmic amplifier, band-pass filter, expander, 
synchronous detector, output stage of the back- 
ground signal and output-mode selector. 

First, the photomultiplier signal is amplified by the 
pre-amplifier and main amplifier. Then the de- 
modulator detects the electric signal corresponding to 
the light-intensity of beams P,, and P,, representing 
atomic-absorption plus background absorption, and 
background absorption only, respectively. The re- 
sponse circuit has a suitable time-constant and 
smooths the signal. The connecting circuit then uses 
these two kinds of signal to form a new signal which 
alternately represents light-beams P,, and PI. Finally, 
the signal passes through the logarithmic amplifier, 
band-pass filter, expander, synchronous detector and 
output stage. The feedback corrector is used to keep 
the output of the main amplifier at zero, when no 
light-beam is arriving at the photomultiplier, and 
therefore can correct the dark-current of the photo- 

multiplier, and reduce the disturbance produced by 
radiation from the furnace and background absorp- 
tion. The band-pass filter is used to alleviate any 
disturbance produced by radiation from the graphite 
furnace during atomization, as well as the back- 
ground absorption. The background signal comes 
from P,, and passes through a logarithmic amplifier 
to the background output stage. 

RESULTS AND DlSCUSSION 

To test and check the characteristics of the model 
ZM-II atomic-absorption spectrophotometer, the 
major parameters, such as noise, linearity, back- 
ground-correction accuracy and sensitivity, were 
determined with As, Cd, Pb, Cu, V, Y and Ba. 

A special pyrolytically-coated graphite tube 
(WTaPT) lined with tungsten-tantalum alloy is used, 
which makes it easy to determine refractory and 
rare-earth metals with the ZM-II AAS. The WTaPT 
tube consists of a pyrolytically-coated graphite tube 
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03 04 

Ba,pg/ml 

Fig. 4. The detemination of 0.5 ng/ml Ba at 553.5 nm (lo-p1 sample, H.V. 300 V, lamp current 10 mA, 
slit 0.5 mm, heating rate 3OOO”/sec, dry for 20 set at 20 A, ash for 15 set at 42 A, atomize for 8 set at 

440/190 A, response 0.01 set). 

with a small tungsten-tantalum cylinder inside it. The 
useful lifetime of the WTaPT is fairly long; it can bc 
used for at least 100 yttrium determinations, with an 
argon flow-rate of 1.5 l./min. Repetitive deter- 
minations of 0.5 ppm yttrium had a relative stan- 
dard deviation of 2.4%, and no memory effects were 
observed, which is important since it is well known 

that one of the difficulties in determination of refrac- 
tory and rare-earth elements is the memory effect due 
to reaction with the graphite tube to form metallic 
carbides, resulting in tailing of the atomic-absorption 
signal, so the atomization time needed is rather long, 
and the atomization temperature rather high. Gener- 
ally speaking, the random variation for deter- 

ac: 
0 d Sample100~g/ml;mean 0.30,R.S.D.2% 

IC 

As, pg /ml 

Fig. 5. Determination of 100 ng/ml As at 189.0 nm (lo+1 sample, H.V. 610 V, lamp current 6 mA, slit 
0.5 mm, heating rate 14Oo”/sec, dry for 20 set at 22 A, ash for 15 set at 42 A, atomize for 5 set at 420/150 

A, response 0.01 set). 
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Table 1. Results for several elements 

Wavelength, Characteristic Maximum Concn., Volume, 
nm mass,* pg absorbance Noise R.S.D.,t% wlml iJ/ 

As 189.0 11 1.2 2.9 50 5 
As 193.7 15 0.95 1.8 50 10 
Cd 228.8 0.75 0.72 2.5 1 10 
Pb 283.3 16 0.87 
Cu$ 324.7 0.0006 
V$ 314.8 12 1.2 
Y 410.2 250 2.0 4.6 500 5 
Rb 780.0 3.9 1.3 1.9 20 10 

*For 0.0044 absorbance. 
tFor 11 replicates. 
SDetemined by means of WTaPGT; the other elements by conventional pyro-coated graphic 

tube. 
§Wavelength = 324.7 nm, spectral bandwidth 1.0 mm, lamp current 7.5 mA. 

Table 2. Background correction for Cd 228.8 
nm line in presence of various amounts of 

NaCl 

Correction to 
NaCI, Background Cd line 

!Q? absorbance absorbance 

9 1.4 0.005 
12 1.8 0.005 
15 2.1 0.011 

mination of rare-earth elements by other ZAAS 
methods ranges from 5 to lo%, whereas it is reduced 
to 36% with the ZM-II instrument. The correspond- 
ing results for determination of yttrium with our 
model ZM-I instrument displayed a pronounced 
memory-effect, requiring the graphite furnace to be 
reheated once or twice after each determination in 
order to clear the residual yttrium out of the furnace. 
Furthermore, after preparation of a calibration 
curve, the graphite furnace in the ZM-I model could 
not be used to analyse samples, because the useful life 
of the furnace was already over. Even when the 
furnace had not been damaged by making the cali- 
bration curve, lower concentrations of the analyte in 

samples could not be determined, owing to the 
serious memory effect. Figures 4 and 5 show the 
performance for barium and arsenic respectively. 

The other characteristics such as noise, sensitivity, 
range of linearity, reproducibility, are listed in Table 
1 and the background-correction accuracy is shown 
in Table 2. 

In conclusion, from the results obtained and the 
discussion above, it is evident that the ZM-II ZAAS 
has distinct advantages for the determination of 
refractory and rare-earth elements and gives as good 
a performance as that of commercially available 
ZAAS instruments. 
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Summary-A method has been developed for the determination of traces of silver in the presence of large 
concentrations of interfering metals, particularly copper, involving reduction of the silver on a glassy- 
carbon electrode modified by an adsorbed layer of previously deposited hydrogen. 

Previous attempts to determine silver by electro- 
chemical stripping in the presence of copper have 
been hampered by the closeness of the deposition 
potentials of these two metals’ and primarily by the 
fact that inter-metallic compounds are formed on the 

electrode surface, so that even at very low concen- 
trations multiple peaks are formed and the copper 
peak begins to coalesce with the silver peak.’ At- 
tempts to solve this problem have included the use of 
a.c. tcchniques,2*3 precise control of the electrolysis 

potential4 and the use of various base electrolytes, 
notably ammoniacal solutions,‘*5 as well as the addi- 
tion of complexing agents such as EDTA and related 
compoundP to the base electrolyte and the use of a 
platinum ring-disk electrode.’ Even in the absence of 
copper, the determination of trace amounts of silver 
in complex matrices such as ores, metallurgical con- 
centrates and similar samples requires preliminary 
separation of silver.’ Nonetheless, completely satis- 
factory results have not been obtained with any of 
these techniques, especially in the presence of a large 
excess of copper. This paper describes a procedure 
based on the observation that the deposition poten- 
tial of silver at a glassy carbon electrode is shifted to 
more positive potentials if the deposition step is 
preceded by polarization of the electrode at the 
potential of hydrogen evolution. This phenomenon 
has been observed for platinum (and platinum black) 
electrodes in studies primarily concerned with hydro- 
gen deposition and adsorption phenomena.K9 How- 
ever, so far, only limited analytical use seems to have 
been made of this process at platinum electrodes”’ 
and no study of this phenomenon at glassy-carbon 
electrodes has been described. 

*To whom correspondence should be addressed. Current 
address: Analytical Laboratory, Institute of Geological 
Sciences, Charles University, Albertov 6, Prague 1, 
Czechoslovakia. 

EXPERIMENTAL 

Apparatus 

All the voltamperograms were recorded on an OH 104 
polarograph (Radelkis, Hungary) with a three-electrode 
system. A rotating glassy-carbon disk electrode, consisting 
of a glassy-carbon rod 5 mm in diameter (G.C. 20, Tokay 
Electrode Manufacturing Co., Japan), pressure-fitted in a 
Teflon holder, was employed as the working electrode. This 
electrode was polished with metallographic paper to a 
mirror-like finish. The rotation rates used were 960 and 2100 
rpm (the latter for very low concentrations). A saturated 
calomel reference electrode, connected with the solution by 
a salt bridge filled with 3M ammonium nitrate, and a 
platinum wire auxiliary electrode were used in a con- 
ventional electrolysis cell that could hold 50-100 ml of 
solution. The solution was deaerated with nitrogen and 
protected from contact with air in the usual manner. 

Reagents 

All the chemicals used were of pa. purity (Lachema, 
Czechoslovakia) and the ammonia solution was prepurified 
by isothermal distillation. Doubly distilled water from an 
all-silica apparatus was employed in the preparation of all 
solutions. 

Procedure 

At the beginning of each experimental day, the electrode 
was immersed in the base electrolyte and its potential 
commutated four times between -0.8 and + 1.6 V (us. SCE) 
at 30-set intervals. Between individual measurements, the 
electrode surface was cleaned (pretreated) by electrolysis in 
the sample solution at a potential of + 1.6 V for 30 sec. No 
mechanical treatment of the glassy-carbon electrode was 
used except for occasional wiping with fine filter paper. 

Deposition and stripping 

Anodic-stripping analysis with the unactivated electrode 
was performed in the usual manner. The solution was 
deaerated by a stream of nitrogen and the rotating electrode 
was set to a predetermined deposition potential for the 
required period of time. The deposit was then stripped by 
a linear anodic potential sweep starting from the deposition 
potential, with a scan-rate of 4.00 V/W and continuous 
electrode rotation. 

TM. 34,&x 
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Electrode potential (V vs. SCE 1 

Fig. 1. Schematic depiction of the overall electrochemical 
procedure. E,--activation potential, Ec-leaning 
potential, EnAeposition potential (2-15 min), electrode 

rotation rate 960 rpm. 

The stripping analysis with the hydrogen-activated elec- 
torde was done as follows. After pretreatment, the electrode 
was maintained at an activation potential of -0.8 V for a 
2-min period, during which hydrogen ions and certain other 
substances present in the solution were discharged. The 
electrode was then kept for 30 set at a cleaning potential, 
E, (usually 0.0 V), at which all the substances deposited, 
except hydrogen, were stripped from the electrode. This 
procedure yielded the hydrogen-activated electrode. 

Silver was then deposited at a potential of -0.5 V for 
2-15 min, depending on the silver concentration. The de- 
posit was anodically stripped by a linear potential sweep, 
starting at the deposition potential, with a scan rate of 4.00 
V/set, with continuous electrode rotation. The overall elec- 
trochemical procedure is depicted schematically in Fig. 1. 

RESULTS AND DISCUSSION 

In general, the deposition potential of silver on 
both hydrogen-activated and unactivated electrodes 
in ammoniacal base electrolytes depends on the con- 
centration of silver in the solution. The deposition 
potential at which the stripping peak is maximal 
shifts by approximately 50 mV towards more nega- 
tive values for a decrease of one order of magnitude 
in the silver concentration. 

The shift of the silver deposition potential towards 
more positive potentials as a result of previous depo- 
sition of hydrogen on a glassy-carbon electrode was 
observed to occur with various base electrolytes 
containing ammonium nitrate, in slightly acidic, neu- 
tral and alkaline solutions. However, an alkaline base 
electrolyte (O.lSM ammonium nitrate/0.7%4 ammo- 
nia) seemed to be the most favourable for removal of 
interference from copper and was used in subsequent 
experiments. Hydrogen activation of the electrode is 
complete after polarization of the electrode for 30 set 
at -0.8 V in the sample solution containing the base 
electrolyte. Although the use of longer polarization 
times or more negative potentials seems to have no 
further effect in enhancing the electrode activity, a 
2-m& activation period was used in subsequent ex- 
periments. The difference between the deposition 
potentials on hydrogen-activated and unactivated 

I I I I I I1 I I I I I 
-02-03-04-05-06-0.7-OB-0.9-10-1.1-12 

ED (V vs. SCE) 

Fig. 2. Dependence of the silver stripping-peak height on the 
deposition potential at hydrogen-activated and unactivated 
electrodes. Base electrolyte 0.15M NH,N0,/0.75M NH,. 
l-Hydrogen-activated electrode, EA = -0.8 V, E, = 0.0 V; 
2-unactivated electrode. CAg = 5 x lo-‘M; electrode rota- 

tion rate 960 rpm. 

rotating glassy-carbon electrodes in the base electro- 
lyte is depicted in Fig. 2. 

The first experiments were made in order to 
confirm that the presence of deposited hydrogen is 
essential for the shift in the silver deposition potential 
to more positive values. To this end, a pure silver 
solution in the base electrolyte was analysed and the 
electrode activation potential EA was varied. It was 
found that if the value of EA was more positive than 
the potential of hydrogen evolution, no electrode 
activation and therefore no shift in the silver deposi- 
tion potential was observed. Similarly, an electrode 
activated at negative potentials (-0.8 V) loses its 
activity after polarization to sufficiently positive po- 
tentials, i.e., the electrode activity decreases as the 
cleaning potential EC is increased to more positive 
potentials. This dependence is depicted in Fig. 3. It is 
interesting to compare the shape of this dependence 
with that of the anodic wave recorded in the base 
electrolyte in the absence of depolarizer, also depicted 

E (V vs. SCE) 

Fig. 3. l-Dependence of the silver stripping-peak height on 
the value of EC, and 2-the current-voltage relationship in 
the base electrolyte in the absence of depolarizer (hydrogen 
stripping). Base electrolyte O.lSM NH,N0,/0.7%4 NH,, 
C,, = 5 x IO-‘M (curve 1), to = 5 min. Other conditions as 

for Fig. 2 (curve 1). 
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in Fig. 3, and attributed to the removal of hydrogen 
from the electrode surface. 

At higher silver concentrations in solution (1-5 
PM) the deposition of silver on the hydrogen- 
activated electrode proceeds even if the electrode is 
disconnected from the circuit. The stripping peak 
thus obtained is of the same height as that obtained 
by electro-deposition under the same conditions. This 
phenomenon can be accounted for by measurement 
of the electrode potential at equilibrium in the base 
electrolyte, which indicates that the electrode with 
deposited hydrogen assumes a sufficiently negative 
potential for quantitative deposition of silver if the 
latter is present in sufficiently high concentrations. 

It follows from the discussion above that a species 
formed on the electrode, most probably hydrogen, is 
relatively firmly adsorbed on the electrode surface 
and takes part in the process of reduction and 
deposition of silver on the electrode. The silver 

Table 1. The accuracy and precision of the ASV deter- 
mination of silver with an activated glassy-carbon electrode 
in synthetic solutions containing copper, base electrolyte 
0.15M NH,N0,/0.75M NH,, EA = -0.8 V, (2 min), Ec = 
0.0 V (30 set), En = -0.5 V, electrode rotation rate 

960 turn 

c & Standard 
C c 

/l&l ,g~Yl 
‘n, (found),* deviation, 
min pgcglml pglml 

63.5 5.43 0.03 
5.39 635 10 5.47 0.04 

6345 

10.79 63.5 10.83 0.06 
635 10 10.80 0.05 

11.28 0.08 

53.9 63.5 5 54.1 0.6 
635 54.1 0.5 

6345 54.2 0.5 

107.9 63.5 2 108.8 1.0, 
635 109.8 1.2 

6354 110.1 1.3 
stripping peaks obtained at the hydrogen-activated 
electrode are sharp and have very good re- 

*Averages of eight determinations. 

producibility. 
The observed shift in the silver deposition potential 

at a hydrogen-activated glassy-carbon electrode 
offers a means of removing interference from copper 
or large quantities of other more electronegative 
metals encountered in silver analysis. 

Special attention was paid to copper, as the most 
common interfering metal in analysis for silver. The 
effect of copper was first studied by addition of 
increasing concentrations of copper to a pure silver 
solution in the base electrolyte. It was found that at 
8 x lo-‘M silver concentration, up to 10e4M copper 
has very little influence on the silver peak. At very low 

silver concentrations, the effect of copper is some- 
what greater (see Table 1). Nevertheless, no stripping 
peak of copper is observed and the shape of the silver 
peak is not distorted. The effect of relatively large 
amounts of copper on the concentration dependence 
of the silver stripping peak is depicted in Fig. 4. The 
dependence obtained for pure silver solutions is 
curved at higher silver concentrations but its general 
shape is not affected by the presence of copper. 
However, the presence of 1 x 10e4M copper causes a 
lO-15% increase in the height of the silver stripping 

-i -- 
peak. The reason for this interference is not quite 
clear, as copper in silver-free solutions under identical 
experimental conditions yields no stripping peak. It 
seems most probable that slight co-deposition of 

Table 2. Comparison of the determination of 
silver in soil and sedimentary rock samples by 
AAS* and stripping at a hydrogen-activated 
electrode (samples ground, and extracted with 
nitric acid; stripping conditions as for Fig. 3) 

Silver content found, ppm 

123456769 

CAP ( 1O-7 M 1 

Fig. 4. Concentration dependence of the silver stripping- 
peak height in the presence and absence of copper. Base 
electrolyte 0.15M NH,N0,/0.75M NH,. Ccu2+: curve l--O, 
curve 2-10e5M, curve >10-4M. Other conditions as for 

Fig. 3. 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 

Stripping 

0.23 
0.57 
1.10 
1.35 
1.53 
1.59 
2.41 
3.16 
4.63 
6.83 
7.61 

AAS”’ AAS’” 

0.21 0.18 
0.56 0.63 
0.93 1.05 
1.36 1.41 
1.52 1.49 
1.62 1.66 
2.35 3.16 
3.24 3.05 
4.57 5.02 
6.90 6.69 
1.63 8.05 

*AAS analyses performed in the Analytical 
Laboratory of the Institute of Geological 
Sciences, Charles University, Prague (1) 
and the Analytical Laboratory of the Cen- 
tral Geological Institute in Prague (2). 
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copper occurs simultaneously with the deposition of 
silver on the electrode. This relatively small inter- 
ference can be avoided in a solution containing higher 
silver concentrations (2 lo-‘M) by using a more 
positive deposition potential, ED, of -0.4 V instead 
of -0.5 V, which is the value generally used for all 
silver concentrations. It was demonstrated that a 
potential of -0.4 V is still sufficient for quantitative 
deposition of silver in this concentration range. 

Table 1 gives the results for the determination of 
silver in synthetic solutions containing various 
amounts of copper and silver, with evaluation by 
means of a calibration curve. 

The method has been applied to determination of 
silver in nine samples of sedimentary rocks and soil 
which were also analysed by flame atomic-absorption 
spectrometry. The results are shown in Table 2. 

1. 

2. 
3. 
4. 

5. 

6. 

7. 
8. 
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Sununary-Automatic operation and data-processing of ASV analysis is achieved by interfacing a 
general-purpose polarograph to a personal computer. The software package, written in SUPER BASIC, 
includes graphic routines that are used to display the voltamperograms and calibration curve, and as an 
interface with the operator. Data-processing can be done manually, interactively or automatically. In the 
last of these modes, peak position and height are evaluated by first correcting for baseline drift and then 
fitting the peaks to a Gaussian function. It is found that this procedure is relatively insensitive to noise.. 
The system is used routinely in the analysis of treated domestic wastewater and soils irrigated by effluents. 
The flexibility of the programming and the feature of interactive work are important in this connection, 
which calls for careful examination of peaks distorted by matrix interferences. 

The proliferation of inexpensive microprocessors and 
peripheral devices is revolutionizing the analytical 
laboratory by automating many operational, control 
and computational tasks which hitherto have been 
performed manually. Indeed, many commercially 
available analytical instruments are microprocessor- 
based “smart machines”, which free the operator 
from the need to execute routine operations such as 
graphical evaluation of peak heights in voltammetric 
analysis. This type of instrument is extremely useful 
in the research and industrial laboratory when used 
for routine analysis of a large number of samples. 
However, since these machines are usually “black 
boxes” to the user, in terms of knowledge of the 
program(s) used, the use of microprocessor-based 
instrumentation could prove to be of no advantage to 
the researcher. For example, assessment of inter- 
ferences due to matrix and other effects could be 
difficult or even impossible, if the instruments are not 
programmed to comment on the integrity of the 
response.’ Careful data-evaluation and subsequent 
tuning of the data-processing algorithms is especially 
important when large matrix effects are expected. 

The need for more sophisticated data-evaluation 
and processing became apparent when we ap- 
proached the problem of analysis for heavy metals in 
domestic sewage waters by anodic stripping volta- 
mmetry (ASV).’ The study of metal speciation and 
formation of organometallic complexes in these solu- 
tions called for a careful examination of calibration 
plots obtained by the method of standard additions. 

*To whom correspondence should be addressed. 

The analysis is done on samples which have been 
subjected to various treatments, such as enzyme and 
acid digestion. It became clear that manual evalu- 
ation of strip-chart recorder data was impractical. 
It was also felt that commercially available 
microprocessor-based instruments for voltammetric 
analysis were not flexible enough to handle the 
problems of heavy interference, and were also very 
expensive. A decision was therefore made to extend 
the approach we had already used for potentiometric 
analysis3 and data-acquisition,4 to the problem at 
hand. The basic philosophy behind this approach has 
already been discussed;3 it is based on the application 
of a general-purpose, low-cost personal computer 
which is interfaced to electrodes and auxiliary de- 
vices, such as a motor-driven burette, through a 
general-purpose interface controller. In this paper we 
describe our adaptation of this approach to ASV 
instrumentation. 

INTERFACE DESIGN 

The present interface controller is an improved 
design of the one described earlier.’ It comprises 16 
analogue inputs, 16 digital I/O lines and 16 uncom- 
mitted control relays (Fig. 1). The main difference 
between this and the earlier design is the replacement 
of the analogue to frequency digit (A/F) converter 
digitization scheme by a commercially available dual- 
slope analogue to digital (A/D) converter (Analog 
Devices Model AD7552). The resolution of the con- 
verter is 12 bits plus sign, which is comparable to the 
resolution of 1 part in lo4 (unipolar) obtained ear- 
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Fig. 1. Circuit diagram of interfac z controller used in present study. 

lier.’ For a full-scale range of + 2 V, as used here, the 
resolution is 0.5 mV, thought to be ample in the 
present application. The dual-slope type A/D con- 
verter is an integrating converter similar to the digi- 
tizer used earlier’ and has similar noise suppression 
characteristics. The main disadvantage of the present 
design of interface controller is the need for addi- 
tional computer I/O lines to service the A/D con- 

verter. The additional I/O lines, as well as the original 
lines required to control the interface controller, were 
derived from a dedicated Peripheral Interface 
Adaptor (PIA), type 6526, that was connected to the 
main base of the personal computer used (Com- 
modore model CMD 64). A different type of periph- 
eral adaptor may be required if a different kind of 
personal computer is used. 

I 

Fig. 2. ASV instrumentation system. 
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HARDWARE AND SOFTWARE 

The present ASV instrumentation system (Fig. 2) 
comprises a CMDf54 general-purpose personal com- 
puter, a 1514 diskette driver, an MPS801 line-printer 
(all from Commodore Business Machines, Inc.), the 
interface controller described above, an X-Y plotter 
(type 3086, Yew Co.), and a polarograph (E 1224) 
developed and built at the Department of Electrical 
and Computer Engineering, Ben-Gut-ion University. 
Design details of the ~Iarograph have been de- 
scribed elsewhere.‘s6 The instrument can be operated 
in the d.c. sweep, d.c. pulse, and differential pulse 
modes. The last mode was used in this study. The 
interface controller is used to perform the following 
tasks. (1) To sample the polarograph output voltage 
signal, which is proportions to the working electrode 
current. (2) To sample the working electrode poten- 
tial. (3) To initialize the potentiostat sweep. (4) To 
turn the magnetic stirrer on and off. (5) To actuate 
the solenoid valve used to control the flow of the 
purge gas (CO,) through the sample. 

It is also envisaged that the interface controller will 
eventually be used to control motor-driven burettes 
to perform automatic calibration by standard addi- 
tions.’ Signal sampling is synchronized to the internal 
operation of the polarograph, which in turn is syn- 
chronized to the power-line frequency. The benefit of 
synchronization to the power-line frequency was 
discussed earlier.6 

The menu-driven software package developed for 
this application is organized in a number of basic 
blocks (Fig. 3): file mana~ment, polarograph con- 
trol, automatic data-processing, manual data- 
processing, and input-output tasks. The program is 
written in SUPER BASIC, which includes high-level 
language graphic commands. These are used for 
plotting the voltamperograms, calibration curves, etc. 
on the monitor screen and the dot matrix printer. 

The processing of the voltamperograms includes 
peak detection, baseline interpolation and peak- 
height dete~ination. These can be performed either 
automatically or in an interactive mode. In the latter 
mode, which is akin to the approach described by 
others,’ the beginning, maximum and tail of each 
peak are marked by the operator by placing the 
cursor on corresponding points of the voltam- 
perogram displayed on the monitor screen. Once 
these features are identified, the program will con- 
tinue to process it. First, the baseline is restored by 
fitting a second-order polynomial to the data points 
on the two sides of the peak. The fitted baseline is 
then subtracted from the peak data-points to produce 
a zero baseline peak. The data-points around the 
peak are then processed for estimation of the peak 
value. Details of the algorithms used for this are given 
below. 

In the automatic mode, peak detection is done by 
a subroutine which examines the derivative of the 
voltamperogram. It was found, however, that peak 

INTERACTIVE 

DATA PROCESSING 

I 

PRINT & PLOT 
RESULTS 

NO- 

&i 

Fig. 3. Flow diagram of supervisory program. 

marking could be unreliable if the digital 
differentiation was performed on the raw data, be- 
cause of its inherent sensitivity to noise. We have 
therefore inserted digital filtering of the raw voltam- 
perogram data before the peak identification pro- 
cedure. The digital filter is similar to the one de- 
scribed earlier.’ Once the potentials of a peak’s main 
features are identified (start, maximum and end), the 
baseline fitting and peak-height algorithms are oper- 
ated on the original (unfiltered) data to estimate the 
peak-height. 

EXPERIMENTAL 

Soil and plant samples from the area of Seer Sheva, 
Israel, were analysed for Zn, Cd, Pb and Cu content. 
Samples of cultivated soils (from a depth of 30-40 cm) 
which had been irrigated with water from a local well, and 
leaves of plants grown on these soils, were collected in 
acid-washed glass dishes. In the laboratory the samples were 
dried at 70” for 48 hr to remove moisture and 0.25-g 
portions of the dried samples were subjected to acid di- 
gestion (con~n~at~ sulphuric acid at 400” for 2 hr or until 
a clear solution was obtained) to remove organic com- 
pounds. After the digested samples had cooled to room 
temperature, the pH was adjusted to 4.5 and the volume to 
100 ml with distilled and d~inerali~ water (DDW), and 
the concentrations of Zn, Cd, Pb and Cu were determined 
by ASV. All reagents and chemicals used were of analytical 
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grade, and appropriate blanks were run for all chemicals 
used. 

ASV operating mode 
Differential pulse anodic stripping voltametry (DPASV) 

was used to determine the concentration of Zn*+, Cd*+, 
Pb*+ and Cu*+ in samples from various sources. The test 
solution was placed in a loo-ml PTFE beaker fitted with a 
PTFE cover through which the electrodes and the tube 
carrying the oxygen-purging gas (CO,) were inserted. The 
solution was stirred with a PTFE-coated stirring bar. A 
calomel electrode filled with saturated potassium chloride 
solution served as a reference electrode, and a coiled plat- 
inum wire was used as an auxiliary electrode. The working 
electrode was a hanging mercury drop electrode (HMDE, 
Metrohm type E410). The analysis consisted of the follow- 
ing steps: (a) plating the working electrode (WE) at - 1400 
mV for 120 set in a stirred solution flushed with COz, (b) 
rest period, without stirring or flushing, for 30 set at the 
deposition potential, (c) scanning from - 1400 to f300 mV 
(&“I, = 50 mV, Estcp = 10 mV, T = 640 msec) and recording 
the current on an X-Y plotter and/or saving the data on a 
diskette, (d) stripping the WE at + 300 mV in stirred and 
flushed solution, (e) starting again from step (a). Steps 
(aHd) are controlled by the microcomputer. A fresh mer- 
cury drop was used for each plating/stripping cycle. Cali- 
bration was done by making standard additions of in- 
creasing concentrations of the cations to each sample. 

RESULTS AND DISCUSSION 

A typical voltamperogram as seen on the monitor 
screen and plotted on the dot matrix printer is 
depicted in Fig. 4(a). Examination of small details is 
facilitated by the zoom operation (Fig. 4, b, c) which 
enables the operator to investigate a small section of 
the voltamperogram by specifying the starting and 
end potentials of the section. Vertical scaling is done 
automatically. Following the automatic peak- 
identification procedure, all recognized peak shoul- 
ders and peak points are marked on the screen for 
inspection by the operator (Fig. 5). Another graphic 
feature is the presentation of a family of voltam- 
perograms generated by the standard-addition pro- 
cedure (Fig. 6). The resulting calibration data can 
also be graphed and, if required, recalculated after 
manual elimination of one or more points. 

Proposed algorithms for baseline fitting and peak- 
height estimation were tested with experimental volt- 
amperograms and a synthetic voltamperogram of the 
form: 

y = lO[exp(-1.69 x lo-‘x)] 

+ 500{exp[ - 0.001 (x + SOO)*]} 

+GN[RND(TI) - OS] (1) 

where the last term permits the addition of random 
noise [RND(TI)] at different levels (GN), and the 
base of the exponent is e. 

The first question to explore was the influence of 
noise on the baseline fitting. It was found that the 
uncertainty of the fitted baseline was of the same 
order of magnitude as the added noise level, as 
intuitively expected. Another question to be in- 
vestigated was the best form of the function to be 

-1.2 -1.0 -06 -06 -04 -0.2 -00 -02 

Potentlol (VI 

-1 0 -08 
Potential (VI 

-02 0.0 

Potentlot (V) 

Fig. 4. Sample voltamperogram of plant material (acid 
digested wheat leaves) without any metal addition: (a) 
complete scan, (b) enlarged 1st peak (ca. 6 ng/ml), (c) 

enlarged 2nd peak (8 ng/ml). 

used for peak fitting. Previous investigators’ sug- 
gested fitting a parabola to the peak data-points. 
Another possibility is to use a Gaussian function. 
Although more complex in form, the Gauss function 
can be converted into a second-order polynomial by 
a log transformation: 

y =A exp[-y] 

Iny=InA -9 

(2) 

Iny =lnA - 
x*+2x,x -x; 

2 
(4) 

lny=ux*+bx+c (5) 

where a = -l/2; b =x,,; c = In A --x,2/2. Hence, by 
fitting equation (5) to the data, the coefficient a, b and 
c can be estimated and A, x,, and x2 derived. It was 
found, however, that direct application of the log 
transformation of equation (3) did not yield accurate 
results, owing to the finite resolution with which the 
calculations were done by the CMD 64 computer 
(which had a 9-digit mantissa and an exponent range 
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Fig. 5. Display of peak features after automatic processing. 

of k38). The difficulty stems from the fact that the 
peak potential of some peaks (e.g., for Zn) is rela- 
tively large compared to the peak width. The accu- 
racy of fit was improved markedly if a linear trans- 
formation of the form 

x, = x, - x, (6) 

preceded the curve fitting of equation (5). With this 
algorithm and a second-order polynomial fit* we 
compared the Gaussian and parabolic fits for an 
experimental voltamperogram peak with added noise 
(Table 1). As the results of these tests seemed to 
indicate that a Gaussian fit was superior to a para- 
bolic one, we adopted the former for implementation 
in the peak-height estimation routine. 

The synthetic voltamperogram, equation (1), was 
used to test alternative procedures for processing the 
voltamperograms for peak-height estimation after 
baseline correction. Since the theoretical value of the 
synthetic peak height is 500 [equation (1), at 
x = -8001 deviations from this value are indicative 
of deficient algorithms, and lack of robustness in the 
presence of noise. The following six procedures were 
tested on the synthetic voltamperogram without ad- 
ded noise. 

1. The signal was passed through the digital filter, 
the baseline was fitted, and the peak height estimated 
as the maximum distance between the restored base 
line and voltamperogram curve (calculated value 
480.5). 

Potential (V) 

Fig. 6. Voltamperogram family (sample as in Fig. 4) ob- 
tained after standard addition of (a) 0, (b) 10, (c) 20, (d) 40, 
(e) 60 ng/ml concentration of (1) Zn2+, (2) Cd’+, (3) Pb2+, 

(4) cu*+. 

2. As for 1 but without passing the signal through 
a digital filter (calculated value 489.2). 

3. Interactive mode without baseline fitting (esti- 
mated value 492.4). 

4. Interactive work with baseline fitting (estimated 
value 490.9). 

5. Baseline in fitting and Gauss fitting of peak 
(calculated value 495.7). 

6. Same as 5 but after passing the signal through 
a digital filter (calculated value 483.7). 

These results imply that: (a) the peak height is 
reduced by about 3% by use of the digital filter; (b) 
Gauss fitting improves the accuracy, presumably by 
smoothing the quantized data; (c) automatic peak- 
height processing can restore the peak value to within 
1% of the true value. 

The robustness of the algorithm in the presence of 
noise was tested by adding random noise to the 
synthetic voltamperogram and processing the data by 
the baseline restoration and Gauss fitting routines. 
Results for 2, 10 and 40% noise levels (relative to 
peak height) were 500.3 + 0.07, 499.6 + 5.6; 514.6 + 
23.6 respectively (mean + 2 standard deviations; 10 
deviates). The results seem to suggest that the pro- 
posed algorithms are highly effective, even in the 
presence of a relatively high noise level such as might 

Table 1. Comparison of (A) Gaussian and (B) parabohc fittings for a measured 
voltamperogram peak with added noise of 0.05 (RND -0.5) for three runs 

(a, b, c). 

Sample + noise 

Original a b C Average 
sample, 

Fitting Peak I0 I, %’ I0 %* I. %* I, %* 

A 1 0.51 
2 0.113 
3 0.391 
4 0.400 

B 1 0.508 
2 0.111 
3 0.362 
4 0.390 

0.569 110 0.500 96 0.508 98 0.526 101 
0.095 84 0.139 123 0.147 136 0.127 112 
0.373 95 0.402 103 0.395 101 0.390 100 
0.420 105 0.434 109 0.412 103 0.422 105 

0.549 108 0.566 111 0.499 98 0.538 106 
0.155 140 0.163 147 0.134 IO8 0.151 136 
0.316 87 0.332 92 0.425 117 0.358 96 
0.430 110 0.445 114 0.429 110 0.435 112 

*Deviation from noise-free value, %. 
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Table 2. Comparison of calibration data obtained for (A) manual, (B) interactive, 
and (C) automatic data-processing modes for a sample of plant material; numbers 

in brackets are standard deviations (5 replicates) 

Voltage, Intercept on x-axis, Correlation Slope of standard 
Metal mV nglml coefficient addition graph 

(A) Zn -900.0 -6.75 0.9953 20.3 
cu + 100.0 - 10.32 0.9946 125.5 

(B) Zn -936.8 -6.36(0.19) 1.0000 18.74 (0.03) 
cu +28.7 - 8.49 (0.64) 0.9742 118.7 (0.13) 

(C) Zn -935.6 -6.54 (0.19) 1.0000 18.46 (0.03) 
cu + 33.2 +20.31 (0.15) 0.963 I 57.03 (0.15) 

-0.2 00 02 
Potentlol (V) 

Fig. 7. Voltamperogram of the Cuz+ peak after the standard 
addition of: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70 ng/ml Cu*+. 

be encountered near the detection threshold of the 
instrument. 

Manual, interactive and automatic data-processing 
were compared by applying them to one voltam- 
perogram. The resulting peaks obtained for zinc by 
the three operational modes are in good agreement 
for the metal concentration and other parameters 
(Table 2). However, a large discrepancy was found 
between the manual and interactive modes on the one 
hand, and the automatic mode on the other, for the 
copper peak. As shown in Figs. 4-6 the zinc peak is 
sharp and regular but that for copper is very irregu- 
lar. The copper peak changes shape when known 
amounts of copper are added (Fig. 7). In the volt- 
amperogram for the original sample, only a shoulder 
is detected in the copper region, because of peak 
overlap [Fig. 4(c) and Fig. 7(a)]. On increasing the 
copper concentration by standard addition there is a 

gradual change in the signal shape and the shoulder 
for copper is converted into a detectable peak. The 
shoulder can be detected when the manual or inter- 
active mode is used for data processing but not by the 
automatic mode, which would include it in the base- 
line correction. For the specific example shown here 
(Fig. 7), the signal for copper was detected as a 
separate peak only after addition of at least 30 ng of 
copper per ml. This explains the discrepancy with 
copper concentrations found by the different pro- 
cessing modes, and demonstrates the importance of 
the interactive data-processing option in addition to 
the automatic mode. 
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Summary-The possibility of direct atomic-absorption determination of minor elements in argillites 
without preliminary concentration and separation is studied. The possibility is examined of producing an 
analytical flame zone in which free analyte atoms can be produced by use of chemical additives, such as 
potassium thiocyanate for molybdenum, and potassium thiocyanate plus dodecylamine hydrochloride for 
vanadium. 

Argillite is a variety of oil shale consisting of lo-20% 
organic matter, 2040% clay material, and SO-55% 
aleurite, and cannot be readily analysed. 

The direct atomic-absorption methods for deter- 
mining minor elements have been developed for 
substances less complex than argillites.1-3 With com- 
plex materials, separation from matrix elements or 
the use of matrix-matched standards or the method 
of standard additions becomes necessary. However, 
for trace elements the available methods of elimi- 
nating matrix effects are often unreliable and not 
effective. Systematic errors are possible owing to 
incompleteness of extraction. 

The development of direct matrix-independent 
methods seems likely to be the most effective 
approach to the flame atomic-absorption spectro- 
photometric analysis of argillites. The present work is 
a study of this possibility. 

EXPERIMENTAL 

Apparatus 

A Pye-Unicam SP-1900 spectrophotometer with a single- 
slot burner (100 mm path-length) was used. 

Reagents 

All the reagents were of analytical grade. The standard 
solutions of MO, V, Co, Ni and Cu were prepared according 
to Price: The solutions of AlCl, (50 mg/ml) and KCNS 
(lo%), citric, tartaric, and ascorbic acids (3%) were pre- 
pared by dissolving the required amounts in demineralized 
water. 

Bu&r I (NH&I + L.&!,+ MgCI,). Prepared by dis- 
solving 10 g of NH,Cl, 6.5 g of La,O, and 10 g of MgCl, 
in 100 ml of concentrated hydrochloric acid in a I-litre 
standard flask and diluting to the mark with demineralized 
water. 

Dodecylamine hydrochloride solution (2%) in ethanol. 
Argillite solution. Prepared by heating a l-g sample with 

20 ml of concentrated hydrofluoric acid, 10 ml of concen- 
trated perchloric acid and 6 ml of concentrated nitric acid 
in a platinum dish until perchloric acid fumes were evolved, 
then cooling, rinsing down with a little demineralized water, 

*To whom all correspondence should be addressed. 

heating again until the perchloric acid was completely 
removed, cooling, taking up the residue with 40 ml of 
hydrochloric acid (1 + 1), and finally diluting to volume in 
a lOO-ml standard flask with demineralized water. 

Procedure 

Aliquots of the argillite and additive solutions were 
placed in 25ml standard flasks and diluted to the mark with 
demineralized water. Calibration solutions were matched 
with the sample solutions in acid and additive contents. The 
solutions were aspirated into the flame and the atomic 
absorption was measured under the conditions given in 
Table 1. 

RESULTS AND DISCUSSION 

Flame composition and observation height 

The effects of flame composition and observation 
height on the absorption signals for the refractory 
elements molybdenum and vanadium are more com- 
plex than those for copper, nickel and cobalt. The 
absorption signals of MO and V depend very strongly 
on which flame zone is chosen for measurements. 

Thus (Fig. l), changes in acetylene flow-rate from 
1.30 to 2.00 l./min result in approximately tenfold 
increase in the molybdenum absorbance. The maxi- 
mum absorbance is obtained with an acetylene flow- 
rate of 1.80- 1.90 1. /min and an observation height of 
6.5-7.0 mm, presumably because these conditions 
correspond to the optimal carbon to oxygen ratio in 
the flame. At observation heights of 10 mm or more 
the signal decreases and then disappears completely, 
probably because of diffusion of aerial oxygen into 
the flame, and thermal expansion of the combustion 
products. Vanadium behaves similarly. In contrast, 
for copper (and nickel and cobalt) the absorbance 
does not vary much in the flame profile, over a wide 
range of acetylene flow-rates. 

Eflects of additives 

Molybdenum. The possibility of using additives to 
produce a flame zone which would contain repro- 
ducible concentrations of free analyte atoms from 

715 
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Table 1. Instrumental conditions 

MO co Ni CU V 

Wavelength (nm) 
Slit-width (mm) 
Burner 
Observation height (cm) 
Air flow (l./min) 
N,O flow (I./min) 
Acetylene flow (l./min) 
Lamp current (mA) 
Integration neriod (set) 

313.3 240.7 232.0 
0.4 0.4 0.4 

-air-acetylene- 
0.6 0.8 0.7 
4.5 4.5 4.5 
- - - 
1.6 1.0 1.0 

24 12 8 
4 4 4 

324.8 318.3 
0.8 0.4 

-N,O-acetylene- 
0.5 0.7 
4.5 - 
- 5.0 
0.8 4.2 
4 28 
4 4 

both standard and argillite sample solutions was aluminium chloride as additive. The true content (C) 
studied. was determined by the standard-additions method 

Figure 2 shows the apparent molybdenum content and confirmed by X-ray fluorescence. Without addi- 
found in argillite samples, as a function of obser- tive present, there was a large positive error with any 
vation height, in the absence (A) and presence (B) of combination of observation height and acetylene 

Cl/ 

ACETYLENE FLOW RATE, mi/min ACETYLENE FLOW RATE, ml/min 

Fig. 1. Influence of acetylene flow-rate on the absorbance of molybdenum (8 pg/ml) and copper (0.6 pg/ml) 
at various observation heights h: I- 15 mm; Z-10 mm; 3-9 mm; 4-8 mm; 5-7 mm; 6-6.5 mm; 

7-6 mm. 

(Al 

3 5 7 9 

OBSERVATION HEIGHT, mm 

.,,I , 
3 5 7 9 

OBSERVATION HEIGHT, mm 

Fig. 2. Plots of the MO contents detected in argillites, US. observation height in the absence (A) 
and presence (B) of AlCl,. Air flow-rate, 4.5 l./min; acetylene flow-rate, l-l.4 l./min; Z-l.6 l./min; 

3-1.9 I./min. 
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4Po \ 

.\. 

wwnxw 7eoo m 

ACETYLENE FLOW RATE, mVmin 

Fig. 3. Plots of the MO contents detected in argillites, OS. 
observation height in the presence of KCNS (0.6%). Obser- 
vation height, 1-4 mm; 2-5 mm; 3-6 mm; 4-7 mm; 

5-8 mm. 

flow-rate. The addition of 5 mg/ml of AlC& reduced 
this enhancement effect to an acceptable level under 
certain conditions, namely an observation height of 
6 mm and acetylene flow-rate of 1.60 l./min. 

The addition of potassium thiocyanate is of special 
interest. The presence of 0.3% KCNS in the argillite 
solution gives a broader range of acceptable con- 
ditions. As shown in Fig. 3, the optimal observation 
height is 4 mm above the burner, with an acetylene 
flow-rate of 1.60-1.80 l./min. With an acetylene 
flow-rate of 1.60 l./min, satisfactory results can be 
obtained at any observation height between 4 and 
6 mm above the burner. These conditions have been 
tested with almost 300 argillite samples, and enriched 
fractions and technological solutions, and found sat- 
isfactory. Typical results are given in Table 2 for use 
of AlCl, and in Table 3 for use of KCNS. 

It is also of interest that the addition of KCNS 
raises the sensitivity for MO in the air-acetylene flame 
nearly to that in the N,O-acetylene flame in the 
absence of KCNS. 

Kirkbright et al5 have proposed that the high 
degree of atomization of some refractory elements in 
the N,O-acetylene flame is at least partly due to the 
strongly reducing atmosphere formed by long-lived 
CN and NH radicals, and is not due only to reaction 
with carbon, as is usually suggested for air-acetylene 
flames. 

The efficiency of the KCNS buffer in the 
air-acetylene flame seems to result from changes in 
the reaction mechanism in the analytical flame zone: 

Table 2. Recovery of standard additions of MO to argillites; buffer AlCl, 

Sample 

Observation 
MO height 

in sample MO above V-f, MO Recovery 
solution, added, burner, flow-rate, found, of MO 

pglml figglml mm 1. /min figglml added, % 

Argillite 2 1.23 

Argillite 1 0.52 0.50 3 

6 

1.00 3 

6 

Mineral fraction 2.71 2.50 3 

6 

Quarts fraction 0.49 0.50 3 

6 

Organic fraction 5.48 5.00 3 

6 

1.4 0.55 110 
1.6 0.51 102 
1.9 0.64 128 
1.4 0.59 118 
1.6 0.50 100 
1.9 0.54 108 

1.4 1.08 108 
1.6 1.02 102 
1.9 1.27 127 
1.4 1.16 116 
1.6 0.99 99 
1.9 1.07 107 

1.4 2.80 112 
1.6 2.56 102 
1.9 3.29 132 
1.4 3.03 121 
1.6 2.53 101 
1.9 2.83 113 

1.4 0.53 106 
1.6 0.51 102 
1.9 0.61 122 
1.4 0.56 112 
1.6 0.49 98 
1.9 0.52 104 

1.4 5.37 107 
1.6 5.11 102 
1.9 6.31 126 
1.4 5.72 114 
1.6 5.72 114 
1.9 5.30 106 
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Table 3. Recovery of standard additions of MO to argillites; buffer KCNS 

Sample 

Argillite 1 

Argilhte 2 

Mineral fraction 

Quartz fraction 

Organic fraction 

Observation 
MO height 

in sample MO above 
solution, 

GH, MO 
added, burner, 

Recovery 
flow-rates, found, of MO 

.&Lglml Pgcglml mm 1. lmin Pgcglml added, % 

0.52 0.50 4 1.4 0.56 112 
1.6 0.51 102 
1.9 0.52 104 

6 1.4 0.64 128 
1.6 0.49 98 
1.9 0.43 86 

1.23 1.00 4 1.4 1.17 117 
1.6 1.02 102 
1.9 1.11 111 

6 1.4 1.34 134 
1.6 1.01 101 
1.9 0.81 81 

2.71 2.50 4 1.4 3.00 120 
1.6 2.44 98 
1.9 2.72 109 

6 1.4 3.32 133 
1.6 2.46 98 
1.9 2.02 81 

0.49 0.50 4 1.4 0.53 106 
1.6 0.48 96 
1.9 0.52 104 

6 1.4 0.58 116 
1.6 0.49 98 
1.9 0.47 94 

5.48 5.00 4 1.4 5.41 108 
1.6 5.12 102 
1.9 5.21 104 

6 1.4 6.34 127 
1.6 5.08 102 
1.9 4.45 89 

There is increased formation of CN and NH radicals 
and a decrease in the carbon effect. Thus, attempts to 
remove chemical interferences should not necessarily 
be confined to use of a higher temperature flame (with 
its intrinsic risk of ionization effects). An alternative 
would be to search for buffers that would affect the 
complex reactions in low-temperature flames. As an 
example, calculation of the carbon “oxidation de- 
gree” (2)6 of ascorbic, citric, and tartaric acids places 
them in the sequence tartaric acid (Z = IS), citric 
acid (Z = 1 .O), and ascorbic acid (Z = 0.66), which is 
also the sequence in which their suppressant effect on 

the MO absorption signal increases (Table 4). The 
higher the Z value, the lower the chance of free 
carbon being formed by thermal decomposition of 
the compounds, which would explain the suppression 
sequence, if the interference was due to interaction 
with carbon. 

Vanadium. Vanadium compounds are difficult to 
dissociate in the flame, so high-temperature flames 
are generally used. The determination of vanadium 
in the N,O-acetylene flame is influenced by many 
elements, and ionization effects may also occur. 
The standard solutions have to be matched in 

Table 4. Depressive effect of some acids (3% solutions) on MO absorbance 

MO absorbances 

C,H,-air C,H,-N,O 

MO concentration 
Carbon &r/ml) 

oxidation 
Medium degree, Z 2 4 8 

Aqueous solution - 0.006 0.012 0.024 
Tartaric acid 1.51 0.004 0.008 0.016 
Citric acid 1.00 0.002 0.003 0.006 
Ascorbic acid 0.66 0.000 0.001 0.002 

MO concentration 
@g/ml) 

2 4 8 

0.016 0.032 0.064 
0.012 0.024 0.048 
0.009 0.018 0.035 
0.007 0.014 0.028 
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I 
3 5 7 9 If 

OBSERVA TION HUGH T, mm 

Fig. 4. The V contents detected in argillite in the presence 
of buffer I. N,O flow-rate, 5 l./min; acetylene flow-rate, 

l-4.2 l./min; Z-4.4 l./min; 3-4.8 l./min. 

composition to the test solutions. However, 
properly chosen additions may improve the situation 
considerably. 

Figure 4 shows that the presence of a mixture of 
MgCl, + NH,Cl + LaCl, (each at 0.5 mg/ml concen- 
tration)’ results in some flame zones which offer 
true results for determination of vanadium. With an 
acetylene flow-rate of 4.40 l./min any observation 
height from 7 to 9 mm above the burner will give 
acceptable results. 

The recommended’ addition of ethylene glycol is of 
no use with such complex substances as argillites, as 
shown in Fig. 5. 

Studies of surfactants (such as dodecylamine hy- 
drochloride, cetyltrimethylammonium bromide, and 
sodium laurate) reveal (e.g., Fig. 6) that the necessary 

lAJ 

OBSERVATION HEIGHT, mm 

Fig. 5. The V contents detected in argillite in the presence 
of ethylene glycol. N,O flow-rate, 5 l./min; acetylene 

flow-rate, l-4.2 l./min; 2-4.4 l./min; 3-4.8 l./min. 

freedom from interference is provided in flame zones 
which are much higher than that for the maximal 
absorption signal for vanadium. However, addition 
of 0.06% KCNS together with 0.1% dodecylamine 
hydrochloride allows vanadium to be reliably deter- 
mined by the calibration method at an observation 
height of 6 mm, i.e., in the zone for maximum 
sensitivity (Fig. 7). Typical results are given in 
Table 5. 

Hence, the addition of KCNS for MO and 
of KCNS plus surfactant for V enables various 
analytical forms of standard and sample solutions to 
be used. Matrix matching of the standard and sample 
solution is not necessary. 

To summarize, a proper choice of additives provid- 
ing for high reliability in determining trace elements 

0556' 

M#8. 

IBJ 

L , . * I . 
2 4 6 8 n0 r2 M I6 2 6 w II 18 

OBSERVAT/oIv HEIGHT, mm 08SERVATlON HEIGHT, mm 

Fig. 6. (A) The V contents detected in argillite in the presence of dodecylamine hydrochloride (0.1%). 
N,O flow-rate, 5 l./min; acetylene flow-rate, 4.6 l./min. (B) Plot of V absorption signal in pure solution 

(I) and argillite solution in the presence of dodecylamine hydrochloride (2) vs. observation height. 
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I 

* 6 10 14 18 

OBSERVATION HEIGHT, mm 

Fig. 7. (A) The V contents detected in argillite in the presence of addition of KCNS (0.6%) + dodecyl- 
amine hydrochloride (0.1%). N,O flow-rate, 5 l./min; acetylene flow-rate, 4.6 l./min. (B) Plots of 
the V absorption signal in pure solution (I) and argillite solution in the presence of KCNS 

(0.6%) + dodecylamine hydrochloride (0.1%) additive (2), vs. observation height. 

Table 5. Recovery of standard additions of V to argillites; buffer KCNS 

Sample 

Observation 
V height 

in sample V above N,O V Recovery 
solution, added, burner, flow-rates, found, of V added, 

pgcglml pgglml mm I. /min e7glml % 

Argillite 4 

Argillite 3 7.81 

9.68 

Mineral fraction 11.04 

Organic fraction 11.95 

1.50 

10.00 

11.00 

12.00 

5 4.2 9.22 123 
4.4 8.23 110 
4.8 8.96 119 

I 4.2 8.20 109 
4.4 7.61 101 
4.8 8.02 107 

9 4.2 7.80 104 
4.4 7.07 94 
4.8 7.03 94 

5 4.2 12.27 123 
4.4 11.10 111 
4.8 11.83 118 

7 4.2 10.91 109 
4.4 9.90 99 
4.2 10.53 105 

9 4.2 10.46 105 
4.4 9.48 95 
4.8 9.41 94 

5 4.2 14.96 136 
4.4 12.76 116 
4.8 13.97 127 

I 4.2 12.43 113 
4.4 10.83 98 
4.8 11.11 101 

9 4.2 12.00 109 
4.4 8.17 14 
4.8 8.10 14 

5 4.2 13.19 110 
4.4 12.71 106 
4.8 13.30 111 

7 4.2 13.10 109 
4.4 11.80 98 
4.8 12.38 103 

9 4.2 12.31 103 
4.4 11.64 97 
4.8 11.60 97 
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is very useful in development of direct methods of 3. I. Sire, I. Collin and I. A. Voinovitch, Spectrochim. 
completely matrix-independent atomic-absorption Acta, 1978, 33B, 31. 

analysis of compounds such as argillites. 4. W. I. Price, Analytical Atomic Absorption Spectrometry. 
Heyden, London, 1972. 

5. G. F. Kirkbright, M. K. Peters and T. S. West. Talantu. 
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NEW LIQUID-MEMBRANE ELECTRODES FOR 
DIRECT DETERMINATION OF ATROPINE IN 

PHARMACEUTICAL PREPARATIONS* 
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Summary-Solutions of atropinium kritrobarbiturate in n-octanol and atropinium picrolonate in 
p-nitrotoluene are used as novel liquid ion-exchangers in electrodes that respond to the atropine cation. 
The performance characteristics of the two electrodes are almost identical: the response is linear for 
10-5-10-2M atropine with a slope of 56.5 + 1 mV/concentration decade. The static response times are 
3&90 set and the potential readings are stable over the pH range 3-8. There is negligible interference 
from a number of inorganic and organic cations, and some common excipients. In the direct determination 
of l-200 pg/ml of atropine, the average recovery with both electrodes is 98% (mean standard deviation 
1.7%). Atropine has been determined in some pharmaceutical preparations with an average recovery 
of 98% (standard deviation 1.9%), the results being in agreement with those obtained by standard 
methods. 

Atropine has been determined spectrophoto- 
metrically by a number of chromogenic reactions. 
Some organic dyes such as Bromothymol Blue,’ 
Bromophenol Blue,2 and tetrabromophenolphthalein 
ethyl ester3 react with atropine to form coloured 
complexes extractable into organic solvents. Com- 
plexation of atropine with ammonium bis(aniline) 
tetrakis(isothiocyanato)chromate(III),’ and ammo- 
nium reineckate,5 followed by measurement of the 
absorbance of the complex solutions, has been sug- 
gested. Nitration of atropine followed by alka- 
lization6 or simultaneous nitration and condensation 
with nitromethane in the presence of methanolic 
benzyltrimethylammonium hydroxide and dimethyl- 
formamide’ gives coloured products. Chromogenic 
reactions with reduced molybdophosphoric acid,8 
citric acid-acetic anhydride, cis-aconitic anhydride,” 
and p-aminobenzaldehyde” have also been de- 
scribed. Most of these methods, however, require 
strictly controlled reaction conditions and involve a 
time-consuming prior extraction or precipitation 
step. 

The commonly used titrimetric methods for deter- 
mination of atropine are mainly based on the release 
of the base from its salts, extraction, and titration 
with acids, with visual indicatorsi Extraction of the 
base followed by dissolution in sulphuric acid and 
titration with sodium hydroxide (Methyl Red as 
indicator) has been recommended by both the United 
States and British Pharmacopoeias.‘3,‘4 Conduc- 
tometric,’ thermometric,i6 potentiometric,” hetero- 

*Based on a paper presented at the 30th IUPAC Congress, 
Manchester, 9-13 September 1985. 

tTo whom correspondence should be addressed. Present 
address: Department of Chemistry, Qatar University, 
Doha, Qatar. 

metric,‘* and turbidimetric” titrations have also been 
suggested. Reactions with copper or lead picrate,20*2’ 
and ammonium reineckate,22 isolation of the prod- 
ucts, treatment with excess of alkaline EDTA and 
acidic potassium chromate followed by complex- 
ometric and iodometric titrations of the excess of 
reagents, respectively, have been proposed. Many of 
these methods involve several steps and suffer from 
severe interference by basic, redox and metallic 
species. 

Membrane electrodes for atropine based on the use 
of tetraphenylborate23 and reineckate” as counter- 
ions in liquid and poly(viny1 chloride) matrices have 
been developed and shown to be simple and con- 
venient monitoring sensors. We have previously de- 
scribed some liquid-membrane electrode systems for 
direct determination of strychnine,25 caffeine,26 eph- 
edrine,27~28 and lidocaine,29 based on suitable ion- 
pairing reagents. It has been reported that protonated 
atropine and some other protonated alkaloids can 
form stable water-insoluble ion-pair complexes with 
5-nitrobarbituric30 and picrolonic acids.31 The photo- 
micrographs and melting points of these derivatives 
have been utilized for identification of the alkaloids. 
We have prepared two liquid-membrane electrodes 
based on atropinium 5-nitrobarbiturate and atro- 
pinium picrolonate ion-pair complexes as novel elec- 
troactive species. These were characterized and found 
suitable for determination of atropine in some phar- 
maceutical preparations. 

EXPERIMENTAL 

Apparatus 

Potentiometric measurements were made at 25 f 1” with 
an Orion model 901 microprocessor “Ionalyzer” with atro- 
pinium 5nitrobarbiturate and atropinium picrolonate 

723 
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liquid-membrane electrodes in conjunction with an Orion 
model 90-02 Ag/AgCl double-junction reference electrode 
with 10% potassium nitrate solution in the outer compart- 
ment. An Orion model 91-02 combined glass-calomel elec- 
trode was used in the pH adjustment. 

Reagents 

All reagents used were of analytical-reagent grade. 
Doubly distilled water and solvents were used throughout. 
Atropine and its salts, 5-nitrobarbituric acid and picrolonic 
acid were obtained from Sigma Chemical Co. (St. Louis, 
MO). Atropinium sulphate injections and “Isopto” atropine 
eye-drops were obtained from El-Nile Pharmaceutical 
Company (Egypt) and Alcon Pharmaceutical Company 
(Belgium), respectively. 

Procedure 

The atropinium 5-nitrobarbiturate was prepared by mix- 
ing 20 ml of 1M aqueous atropine hydrochloride with 20 ml 
of 1M ethanolic 5nitrobarbituric acid solution. After stir- 
ring for 15 min, the yellowish precipitate was filtered off on 
a porosity-3 sintered-glass crucible, washed twice with 
doubly distilled water, followed by ethanol, dried at 100” for 
1 hr, then ground to fine powder. The atropinium pic- 
rolonate was prepared similarly from atropine hydro- 
chloride and picrolonic acid. Elemental analysis and the 
infrared spectra of the products confirmed that 1: 1 com- 
pounds had been formed. 

An Orion liquid-membrane body (model 92) was used as 
the electrode assembly with an Orion 92-81-04 porous 
membrane. The organic ion-exchanger used was a 0.05M 
solution of either atropinium 5-nitrobarbiturate in n- 
octanol or atropinium picrolonate in p-nitrotoluene. The 
aqueous reference solution was a mixture of equal volumes 
of 0.02M atropine hydrochloride and 0.02M potassium 
chloride. Both electrodes were preconditioned by soaking in 
a solution of lo-‘M atropine hydrochloride for 2 days after 
preparation, and stored in the same solution when not in 
use. Potentiometric selectivity-coefficient data were obtained 
by the mixed-solution method as described pre- 
viously.2"9,32V33 

A calibration graph for determination of atropine in 
pharmaceuticals was prepared by taking around 20 ml each 
of 10-5-10-2M aqueous atropine hydrochloride (the most 
usable range of concentration) solutions in lOO-ml beakers. 
The atropine liquid-membrane electrode and the reference 
electrode were immersed in the stirred solutions, and the emf 
readings recorded after stabilization. A plot of emf vs. the 
logarithm of the atropine concentration was used for sub- 
sequent determination of atropine in other solutions. 

Atropine was determined in pharmaceutical ampoules 
and injections by transferring the contents of 5 ampoules (1 
ml each, 1% atropine) or 5-ml samples of 0.5-l% atropine 
eye-drops to a lOO-ml beaker, diluting to -50 ml with 
demineralized water, adjusting the pH to 46, if necessary, 
diluting to 100 ml with demineralized water, and shaking. 
A suitable aliquot (say 20 ml) of the solution was transferred 
to a lOO-ml beaker and the emf of the electrode systems was 
measured. 

RESULTS AND DISCUSSION 

Performance characteristics of the electrode systems 

Atropinium S-barbiturate and atropinium pic- 
rolonate were prepared and their lipophilic solutions 
were tested for their response to atropine. The 
efficiency of various solvents for the first compound 
decreases in the order n-octanol > p-nitrotoluene > 
nitrobenzene > benzyl alcohol, and for the second de- 
creases in the order: p-nitrotoluene > nitrobenzene > 
o -dichlorobenzene > chlorobenzene. The per- 
formance of two sets of liquid-membrane electrodes 
prepared from 0.005-O.OlM solutions of the atropine 
compounds in these solvents were evaluated accord- 
ing to IUPAC recommendations.32 The typical cell 
used for potentiometric measurements was 

Ag-AgCl 
0.0144 KC1 

O.OlM aqueous 
atropine 

hydrochloride 

atropine 
complex in 

organic 
solvent 

porous 
membrane 

atropine 
in aqueous 

test solution 

Ag-AgCl 
reference 
electrode 

Table 1. Selectivity coefficients of atropinium 5-nitrobarbiturate and atro- 
pinium picrolonate liquid-membrane electrodes 

Interfering substance (B) 

Kp”’ mop,B 

AtropiniumS- Atropinium 
nitrobarbiturate picrolonate 

in n-octanol in D-nitrotoulene 

Aminobenzoic acid 
Aminopropanol 
Ethanolamine 
Diethylamine 
Dibutylamine 
Triethanolamine 
Tetraethylammonium chloride 
Piperidine 
Glycine 
Cysteine 
Urea 
Succinamide 
Ammonium chloride 
Strychnine 
Caffeine 
Nicotine 

7.2 x 1O-2 
9.1 x 10-r 
3.5 x 10-J 
4.2 x 1O-2 
5.3 x lo-’ 
5.1 x 10-l 
5.9 x 10-I 
1.5 x lo-* 
2.4 x 1O-2 
1.3 x 10-Z 
2.5 x 1O-2 
2.1 x 10-a 
1.6 x 1O-3 

2.9 
2.1 
1.8 

3.7 x 10-Z 
8.5 x 1O-2 
3.0 x 10-Z 
3.7 x 10-r 
6.6 x 10-s 
2.8 x 10-l 
4.4 x 10-l 
2.5 x 1O-2 
5.1 x 10-r 
2.1 x IO-2 
3.4 x 10-r 
1.7 x lo-’ 
3.1 x 10-s 

2.5 
1.8 
1.7 
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Table 2. Response characteristics of the atropinium 5nitrobarbiturate liquid-membrane 
electrode made with different membrane solvents 

R=yl 
Parameter n-Dctanol p-Nitrotoluene Nitrobenzene alcohol 

Slope, mV/log c 57.5 46.6 46.0 45.0 
Std. devn., mV/log C 0.8 1.5 2.0 2.5 
Corr. coeff., I 0.9997 0.9977 0.9983 0.9976 
Intercept, mV 194 260 249 249 
Lower limit of linear 10-S 10-S 10-5 10-S 

range, it4 
Detection limit. M 5 x 10-h 5 x 10-e 7 x 1o-6 8 x lo+ 

160 r . 

140 

100 
t 

60 

-60 

\ X 
-100 

I I I I I 
2 3 4 5 6 

-Log (atropme) , M 

Fig. 1. Effect of the membrane solvent on the response of 
the atropinium 5-nitrobarbiturate liquid membrane elec- 
trode: ( x ) n-octanol; (A) nitrobenzene; (0) benzyl alco- 

hol; (0) p-nitrotoluene. 

Least-squares analyses of the data are given in Tables 
1 and 2. 

The results obtained show that atropinium 
S-nitrobarbiturate in n-octanol and atropinium pic- 
rolonate in p-nitrotoluene give fairly stable and sen- 
sitive membranes for potentiometric measurement of 
atropine. The overall performance characteristics of 
the two electrode systems are almost identical and all 
the results shown below were obtained with both 
electrodes. At 25 + 1”, the electrodes give a linear 

260- 

220- 

?60- 

140- 

: 
_ 

W 
loo- 

60- 

20- 

Table 3. Response characteristics of the atropinium picrolonate liquid membrane electrode made with 
different membrane solvents 

Parameter 

Slope, mV/log c 
Std. dev., mV/log C 
Corr. coeff., r 
Intercept, m V 

Lower limit of linear 

p-Nitrotoluene Nitrobenzene o-Dichlorobenrene Chlorobenzene 

55.7 51.4 50.0 47.7 
1.0 1.5 2.0 2.0 
0.9999 0.9967 0.9988 0.9980 

311 308 302 322 
10-5 1o-5 10-T 10-S 

I I I I I 
2 3 4 5 6 

-Log(atfcpme),M 

Fig. 2. Effect of the membrane solvent on the response of 
the atropinium picrolonate liquid membrane electrode: (0) 
p-nitrotoluene; (A) nitrobenzene; (0) o-dichlorobenzene; 

( x ) chlorobenzene. 

response for 10-5-10-2M atropine with an average 
slope of 56.5 + 1 mV/concentration decade. Typical 
calibration curves are shown in Figs. 1 and 2. The 
lower limit of detection (IUPAC definition) offered 
by both electrodes is 5 x 10m6M. Their static response 
times are almost the same; steady potentials were 
attained after successive immersion of both electrodes 
in 10W2, lo-‘, 10m4 and lo-‘M aqueous atropine 
hydrochloride solutions for 30, 45, 72 and 180 set, 
respectively. The useful lifetime of both electrodes is 

range, A4 
Detection limit, M 5 x IO-6 4 x 10-e 6 x 1O-6 6 x 1O-6 
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about 2 months. During this period, the potentials 
are reproducible within f4 mV and the variation of 
the slope of the calibration plots does not exceed 
3 mV/concentration decade. 

The interference of organic compounds such as 
amines, amides, amino-acids and carboxylic acids 
and also inorganic cations and anions was assessed. 
The responses of the electrode systems are not 
affected noticeably by the presence of most common 
cations and anions such as K+, Na+, Mg2+, Ca2+, 
Cd2+, Cu2+, NO;, Cl-, SO:-, acetate, oxalate and 
maleate at O.OlM concentration. Potentiometric 
selectivity coefficients (K$&,a) were determined by 
the mixed solution method as described pre- 
viously.2s2g.32.33 The atropine concentrations were 
varied from 10m3 to 10m5M while the concentration of 
the competing species was kept at 10e3M. The two 
electrodes behave similarly and suffer negligible inter- 
ference from many basic compounds (Table 3). The 
electrodes do respond, however, to some alkaloids 
such as nicotine, caffeine and strychnine. 

The responses of the electrodes are practically 
unaffected by changes in pH over the range 3.2-8.1. 
At higher pH values, the potential markedly de- 
creases because of the progressive loss of the positive 
charge of the atropinium cation. In general, the 
overall performance characteristics of the proposed 
electrode systems are similar to those of the atro- 
pinium tetraphenylborate and reineckate electrode 
systems.23s24 

Determination of atropine 

Table 4 presents the results obtained from direct 
potentiometric determination of pure atropine and 
atropinium sulphate in aqueous solutions by use of 
the proposed electrodes and the calibration graph 
method. The average recovery for triplicate analysis 
of 6 samples containing S-200 pg of atropine per ml 
is 98.4% (std. devn. 1.7%), typical for a direct 
potentiometric technique. The electrodes were also 
used for determination of atropine in some pharma- 
ceutical preparations. Additives and diluents com- 
monly used in drug formulations, such as acacia, 
Tween-80, ethylene glycol, carboxymethylcellulose, 
cocoa butter and paraffin oil, at concentration levels 
as high as 1000 times that of the atropine, have no 
significant effect on the response of either electrode 
system. 

The results obtained for determination of 0.1-l% 
of atropine in some injections and eye-drops show an 
average recovery of 98.1% (std. devn. 1.9%) referred 
to the nominal values (Table 5). These results are in 
good agreement with those obtained by the United 
States and British Pharmacopoeia standard pro- 
cedure (average recovery 98.2%, std. devn. 1.9%) 
which involves conversion of atropine salts into the 
free base, extraction, dissolution in standard sul- 
phuric acid, and back-titration of the excess of acid 
with standard sodium hydroxide, with Methyl Red as 
indicator.‘3.‘4 
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SHORT COMMUNICATIONS 

DETERMINATION OF FREE ACIDITY IN ANTIMONY 
CHLORIDE SOLUTIONS 

S. C. S~UNDAR RAJAN 
Process Control Laboratory, Zinc Smelter, Visakhapatnam 530015, India 

(Received 8 August 1983. Revised 28 October 1986. Accepted 24 March 1987) 

Summary-A method for the determination of free acid in antimony(II1) chloride solutions is described. 
The total acid is determined by titration in the presence of tartrate as masking agent, and the bound acidity 
is calculated from the antimony content of the same aliquot, determined by titration with bromate.. This 
method is simple and rapid compared to the earlier potentiometric techniques. 

Determination of free acid by direct titration is not 
possible in the presence of hydrolysable cations.’ 
Sometimes the problem can be solved by converting 
the hydrolysable ion into a complex or precipitate, 
e.g., by adding potassium fluoride to complex alumi- 
mum and iron’-3 or sodium dihydrogen phosphate to 
precipitate iron.4 If no protons are liberated during 
this reaction, as in the complexation of copper with 
thiourea,s the total acid present will be the free 
acidity. If protons are liberated, however, it is neces- 
sary to determine the total acidity thus obtained, and 
then determine the metal ion independently and 
apply a correction for the acid liberated. The 
difference is the free acidity. Other techniques tried 
include conductometric titration,6 and addition of 
oxalate and titration to a preselected pH.6-* 

In our laboratories, during the course of studies on 
recovery of antimony from residues such as antimony 
dross, a need arose for accurate determination of free 
hydrochloric acid in antimony(II1) chloride solutions. 
Since antimony does not form simple complexes with 
neutral ligands,9 it is difficult to avoid liberation of 
acid due to antimony complexation. The differential 
method of determining total acidity and bound 
aciditylo appears to be the most convenient method 
of determination of the free acidity in antimony(II1) 
chloride solutions, and simpler than the poten- 
tiometric titration after addition of potassium ox- 
alate. In the present investigations, tartrate was used 
as complexing agent for determination of total acid- 
ity; the solution was then used for determination of 
the antimony content by titration with potassium 
bromate;” the free acid concentration was calculated 
from the results. 

EXPERIMENTAL 

Reagents 

Sodium hydroxide, 0.48M. Standardized by titration with 
potassium hydrogen phthalate. 

Potassium sodium tartrate solution, 0.1 gbl. Fifty g of the 
salt were dissolved in about 4OOml of water. A drop of 

phenolphthalein indicator solution was added and the solu- 
tion was titrated with 1M hydrochloric acid until the pink 
colour disappeared; 0. 1M sodium hydroxide was then added 
until the pink colour just reappeared. The solution was then 
diluted to 5OOml with distilled water. 

Potassium bromate solution, 0.01667M. 
Methyl Orange solution in water, I mg/ml. 
Antimony(III) chloride. Supplied by Polypharm, India, 

and used as received 

Procedure 

Transfer (by safety pipette) 1 or 2 ml of the sample 
solution in a 250-m] conical flask and dilute it to about 50 
ml; a white turbidity will appear. Add 20 ml of the tartrate 
solution and warm if necessary to obtain a clear solution, 
then titrate with sodium hydroxide to a phenolphthalein 
end-point that is stable for at least 2 min. Note the volume 
of sodium hydroxide. A premature fading end-point often 
occurs because some tartaric acid is precipitated when the 
tartrate solution is added to the highly acidic sample 
solution, and goes into solution slowly as the titration 
proceeds. 

To the titrated solution add 15 ml of concentrated hydro- 
chloric acid followed by 2 or 3 drops of Methyl Orange 
indicator and titrate with potassium bromate until the 
indicator colour is discharged.” 

1 ml of 1M NaOH = 36.45 mg of HCI 

1 ml of 0.01667M KBrO, = 6.09 mg of Sb 

= 5.48 mg of HCl - 

1 g/l. Sb = 0.898 g/l. HCl 

RESULTS AND DISCUSSION 

It is difficult to prepare a synthetic solution of 
known concentration of antimony(II1) chloride in 
hydrochloric acid because antimony(II1) chloride is 
highly deliquescent, fuming, and highly reactive, so a 
known quantity cannot be accurately weighed. An 
aqueous solution cannot be accurately made either. 
To overcome this problem, experiments were conduc- 
ted as follows. A known quantity of 100-200 g/l. 
hydrochloric acid was taken in a conical flask and 
titrated with sodium hydroxide. To known portions 
of the acid, various quantities of antimony chloride 
(weighed approximately) were added. These mixtures 
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Table 1 

SbCl, Acidity 
HCl added, NaOH KBrO, Antimony Total due to Free 

taken, mg needed, needed, found, acidity, antimony, acidity, 
ml (approx.) ml ml mg gll. gll. gll. 

1 12.4 
1 100 14.8 LO 

217 217 
48.7 259 44 215 

1 150 16.3 12.0 73.1 285 66 219 
1 200 18.0 18.4 112.1 315 101 214 
1 300 20.2 24.8 151.0 354 136 218 
2 200 30.6 18.9 115.1 536 104 216 
2 300 32.2 24.4 148.6 563 134 215 

Mean 216.3 
Std. devn. 1.9 

were then analysed by the procedure described. The assistance from Shri Gopal Krishnan Pandey, Shri Karan 
free acidity calculated was compared with that of the Singh Bolia and Kumari Maju Rani Chaudhary is also 

original hydrochloric acid. The results are presented acknowledged. 

in Table 1. 
From the results, it can be inferred that hydrolysis 

of antimony chloride involves liberation of 3 moles of 
hydrogen chloride per mole of antimony(II1) chlo- 
ride. The hydrolysis products of antimony(II1) chlo- 
ride are said to vary from SbOCl to Sb40sClz de- 
pending on the extent of dilution.” For these two 
extremes, the hydrolysis and complexation reactions 
can be written as follows: 

SbCl, + H,O = SbOCl + 2HCl 

SbOCl+ C,H60, = C4H,06Sb0 + HCl 

SbCl, = 3HCl 

4SbC1, + 5H20 = Sb105C12 + 1OHCl 

(a) 

Sb40Jl, + 4C4H,0, = 4C,H,O,SbO + 2HCl+ H,O 10. 

4SbC1, E 12HCl (b) 

This is in quite good agreement with the observed 
results. 
Acknowledgements-The author thanks Dr. Y. L. Mehta 
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DETERMINATION OF ASCORBIC ACID 
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Summary-A simple and sensitive procedure for the spectrophotometric determination of ascorbic acid 
is described. It involves formation of ferroin when ascorbic acid reacts with a mixture of iron(II1) and 
l,lO-phenanthroline, and measurement of the absorbance at 510 mn. The procedure has been applied to 
assay of pharmaceutical preparations of vitamin C. The average error did not exceed 0.3%. 

Ascorbic acid is essential for the formation of 
collagen and intercellular material. It also influences 
the formation of haemoglobin and maturation of 
erythrocytes. It is used primarily for the prevention 
and treatment of scurvy. 

Several reagents have been used for direct 
or indirect spectrophotometric determination of 
ascorbic acid, including 2,6-dichlorophenolindo- 
phenol,’ diazotized 4-methoxy-2-nitroaniline,2 di- 
methoxydiquinone,’ 2,4-dinitrophenylhydrazine,4 
phenylhydrazinium chloride,5 rl-nitrobenzenedia- 
zonium fluoroborate,6 2,3,%iphenyltetrazolium 
chloride,’ the ferricinium cation,’ phosphomolybdic 
acid9 and ammonium molybdate.‘O For a broad 
collection of older methods, the reader is referred to 
the literature cited by Sebrell.” 

In the present paper, a simple, rapid, accurate and 
broadly applicable spectrophotometric procedure is 
described, based on measurement of the tris(l,lO- 
phenanthroline)iron(II) complex (ferroin) produced 
by reaction of ascorbic acid with a mixture of 
iron(II1) and l,lO-phenanthroline. 

EXPERIMENTAL 

Apparatus 

A Shimadzu UV-240 recording spectrophotometer with 
l-cm cell was used. 

Reagents 

All reagents, unless otherwise stated, were of analytical 
grade and doubly distilled water was always used. 

Ascorbic acid standard aqueous solution, 2Omgll. Prepared 
daily. 

I,lO-Phenanthroline-iron(ZZZ) colour reagent. Prepared 
by mixing 0.198 g of l,lO-phenanthroline monohydrate, 2 
ml of 1M hydrochloric acid and 0.16 g of ferric ammonium 
sulphate and diluting with water to 100 ml. 

Procedures 

For pure ascorbic acid. Transfer an aliquot of sample 
solution (containing 2&120 pg of ascorbic acid) to a 25-ml 
standard flask, add 1 ml of the l,lO-phenanthroline- 
iron(II1) reagent, mix and let stand for ea. 1 min. Dilute to 

the mark with water and record the absorbance of the 
solution at 510 nm against a reagent blank (use l-cm cells). 
Find the concentration of ascorbic acid from a calibration 
graph constructed under the same conditions. 

Analysis of tablets and capsules. Extract the ground tablet 
or capsule contents with several portions of distilled water, 
lilter through a Whatman No. 5 lilter paper into a suitable 
size of standard flask and dilute to volume with water. 
Pipette an adequate aliquot and apply the procedure 
described above. 

Analysis of injection ampoules. Transfer the ampoule 
contents quantitatively to a suitable size of standard flask, 
dilute to the mark with water and apply the general 
procedure. 

RESULTS AND DISCUSSION 

The method is based on oxidation of ascorbic acid 
to dehydroascorbic acid by iron(II1) in the presence 
of 1, lo-phenanthroline, with consequent formation 
of ferroin. The apparent molar absorptivity (i.e., 
referred to ascorbic acid) is 2.2 x lo4 1. mole-‘. cm-‘, 
twice that for ferroin (1.1 x lo4 l.mole-‘.cm-I), as 
expected from the stoichiometry of the reaction. Full 
colour development is achieved within l-2 min at 
room temperature. The effect of pH is shown in Fig. 
1. Stoichiometric reaction and maximum colour in- 
tensity were obtained at pH 1.5-6.5. The composition 
of the colour reagent provided an acidity lying in this 
range (pH of the final solution was 5.5) and adjust- 
ment of the pH of the ascorbic acid test solution was 
not necessary. The decrease in absorbance at pH 
values outside this range may be due to incomplete 
oxidation of ascorbic acid at low pH or aerial 
oxidation at high, or to partial decomposition of 
ferroin by protonation or hydrolysis. Under the 
conditions given in the procedure, the ferroin is stable 
for at least 24 hr. The colour reagent is stable for 
many weeks. 

Besides being simple and rapid, the proposed 
method has some advantages over some other pro- 
cedures. For example, the reaction with ceric sulphate 
is not stoichiometric and varies with time, acidity and 
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Table 1. Determination of ascorbic acid in some pharmaceutical preparations 

Ascorbic acid, fig 

Name 

Supervine 
(capsules) 

Vitacid “C” 
(tablets) 

Civamin 

Company 

Alexandria Co., for Pharmaceuticals 
& Chem. Ind., Alexandria 
CID Laboratories, 
Giza, Cairo 
Misr Co., for Pharmaceutical 

Nominal Found* 

20.00 19.9, 

20.00 19.9, 

(ampoules) Ind., Mataria, Cairo 

*Mean of 3 determinations. 

15.00 15.0, 

temperature. I2 The method proposed by AlyE based 
on use of the ferricinium cation requires careful 
pH adjustment, a filtration, and measurement in a 
chloroform medium, and the error reported was 
4%. The colour produced in the reaction with 
4-methoxy-2-nitroaniline fades within 10 min.* The 
method of Eldawy et al., which is based on an 
uncharacterized coloured product, involves a tedious 
preparation of the diquinone and the colour 
produced is stable only in the dark.3 

Triplicate calibration showed that the absorbance 
was linearly related to amount of ascorbic acid taken, 
over the range 2&120 pg, with reproducibility of the 
absorbance to f 0.001. 

Although the method is not selective for ascorbic 
acid, ten-fold amounts of the following species (which 
are sometimes added to commercial vitamin C 
preparations) do not interfere: nicotinic acid, nico- 
tinamide, urea, thiourea, methionine, starch, glucose, 
fructose, mannose, sucrose, maltose, aspartic acid, 
tartaric acid, glutamic acid, citric acid and calcium, 

t 

4Opg oscorblc acid 
02 ,/ .-.-.-._* 

A 

c 

2Opg ascorbic acid 
01 /*-• -.-.\ 

. 

1 I I I I 

0 2 4 6 8 

PH 

magnesium and copper(I1) ions. The non-interference 
of these compounds, particularly those having reduc- 
ing properties, is presumably due to the very short 
time needed for the analysis, and the use of oxidation 
at room temperature. These very mild conditions 
make the procedure more selective. Multivitamin 
medical formulations containing ascorbic acid and 
vitamins A (12,500 I.U.), D, (1000 I. U.), B, (5 mg), 
B, (5 mg), B, (1 mg), nicotinamide (50 mg) and 
calcium pantothenate (10 mg) have been successfully 
analysed for ascorbic acid without any interference 
(Table 1). 

Sodium metabisulphite is added to some vitamin C 
preparations as an antioxidant, usually at 0.1% level. 
It also will react with the iron(III)-phenanthroline 
system, but the amount present is so small that the 
resulting signal is less than the experimental error of 
the absorbance measurement, and can be ignored. 
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Summary--A new method of end-point indication is described for thermometric titration of cadmium with 
sodium diethyldithiocarbamate (DDTC). It is based on the redox reaction between hydrogen peroxide 
added to the system before titration, and the first excess of DDTC. Amounts of cadmium in the range 
l&50 pmoles are titrated within 1% error. 

Thermometric titration is a widely applicable and 
simple analytical method. However, when the tem- 
perature change accompanied by a titration reaction 
is small, determination of the end-point often be- 
comes difficult. Many attempts have been made to 
increase the clarity of the end-point, namely use of a 
catalytic reaction (so-called catalytic thermometric 
titration),’ the heat of dilution of excess of titrant,* 
combination of reactions with markedly different 
enthalpy changes for sequential titration,>’ and addi- 
tion of a dispersing agent when a precipitation reac- 

tion is employed.6 
Sodium diethyldithiocarbamate (DDTC) is a very 

useful reagent for the thermometric titration of Cu’+. 
PbZ+, Ni2+, Cd2+, Zn2+, Ag+ and Tl+.’ However, in 
the titration of low concentrations of these, especially 
Cd*+ and Zn2+ , the accompanying temperature 
change is insufficient for the end-point to be accu- 

rately located. 
In this work we investigated a new method for 

sharpening the end-point by means of the large heat 
of reaction of the oxidation of DDTC with hydrogen 
peroxide. 

EXPERIMENTAL 

Apparatus 

The differential thermometric titration apparatus de- 
scribed in detail previously was used.6 

Reagents 

All reagents used were of guaranteed reagent grade. A 
O.lM cadmium solution was prepared from the nitrate and 
standardized with OSM EDTA solution by thermometric 
titration. A O.lM DDTC solution was prepared daily by 
dissolving 5.62 g of sodium N,Ndiethyldithiocarbamate 
trihydrate in 250ml of distilled water. The solution was 
standardized with a standard zinc solution by thermometric 
titration.’ The hydrogen peroxide solution (2SM) was 
standardized by iodimetry. 

*Author for correspondence. 

One of the twin burettes is filled with O.lM DDTC, and 
the other (the reference burette) with distilled water. The 
sample solution containing 10-50 ymoles of cadmium is 
nlaced in a 100~ml Dewar flask, 5 ml of 1M acetate buffer 
@H 5.5) are added, the mix&e is diluted to 49 ml with 
distilled water, and 1 ml of 2.5M hydrogen peroxide is 
added. In the reference flask 50 ml of distilled water are 
placed. When they are at same temperature, the two solu- 
tions are simultaneously titrated with the twin burette 
system at the rate of 0.1 ml/min. The concentration of 
cadmium is determined from the inflection point in the 
titration curve and corrected for a blank titration. 

RESULTS AND DISCUSSION 

Typical titration curves 

A cadmium solution (0.4mM) was titrated with 
O.lM DDTC. As shown in curve a in Fig. 1, the 

temperature change after the equivalence point is so 
small that the detection of the end-point is often 
difficult. However, curve b, obtained in the presence 
of hydrogen peroxide, has a large temperature change 
after the equivalence point and the end-point de- 
tection is very easy. The curve shows that the heat of 
the redox reaction of DDTC with hydrogen peroxide 
is several times larger than that of chelation of DDTC 
with cadmium. 

Efect of oxidizing reagents 

Iodine, chlorate, bromate, iodate, periodate and 
chloramine-T were also tested as reagents for ox- 
idizing DDTC, but only bromate proved suitable for 
the indicator reaction. The heat of oxidation of 
DDTC with iodine was smaller than that with hydro- 
gen peroxide, and the amount of DDTC consumed 
by cadmium appeared to increase with increase in the 
concentration of iodine added. DDTC was hardly 
oxidized at all with chlorate. Iodate, periodate and 
chloramine-T gave a large temperature change early 
in the titration, and no end-point for cadmium could 
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I 6 

0 0.4 0.8 
0.1 M DDTC, ml 

Fig. 1. Typical curves for thermometric titration of cad- 
mium with O.lM DDTC: a, 0.4mM cadmium at pH 5.5; b, 

a + 0.0584 hydrogen peroxide. 

be detected. Bromate gave much the same titration 
curve as hydrogen peroxide did. 

Effect of hydrogen peroxide concentration 

Figure 2 shows the thermometric titration curves 
for cadmium in the presence of various concen- 
trations of hydrogen peroxide. The slope after the 
equivalence point increases with hydrogen peroxide 
concentration. At hydrogen peroxide concentrations 
>O.O5M, the final slope remains almost unchanged. 

Effect of pH 

Figure 3 shows the titration curves for a blank 
solution containing hydrogen peroxide, at various pH 
values. These curves correspond to those observed 
after the equivalence point for cadmium titration. 
The slopes increase with pH in the range from 4.1 to 
5.5, and after the addition of DDTC has been 
stopped the slopes still increase slowly. These phe- 
nomena are presumably due to the decomposition of 
DDTC consisting of stepwise reactions, the first being 
fast and the subsequent ones slower. A slight rise in 

0.1 M DDTC,ml 

Fig. 2. Effect of concentration of hydrogen peroxide on the 
shape of the thermometric titration curve for 0.4 mM 
cadmium at pH 5.5. [H,O,], M: a, 0.2; b, 0.1; c, 0.05; d, 0.02; 

e, 0.01; f, 0.005; g, 0.002. 

01 M ODTC,ml 

Fig. 3. Effect of pH on the heat of reaction of 0.05M 
hydrogen peroxide with O.lM DDTC. pH: a, 5.5; b, 5.0; c, 
4.6; d, 4.1. Arrows indicate the point at which the burette 

was turned off. 

temperature after the end-point was also observed 
when hydrogen peroxide was not present.’ These slow 
rises decrease in slope with increase in pH, and are 
due to the slow decomposition of the excess of DDTC 
to the diethylammonium ion and carbon disulphide. 

Oxidation products of DDTC 

The products of oxidation of DDTC with hydro- 
gen peroxide were investigated. They were prepared 
by using the conditions for the blank titrations, at 
various pH values. The products were extracted with 
chloroform, and separated by thin-layer chro- 
matography on silica gel with benzene-ethyl acetate 
mixture. The chief product was tetraethyl thiuram 
disulphide (I), which was identified by infrared spec- 
troscopy. Minor products were tetraethyl thiuram 
monosulphide (II) and diethylcarbamyl diethyl- 
thiocarbamyl disulphide (III), which were identified 
by high-resolution electron-impact mass spec- 
troscopy and infrared spectroscopy. The amount of 
these products decreased with increasing pH. The 
aqueous phases from the extraction were found to 
contain sulphate after heating, in almost the same 
amount as that calculated by difference from the total 
amount of DDTC added and the amount equivalent 
to the organic oxidation products. Changing the pH 
for the oxidation changed the ratios between the 
various products. 

S-CS-N(C,Hd, 

I 
S -CS -N(CIH~), 

I 

s’ 
CS-NGHd, 

\ CS-NGHsJ 

II 

S-CS--NGH& 

I 
S-CO-NGHd, 

III 
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Table 1. Determination of cad- 
mium (mean and r.s.d. of 5 results) 

Taken, Found, r.s.d., 
moles wales % 

10.1 10.0 0.9 
20.3 20.3 0.5 
30.4 30.4 0.4 
40.6 40.6 0.4 
50.7 50.7 0.2 

Determination of cadmium and some heavy metals 

Table 1 shows results for the thermometric ti- 
tration of cadmium. The relative standard deviations 
are < 1% for 10-50 pmoles of cadmium (0.2-1.0 
mM). Some heavy metals which form relatively sta- 
ble complexes with DDTC, such as Cu2+, Pb2+, Ni2+ 
and Zn2+, can also be determined by this method. In 
the titration curve for copper(I1) considerable curva- 
ture is observed before the end-point, because cop- 
per(I1) catalyses the decomposition of hydrogen per- 
oxide. However, copper can be determined 
satisfactorily if 1 ml of O.lM EDTA is added to the 
titrand to mask the copper; the Cu-EDTA complex 
undergoes ligand exchange with DDTC but does not 
cause decomposition of the peroxide. 

CONCLUSION 

A new technique for increasing the clarity of the 
end-point in thermometric titration with DDTC has 
been developed. It is based on addition of hydrogen 
peroxide to the titrand, and its oxidation of excess of 
titrant after the equivalence point. This direct ther- 
mometric titration is simpler and more rapid than the 
indirect complexometric titration with indication by 
the manganese(I1) catalysed hydrogen peroxide- 
resorcinol reaction.* 
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Summary-Gold and silver are very effectively collected in copper after fire-assay fusion at 1200”. The 
resultant copper button is dissolved in perchloric acid and the parting solution is diluted with an equal 
volume of water. Both gold and silver are precipitated in the copper perchlorate medium by reduction 
with formic acid or hydroquinone. The two noble metals are collected, dissolved in acids, and determined 
by atomic-absorption spectrometry. The proposed procedure is simple, relatively rapid, and has been 
successfully applied to ores, concentrates, furnace products, and copper alloys. Recoveries compare 
favourably with those obtained by the classical lead cupellation method. 

Copper has been recommended by Beamish and his 
co-workers as a collector for platinum and pal- 
ladium,’ for iridium,* and for rhodium.3 There is no 
published paper on the fire-assay collection of gold 
and silver by copper. These two precious metals are 
usually determined in ores and concentrates by the 
traditional lead cupellation technique. Although their 
collection in molten lead is essentially complete, the 
subsequent removal of lead by cupellation introduces 
certain losses and errors for gold4x* and for silver,” 
which are compensated for by applying corrections. 
Moreover, the lead method is not applicable to 
samples with relatively large proportions of base 
metals.9~‘0 If the copper content of the sample is fairly 
high, slag retention and cupel absorption of gold and 
silver are appreciable; a high concentration of iron is 
detrimental because this metal cannot be removed 
during the cupellation but remains stuck on top of the 
cupel in the form of a ring Scotia, invariably retaining 
some of the gold and silver; with samples containing 
zinc, the loss of gold and silver in the slag during the 
fusion process is high. The lead method is also 
inadvisable for gold-bearing samples containing os- 
miridium, because spitting takes place during cupel- 
lation, causing losses of gold and silver and con- 
tamination of the surrounding samples. Nickel 
sulphide collection, as an alternative to the lead 
method, gives low and erratic results for gold,‘1-‘4 and 
silver cannot be determined in the nickel chloride 
parting solution.‘5 

These problems led to the decision to examine the 
possibilities of extending the copper collection 
techniquele3 to gold and silver. This paper demon- 
strates the high efficiency of copper as a collector of 
gold and silver, and describes a novel procedure for 
the recovery of the two noble metals from the copper 
assay buttons. 

EXPERIMENTAL 

Apparatus and reagents 

The fusions were done in a fire-assay electric furnace, with 

fireclay pots, size No 3. A Varian-Techtron AA375 atomic- 
absorption spectrophotometer was used for the absorption 
measurements. 

The flux for fire-assay was prepared by mixing 40 g of 
cupric oxide (powdered), 25 g of borax, 60 g of soda ash, 
10 g of silica and 2.0 of graphite (powdered). 

Procedures 

Preparation of copper button. The accurately weighed 
sample (l-30 g) is roasted on a thin silica bed at 750” to 
convert the sulphides into oxides. The roasted sample is 
mixed with 30 g of flux in a cellophane bag (cooking bag 
28 x 18 cm) and then the bag is folded fairly tightly to form 
a small packet which is placed in the fusion pot over a 30-g 
portion of flux and finally covered completely with the 
remainder of the flux (77 g). The pot is inserted in the 
fire-assay furnace, preheated to 1200”, and kept at this 
temperature for 1.5 hr. Carefully, and without shaking, the 
pot is removed from the furnace. and allowed to cool for cc. 
1 hr. The fireclay pot is then broken to free the copper 
button and any adhering slag is removed by tapping. 

Analysis of copper button. The clean copper button 
(ca. 30 g) is placed in an SOO-ml beaker and 300 ml of 70% 
perchloric acid are added and boiled for ca. 2 hr until all the 
copper has dissolved. The beaker is removed from the hot 
plate and allowed to cool to about 100”. The parting 
solution is diluted with 300 ml of water, with stirring. The 
diluted solution is brought to the boil and formic acid (20 
ml) or 0.25 g of hydroquinone (dissolved in a little water) 
is added slowly and with stirring. The gentle boiling is 
continued for 1 hr. After cooling in water for 1520 min, the 
mixture is left to stand for 1.5 hr in the dark to ensure 
complete precipitation of silver, and the precipitate is then 
filtered off on a 45-mm diameter 0.45-pm pore-size filter in 
a Millipore filter apparatus. After three or four washes with 
water, the filter disc and precipitate are transferred to the 
original SOO-ml beaker, 40 ml of aqua regiu are added and 
the mixture is boiled until the filter membrane is completely 
dissolved. The solution is evaporated to dryness in the 
presence of a little sodium chloride, then 20 ml of concen- 
trated hydrochloric acid and 5 or 6 drops of 100~volume 
hydrogen peroxide are added and the solution is boiled 
gently to dissolve all the gold and silver. The solution IS 
cooled and transferred to an appropriate size of standard 
flask (to give concentrations of 5-20 ppm of gold and l-5 
ppm of silver) and diluted to volume with 3M hydrochloric 
acid to prevent any precipitation of silver chloride. The 
atomic-absorption of gold and silver is measured at 242.8 
and 328.1 nm, respectively, and interpreted from the absorp- 
tion values for standard solutions of the two metals. 
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RESULTS AND DISCUSSION 

Preliminary investigations were undertaken to es- 
tablish the optimum proportions of flux constituents, 
particularly those of cupric oxide and graphite, which 
after fusion with the sample would produce copper 
buttons capable of collecting gold and silver quan- 
titatively and be of reasonable size (cu. 30 g), thus 
avoiding large buttons which would increase consid- 
erably the time necessary for dissolution by the 
parting acid. Accordingly, a number of fire-assay 
fluxes were salted with 20 mg each of gold and silver 
and fused to produce copper buttons as described 
above. The experimental data and the weights of the 
buttons are shown in Table 1. 

To check the efficiency of collection, each of the 
fusion slags was individually ground, mixed with lead 
flux and analysed by the classical lead assay. Only 
trace amounts of gold (< 20 pg) and silver ( < 15 pg) 
were retained in the slags. 

Furthermore, the lower part of the pot wall, which 
had been attacked by the flux during fusion, was also 
ground and analysed by the lead fire-assay but nei- 
ther gold nor silver was detected. As flux 5 (Table 1) 
appears the most advantageous, it was chosen for all 
further experiments. 

Behaviour of silver and gold during parting the copper 
button with perchloric acid 

A 30-g copper button containing 40 mg of silver, 
added as the powdered metal, was boiled with 300 ml 
of 70% perchloric acid in an 800-ml beaker. The 
dissolution of the button was complete after boiling 
for approximately 2 hr. After cooling to ca. loo”, the 
blue copper perchlorate parting solution was diluted 
with 300 ml of water, reboiled for 4-5 min and then 
cooled completely. This diluted solution was clear, 
and only a small white residue, which was identified 
as silica, was left undissolved at the bottom of the 
beaker. After filtration with a Millipore apparatus, 
the filter disc and residue were analysed. No silver 
was detected, thus indicating complete dissolution of 
silver by the parting acid and no retention of the 
precious metal by the siliceous residue. 

Analogous tests were done with copper buttons 
containing 10 mg of gold, added as metal powder. 
The hydrogen evolved during the dissolution of cop- 
per by the perchloric acid reduced part of the gold 
(-3.7 mg) to the metal, which floated as a brown 

sponge in the parting solution. When this test was 
repeated on copper buttons containing gold added as 
sulphide (leached copper-nickel matte), no partial 
precipitation of gold took place but the noble metal 
dissolved completely in the perchloric acid. It is 
evident that the behaviour of gold during the parting 
is dependent on the nature of the starting materials. 

Precipitation of gold and silver in the copper- 

perchloric acid parting solution 

Factors which could affect the completeness of 
precipitation of gold and silver in the copper 
perchlorate medium were investigated. Copper 
perchlorate parting solutions (300 ml) containing 10 
mg of silver were diluted with 300 ml of water. These 
diluted solutions were brought to the boil and formic 
acid (98-lOO%, 10 ml) or 0.25 g of hydroquinone 
(dissolved in 20 ml of water) was added, with stirring. 
The gentle boiling was continued for 45 min. After 
cooling in water for 15 min, the solutions were 
allowed to stand in the dark for different periods of 
time ranging from 15 min to 2 hr, and then filtered 
with the Millipore apparatus. Analysis showed no 
silver in the filtrates from the solutions which had 
been left standing for more than 1 hr. A similar 
procedure was applied for gold. Not even trace 
amounts of gold could be detected in any filtrate 
tested. A boiling time of 1 hr and standing time of 1.5 
hr were considered safer and are therefore recommen- 
ded. Precipitations were performed under these con- 
ditions with different amounts of reductant. Analysis 
of the filtrates showed that 10 ml of formic acid or 
0.25 g of hydroquinone sufficed for complete precipi- 
tation of at least 10 mg of each noble metal. 

The effect of perchloric acid concentration on the 
precipitation was also studied. Copper perchlorate 
parting solutions were diluted with different volumes 
of water (300,400 and 500 ml) and then treated with 
the reductants as before. Neither gold nor silver was 
found to be unprecipitated at any of three acid 
concentrations examined. To avoid inconveniently 
large working volumes, dilution of the parting solu- 
tion with an equal volume of water (300 ml) was 
adopted. 

Behaviour of foreign elements 

It was found that iron, nickel, chromium, lead, 
zinc, cobalt, bismuth and tellurium in copper- 

Table 1. Copper buttons 

Composition of flux 
Weight of 

Cupric oxide, Borax, Soda ash, Silica, Graphite, copper button, 
Flux g g g I? &? g 

1 65 25 60 10 3.5 52 
2 45 25 60 10 3.5 38 
3 40 25 60 10 3.0 35 
4 45 25 60 10 2.0 32 
5 40 25 60 10 2.0 30 
6 40 25 60 20 2.0 30 
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Table 2. Accuracy and precision 

Gold, mg Silver, fng 

Added Recovered Added Recovered 

9.98 10.02 10.01 9.98 
9.95 9.92 
9.96 10.04 

5.52 5.50 3.00 2.98 
5.46 3.00 
5.46 2.94 
5.52 2.98 

0.424 0.417 1.04 1.08 
0.419 1.02 
0.422 1.02 
0.415 1.04 

0.106 0.105 0.520 0.514 
0.101 0.520 
0.101 0.514 

0.053 0.056 0.130 0.132 
0.047 0.125 
0.050 0.128 

perchloric acid solutions, were not precipitated either 
by formic acid or hydroquinone; platinum, palladium 
and rhodium were. Selenium was precipitated by 
hydroquinone but not by formic acid. However, the 
platinum metals and selenium do not interfere in 
the determination of gold and silver by atomic- 
absorption spectrometry (AAS), if a uranium buffer 
solution is added.16 

Accuracy and precision 

To assess the accuracy and reproducibility of the 
method, copper fluxes salted with known milligram 
and microgram quantities of gold and silver were 
fused at 1200” as described, and the copper assay 
buttons analysed. The results given in Table 2 show 
good accuracy and precision. 

Analysis of various samples and comparison with the 

classical lead cupellation 

A number of samples of different origins, com- 
positions and ratios of noble metal content, were 
analysed for gold and silver by the copper collection 

Table 3. Comparison of copper and lead assay methods 

Results, pg/g 

Sample Method Gold Silver 

Gold ore Copper 18.3 15.8 
(30 8) Lead 18.5 15.7 

Concentrate Copper 1.77 x 103 202 
(10 8) Lead 1.75 x 103 196 

Carbon leader Copper 1.13 x lo3 142 
(5 8) Lead 1.15 x 103 148 

Refinery 
borax slag Copper 857 3.23 x 10’ 
(5 8) Lead 848 3.15 x lo3 

Jeweller’s sweeos Coouer 2.88 x 10“ 3.07 x lo4 

(0.5 8) - L&i 2.86 x 104 3.08 x lo4 

Average of three determinations. 

and lead collection methods. Only one fusion was 
used for the lead assay. For comparative purposes 
and to eliminate any errors which might have arisen 
from the use of different final measurement tech- 
niques, all measurements were done by AAS. Thus 
the gold-silver precipitates derived after formic acid 
reduction in the copper method and the gold-silver 
prills derived after cupellation in the lead method, 
were brought into solution with aqua regia and then 
converted into 3M hydrochloric acid solutions in 
which the two noble metals were determined by AAS. 
The results listed in Table 3 show that the copper 
collection procedure yields recoveries which compare 
favourably with those obtained by the lead method. 

CONCLUSION 

The copper fire-assay quantitatively collects gold 
and silver from ores and concentrates. It is widely 
applicable and useful for determining gold and silver 
in materials that cannot be taken through the tradi- 
tional lead assay. Of particular interest is the ana- 
lytical treatment of the copper collector. Once the 
copper assay button is obtained, the dissolution of 
copper and the recovery of gold and silver from the 
copper-perchloric acid parting solution are accom- 

plished with ease. This treatment itself represents a 
novel and attractive method for determining gold and 
silver in copper alloys. 

Acknowledgement-The author wishes to thank the General 
Manager of Rand Refinery for permission to publish this 
work. 
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ANALYTICAL DATA 

STUDIES ON FLUORESCEIN-V* 

THE ABSORBANCE OF FLUORESCEIN IN THE 
ULTRAVIOLET, AS A FUNCTION OF pH 

HARVEY DIEHL and NAOMI HORCHAK-MORRIS 
Department of Chemistry, Iowa State University, Ames, Iowa 50011, U.S.A. 

(Received 3 October 1986. Accepted 21 December 1986) 

Summary-The ultraviolet absorption spectum of an aqueous solution of highly-purified yellow 
fluorescein at ionic strength 0.10 has been measured at various pH values in the range from 0.15 to 8.70. 
The maxima at 227, 249 and 295 mn change little with pH, but the maximum found at 437 nm in acid 
medium changes greatly in absorbance and position on addition of alkali, resolving first into two maxima, 
at 455 and 475 nm, and finally becoming a single large maximum (at pH > 8) at 490 nm. A unique feature 
of the absorption at 437 nm is that all four prototropic forms of fluorescein, H,Fl+, H,Fl, HFl- and Fl-, 
absorb at this wavelength. The total absorbance at this wavelength first falls rapidly as the pH rises from 
0.15, reaching a minimum at pH 3.63, then increases to a maximum at pH 5.3, and finally falls to steady 
value at pH > 8.0. The absorbance as a function of pH is defined by seven constants: three dissociation 
constants (Knin = 6.61 x lo-‘, KHzn = 
(+ = 4.94 x 104, E&” = 1.20, x 104 

3.98 x 10m5, KHF, = 4.36 x IO-‘) and four molar absorptivities 
c uFI = 2.16 x 104 and cF, =7.61 x lo3 l.mole-‘.cm-I). Solutions of 

yellow fluorescein in water undergo rapid deterioration on exposure to daylight or fluorescent lighting but 
are stable in the dark. 

Three sets of values for the acid dissociation con- 
stants of fluorescein, calculated from absorption 
data, have been reported, as follows, 

PKH,FI PKH~FI PKHFI 

Zanker and Peter,’ 1.95 5.05 7.0 
water-dioxan mixtures; no 
attention to ionic strength 

Lindqvist, 2.2 4.4 6.7 
water only; ionic strength 
0.01 as far as possible 

Vig,’ 2.25 5.1 7.1 
water only; 
ionic strength 1.0 

It was Zanker and Peter who established the exist- 
ence of the four prototropic forms of fluorescein, 
H,Fl+, H,Fl, HFl-, F12-, but unfortunately they did 
not appreciate the great internal changes in structure 
and acid strength the fluorescein molecule undergoes 
on passing from a solvent of high dielectric constant 
to one of low. Lindqvist rejected their values for the 
dissociation constants on the basis that they were not 
applicable to his own work on the flash photolysis 
of fluorescein in purely aqueous medium, and repeated 
the absorption measurements at an ionic strength kept 
as close as possible to 0.01. Only the final values ob- 
tained by Vig have been reported (Bannerjee and Vig, 
p. 447, column 1, line 7), in a paper which deals with the 
polarography of fluorescein. Through the courtesy of 
Professor S. K. Vig, we have obtained photocopies of 
the appropriate pages of his dissertation’ and learned 
the details of his work, so far unpublished. 

*Part IV-H. Diehl, Talanta, 1986, 33, 935. 

Although in general agreement, the three sets of 
values appear to differ by more than would be ex- 
pected from experimental error and the differences in 
ionic strength. 

To calculate values for the dissociation constants a 
considerable volume of data from a family of absorp- 
tion spectra as functions of pH is required, and is not 
available in the papers of Zanker and Peter and of 
Lindqvist, where a few selected spectra at widely 
separated pH values are given together with sum- 
maries in the form of plots of absorbance at selected 
wavelengths as functions of pH. Vig’s dissertation 
gives a family of some 15 spectra at different pH 
values, but all on a single figure; the reproduction 
made available to us was small in size and un- 
fortunately the individual curves carried no 
identification, making interpretation impossible. 

What makes all this frustrating is that of the four 
prototropic forms only one, at first sight, appears 
associated exclusively with a single absorption 
band--the protonated species, H,Fl+, with the ab- 
sorption band at 437 nm. The differences in the 
dissociation constants of fluorescein are small and the 
absorption bands associated with the other three 
species overlap not only with each other but also to a 
considerable degree with the band at 437 nm. This 
creates problems which a careful reading of the papers 
cited reveals have neither been fully realized nor 
resolved. All the workers concerned are vague as to 
the precise wavelengths at which the absorbances 
were measured, and in the work of Lindqvist and of 
Vig, absorbances at an isosbestic point are used with- 
out justification. Some very serious discrepancies in 
repeating our own earlier measurements of the ab- 
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Table 1. Molar absorptivity of yellow fluorescein; concentration 
2.407 x 10m5M; ionic strength, 0.10; 2,, = wavelength of maximum ab- 

sorption (nm); t,, = molar absorptivity (I. mole -’ cm ’ ) 

pH 1.10 pH 4.60 pH 7.72 

1 
max 

6 
mm I max Gmx 1, max &lax 

227 4.24 x lo4 229 4.24 x lo4 237 4.05 x 104 
249 2.62 x 104 274 1.31 x lo4 282 1.31 x IV 
295 0.57 x 104 310 0.49 x lo4 320 0.86 x lo4 
437 4.72 x lo4 * * 

*Undergoes extensive change with pH; see text. 

sorption spectra alerted us to another source of 
trouble: the fairly rapid deterioration of stock sol- 
utions of fluorescein on exposure to daylight or 
fluorescent lighting. 

EXPERIMENTAL 

Reagents 

Yellow Juorescein. The preparation procedures followed 
were those described earlier.5 

Buffers. Buffers in the pH range l-4 were prepared from 
hydrochloric acid, dilutions being made with O.lOM potas- 
sium chloride to maintain constant ionic strength. The pH 
of the buffers was measured before and after addition of the 
fluorescein stock solution, by use of a Hach Expanded 
Range pH-meter with a Beckman glass electrode. The pH 
meter was standardized against standard buffer solutions of 
pH 1.68 and 3.56, prepared from potassium tetraoxalate and 
potassium hydrogen tartrate, respectively, according to the 
NBS prescriptions. 

Standard solutions. An accurately weighed quantity of 
0.8 g of yellow fluorescein was dissolved in 250 ml of 0.1024M 
sodium hydroxide. The pH was adjusted to 7 with O.lOM 
hydrochloric acid, and the solution was diluted to 1 litre 
with O.lOM potassium chloride and labelled Stock Solution 
I, 2.407 x lo-‘M. A volume of 100.0 ml of this solution was 
diluted to 1 litre with 0.10.W potassium chloride, giving 
Stock Solution II, 2.407 x 10-4M. After it was discovered 
that solutions of fluorescein deteriorate on exposure to 
daylight or fluorescent lighting, these stock solutions were 
stored in the dark. For the absorbance measurements, a 
lO.O-ml portion of Stock Solution II was taken, the buffer 
added, the pH measured, and dilution to 100.0 ml made 
with O.lM potassium chloride. Thus in every case, the 
concentration of the fluorescein was 2.407 x 10-sM and the 
ionic strength 0.10. The ionic strengths of the four solutions 
of pH i 1 (made by adding just the necessary volume of 1M 
hydrochloric acid) were, of course, greater than 0.10, but no 
record was kept of the actual ionic strength. 

Absorption measurements 

Absorption measurements were made with a Perkin- 
Elmer model 320 spectrometer with a l-cm fused-silica cell, 
over the range from 195 to 700 nm. The absorption spectra 
and related individual measurements (digital read-out with 
the wavelength drive shut off) at wavelengths slightly dis- 
placed on either side of the absorption maxima were made 
promptly with minimum exposure to light. Although there 
was no deterioration of the pH-7 solutions stored in the 
dark (no change in absorbance observable in 6 days), 
preparation and measurement of the final solutions was 
completed within 36 hr. 

RESULTS AND DISCUSSION 

Maxima in the absorbance were found (at pH 1 .OO) 
at 226, 241, 295 and 435 nm. The first three of these 

maxima change little with pH, Table 1. On the other 
hand, the maximum at 437 nm undergoes extensive 
change with pH. Our goal being to relate absorbance 
to the dissociation steps of fluorescein, our attention 
was devoted to this maximum. The effect of in- 
creasing pH on the characteristics of this absorption 
band is reported in Table 2. The measurements were 
made in two series, the first 18 values for pH 
0.15-3.40, and the other 22 for pH 3.60-8.70. Note 
that there is not a completely smooth variation of A 
with pH (owing to experimental error) in the pH- 
region 2.0-3.2, where there is overlap of the bands. 

Deterioration offluorescein in solution on exposure to 
light 

After discovering and confirming that our stock 
solution of fluorescein was undergoing relatively 
rapid decrease in absorbance, tests were made that 
showed that the deterioration was caused by ex- 
posure to light and that solutions of pH 7 stored in 
the dark were stable. More extensive tests showed 
that exposure in Pyrex standard flasks 6 ft below an 
80-W fluorescent lighting tube decreased the absorb- 
ance by 20% in 6 days, 35% in 10 days and 54% in 
6 weeks. In a further experiment with 2.407 x lO-‘M 
fluorescein at pH 1.05, the absorbances at the max- 
ima at 228, 250, 296 and 437 nm all deteriorated at 
the same rate, indicating a general breakdown of the 
molecule. 

The absorption band with a maximum at 437 nm 
at pH 1.00 shifts to longer wavelengths with in- 
creasing pH and decreases in height; a shoulder 
appears between 475 and 490 nm at pH 1.80, and 
grows with increasing pH, and at pH 4.80 separate 
maxima are present, at 455 and 475 nm; this band 
finally becomes, at pH > 8, a single major peak at 490 
nm. Table 2 gives the absorbances at five wavelengths 
for each of 40 values of pH between 0.15 and 8.70; 
these values were obtained with the wavelength drive 
turned off and thus with the best precision obtainable 
from the spectrometer. The measurements were made 
at the wavelengths specified and not at the absorption 
maxima. The absorbance at 464 nm was recorded 
because earlier workers had observed and made use 
of an isosbestic point at this wavelength. 

A unique feature of yellow fluorescein is that all 
four of the prototropic forms, H,Fl+, H,FI, HFll, 
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Table 2. Absorbance of yellow fluorescein at five wavelengths in the visible 
spectrum as a function of pH; concentration 2.407 x 10-5M; ionic strength 0.10; 

path length 1.0 cm 

Line No. pH IH+l Aa,, Am &.I Am A490 

1 0.15 
2 0.65 
3 0.70 
4 0.90 
5 1.00 
6 1.25 
7 1.50 
8 1.80 
9 1.95 

10 2.05 
11 2.10 
12 2.35 
13 2.40 
14 2.90 
15 2.98 
16 3.10 
17 3.22 
18 3.40 
19 3.60 
20 3.80 
21 4.00 
22 4.05 
23 4.25 
24 4.60 
25 4.80 
26 5.15 
27 5.50 
28 5.78 
29 6.00 
30 6.30 
31 6.50 
32 6.82 
33 6.92 
34 7.15 
35 7.40 
36 7.72 
37 7.88 
38 8.25 
39 8.50 
40 8.70 

7.009E-1 
2.239E-1 
1.995E-1 
1.295E-1 
O.lOOE-1 

1.187 0.490 0.185 
1.169 0.318 0.096 

0.033 
0.015 
0.019 
0.026 
0.025 
0.027 
0.030 

0.000 
0.000 
0.000 
0.000 

1.162 0.370 0.100 
1.145 0.368 0.104 
1.135 0.346 0.105 

0.370 0.109 
0.285 0.098 
0.299 0.092 
0.360 0.135 
0.294 0.094 

0.000 
0.010 5.620E-2 1.095 

3.162E-2 1.031 0.015 
1.585E-2 0.968 
l.l22E-2 0.854 
8.912E-3 0.804 
7.94OE-3 0.830 
4.466E-3 0.643 
3.98lE-3 0.667 
1.259E-3 0.456 
l.O47E-3 0.392 
7.943E-4 0.395 

0.033 0.018 
0.050 0.030 
0.053 0.031 

0.265 0.110 0.045 0.020 
0.260 0.108 0.060 0.034 
0.210 0.092 0.058 0.034 
0.182 0.108 0.090 0.050 
0.194 0.123 0.103 0.062 
0.195 
0.190 
0.212 
0.257 
0.294 
0.355 
0.358 
0.415 
0.506 

0.127 0.110 0.065 
0.126 0.069 
0.150 0.089 
0.209 0.120 
0.254 0.143 
0.322 0.180 

6.025E-4 0.364 
3.98lE-4 0.346 

0.139 
0.161 

2.512E-4 0.343 
0.347 
0.367 
0.367 
0.390 
0.427 
0.458 
0.474 
0.468 

0.216 
0.258 
0.323 
0.326 
0.386 
0.482 

1.585E-4 
1 .OOOE-4 
8.913E-5 
5.623E-5 
2.512E-5 
1.585E-5 
7.08OE-6 
3.162E-6 
1.660E-6 
1 .OOOE-6 
5.012E-7 
3.162E-7 
1.514E-7 
1.202E-7 
7.080E-8 
3.98lE-8 
1.906E-8 
1.318E-8 
5.623E-9 

0.326 0.182 
0.390 0.217 
0.491 0.277 

0.582 0.563 0.579 0.340 
0.639 0.628 0.656 0.426 
0.660 0.664 0.713 0.542 

0.680 
0.829 
1.107 

0.446 0.659 0.682 0.757 
0.419 0.649 0.692 0.796 
0.359 
0.322 
0.263 
0.241 
0.222 
0.216 
0.205 
0.194 
0.193 

0.620 
0.601 
0.569 

0.704 
0.710 
0.717 
0.720 
0.723 
0.724 
0.725 
0.728 
0.729 
0.731 

0.865 
0.905 1.276 
0.965 1.533 

0.557 0.988 1.633 
1.762 
1.753 
1.796 
1.858 
1.864 
1.879 

0.548 
0.545 

1.011 
1.017 

0.538 
0.533 
0.532 
0.533 

1.027 
1.043 
1.044 
1.049 3.162E-9 0.192 

1.995E-9 0.189 0.530 0.729 1.049 1.882 

and Fl*-, absorb at 437 nm. At this wavelength the 
absorbance falls rapidly as the pH rises from 0.15, 
reaches a minimum at 3.63, then rises to a maximum 
at pH 5.3, and thereafter falls, reaching a steady value 
at pH 8.0. Assuming that the system conforms to the 
Beer-Lambert and additivity laws, this function is 
defined by 

A437 = A ii,F~ @H+l + A H$‘l aH2Fl + A ;FI CIHFl + A ii %I 

the A terms marked by the superscript arrows (redun- 
dancy markers) being the working absorptivities of 
the respective forms and related to the molar absorp- 
tivities by multiplying the latter by the molar con- 
centration of the fluorescein. The tl terms are the 
fractions of the fluorescein present in the respective 
prototropic forms and are determined by the three 
dissociation constants, KH+.,, K,,, , K,, . The system 
is thus defined by seven constants. The experimental 
data in Table 2, column 4, are fitted closely by 

A,,, = 1. 190aH,n + 0.29oaH,F, + 0.52o’X,, + o.l833a, 

The a values are calculated by using KH,, = 6.607 x 
10-3; K,,, = 3.981 x 10-5; K,, = 4.364 x 10-7. 

The values for the seven constants were obtained 
by a series of approximations which are described in 
the following paper6 of this series. The standard 
deviation of the differences between the observed and 
calculated values of the absorbance is 0.0136. The 
concentration of fluorescein being 2.407 x IO-‘M 
throughout the measurements, the molar absorp- 
tivities of the four prototropic forms are: cH,” = 
4.94 x 104, CH*fl = 1.205 x 104, ~,,,=2.16x 104, 
+., = 7.61 x lo3 l.mole-‘.cm-I. 
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Summary - A method is proposed for the fluorometrlc determination of cyanide based on a 

fluorogenic reaction with 2,3-naphthalenedialdehyde and taurlne at basic pH. As little as 

10 pmole of cyanide in 500 ul of sample can be determlned. 

A fluorometric method for determination of cyanide with g-phthalaldehyde (OPA) and taurlne 

was proposed in our previous study.' We suggested that the sensitivity of the method could 

be improved by using 2,3_naphthalenedialdehyde (NDA) as a reagent instead of OPA. Recently, 

Roach and Harmony' reported that primary amino compounds could be converted into fluorescent 

1-cyano-2-alkylbenzisoindoles by using NDA and cyanide, with higher sensitivity than that 

obtained with OPA and 2-mercaptoethanol. The present work aimed at using the NDA reaction 

(Fig. 1) for determining cyanide. 

h'DA can be synthesized by the method of Ried and Bodem3 or Carlson et. 
4 

In borate-phosphate buffer (pH 7-11). cyanide gives an immediate green fluorescence 

with lZDA and primary amino compounds such as taurlne, alanine, methplamine and 2-amino- 

ethanol. Taurine was chosen as reagent for the same reason as described in the previous 

paper.' After examination of the various reaction conditions such as NDA and taurine 

concentrations and the pH, the following procedure is recommended. To 500 ul of aqueous 

sample solution add 500 ul of a 0.6my taurinelhmg NDA solution in 0.05! borate-O.lz phos- 

phate buffer (pH 9.0). Measure the fluorescence 

intensity at 460 nm with excitation at 418 nm. 

Fluorescence excitation and emission spectra CN' + 

of the product are shown in Fig. 2. Excitation 0S 

CHO 

CHO 
+ R-NH2 

is maximal at 418 nm and emission at 460 run. 

The fluorescence was stable for at least 1 hr at 

room temperature. N-R 

The calibration graph for cyanide was -ti 

linear In the range from 2 x 10 -8 to 1 x 10-3. Fig. 1. Fluorogenic reaction of 

?he relative standard deviations (n = 10) were 
cyanide with h'DA and primary amino 

2.0X for 1 x 10v71 cyanide and 1.6X for 
compounds. 

4 Y 
6 lo- 2. 
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A lOOO-fold molar ratio (to cyanide) of 

common anions and cations such as nitrate, 

sulphate, thiocyanate, calcium, magnesium and 

zinc did not interfere in the determination of 

1 x 10m6E cyanide. Sulphite, sulphide and 

thiols5 also react with NDA and taurine to form 

fluorescent compounds. The molar tolerance J 

ratios of sulphite, sulphide and N-acetyl- & 

cysteine were found to be 1, 100 and 10, z 
L 

respectively. Arginine also reacts with NDA,5 2 

and its tolerance ratio was found to be 1000. 
G 

The interference caused by sulphite, sulphide 

and thiols may be removed by masking with 

N-ethylmaleimide. 135 If necessary, a micro- - L 3 
I I I I 

diffusion method" may be applicable to avoid the 
J50 400 450 500 

Wavelength (nm) 
interferences. 

To test the utility of the method, cyanide Fig. 2. Fluorescence excitation and 
emission spectra of 1 fl_ cyanide complex. 

added to natural water collected from Sotobori 

in Shinjuku-ku (Tokyo) was determined. For 0.05 

and 2 nmole of cyanide added to 500 ul of water 

sample, 99-101% recoveries were obtained. 

The sensitivity of the method is greater than that of the other fluorometric methods 

based on usingp-benxoquinone,6 pyridoxal,' pyridine-barbituric acid8 and OPA,l and the 

procedure is simpler. Determination of cyanide in biological fluids is of interest, 
6,9,10 

and the application of the method for this purpose is under study. 

Acknowledgement - The authors are grateful to Dr. T. Miura, Hokkaido University for supplying 

the NDA. 
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The enormous increase in Raman-scattering cross-section produced by adsorption of molecules 

on rough surfaces, provides an analytical technique, known as Surface Enhanced Raman 

Scattering (SERS),l" of sensitivity comparable to that of conventional molecular adsorption 

or fluorescence spectrometry, with the additional major advantage of the selectivity inher- 

ent in vibrational spectroscopy. 

SERS by molecules adsorbed on silver hydrosols is of particular interest because of the 

simplicity of the substrate preparation, characterization and manipulation. 
394 However, 

the degree of enhancement is strongly dependent on the particle size and previous surface 

coverage of the colloidal suspension, and this imposes a rather severe restriction on the 

ultimate analytical usefulness of SERS. In fact, the rather poor precision of the measure- 

ments has not only prevented generalized quantitative analytical applications, but also 

adversely affected the reliability of the results in investigation of the effects of experi- 

mental variables on SERS signals. 

In a previous communication, 
4. It was shown that silver hydrosols, properly prepared at 

room temperature, could provide satisfactory precision if activated by partial coagulation 

with electrolytes. In this communication, quantitative analytical applications of SERS are 

reported. Good reproducibility (-3% RSD) is provided by the automated preparation and 

delivery of the sample to the measurement cell in a flow-injection system. Aminobenzoic 

acid (PABA) and 9-aminoacridine (AA) were employed as model compounds. 

EXPERIMENTAL 

The Raman system has already been described.3 A special flow-through cell was con- 

structed, consisting of a fused-silica tube (3 mm long, 0.5 mm bore) connected to a flow- 

injection chamber by Teflon tubing (0.5 mm bore). The flow-injection chamber (volume 

1.2 ml), placed after the 6-port sample injector, ensured homogeneity and reproducible mix- 

ing of the sample. Two peristaltic pumps were used to pump and mix the 0.002fl sodium 

tetrahydroborate and O.OOlE silver nitrate and push the resulting silver hydrosol through 

the system. A diagram of the FIA manifold is shown in Fig. 1. Solutions of AA were 

prepared in ethanol, and solutions of PABA in water-ethanol (60:40 v/v) mixture. All 

experiments were performed at room temperature. 

*Department of Analytical Chemistry, Faculty of Sciences, University of MQlaga, 29071 MAlaga, 
Spain. 

+Laboratoire des eciences Analytiques, UniversitC de Lyon 1, 69622 Villeurbanne, France. 
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20 cm Valve 

Silvei Sodium 
nitrate tetra- 

hydroborate 

Monochromator 

PMT 

Polarized laser 

beam (514.5 nm) 

Fig. 1. The FIA manifold 

RESULTS AND DISCUSSION 

The SERS spectra of PABA and AA, obtained by stopping the flow when the analyte reaches 

the sample cell, are shown in Fig. 2. The PABA spectrum presents the same vibrational 

features as the spectra obtained under static conditions and reported elsewhere. 495 The 

SERS spectrum of AA is reported here for the first time. Both spectra were obtained by 

injecting 20 ~1 of the acidified sample into the hydrosol stream. The same spectra were 

obtained with neutral samples, but the concentration had to be increased at least tenfold 

for the signal-to-noise ratio to be as high as for the acidic samples. Thus, as under 

static conditions, a high analytical sensitivity requires activation of the silver hydrosol 

with electrolyte (in this case an acid). 

Activation of the colloidal silver particles was slow, as indicated by the strong 

influence of flow-rate on the height of the peaks. A total flow-rate of 2 ml/min resulted 

in a small peak for PABA. The peak height increased with decreasing flow-rate, but if the 

flow-rate was too low (e.g., %0.3 ml/min), the peak height decreased again as a result of 

excessive coagulation and deposition of the sol-adsorbate system on the walls of the tubing. 

SERS signals for six successive injections of lo-ug/ml PABA are shown in Fig. 3. The 

relative standard deviation of the peak height was 3.2%, showing the good precision achieved 

with the system. There was a linear relationship between SERS peak signal and PABA concent- 

ration over the range 4-100 ug/ml. However, after repetitive injection of samples, a 

residual signal was obtained for a blank of acidified solvent, apparently because of contam- 

ination of the flow-cell walls with silver particles carrying an adsorption layer of analyte: 

the spectrum obtained by stopping the flow after a blank injection was the SERS spectrum of 

PABA. The increased blank signal was.found to be a cumulative effect, requiring the clean- 

ing of the whole system with nitric acid (40% v/v) after about 3 hr of running (lo-15 

injections). 

The system reported here seems to overcome many of the precision problems associated 

with SERS in colloidal suspensions. It not only allows the effect of experimental variables 

to be studied reliably, but permits quantitative analytical applications to be developed. 

In addition, the problem of decomposition, frequently associated with the intense laser 
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by flow through the cell. 

Fig. 2. SERS spectra for (a) lo-ug/ml PABA 

and (b) 4+g/ml AA; both solutions were 

made O.O27M_ in nitric acid, and the analytes 

adsorbed on silver hydrosol. 

fields employed in SERS experiments, is avoided because of the continuous renewal of sample 

1600 1500 1400 1300 

Roman shift (cm-‘) 

Fig. 3. SERS signals from injection 

of 20 1.11 of PABA (sample as in Fig. 2). 

Raman shift fixed at 1605 cm -1 . Flow- 

rate 0.7 ml/min. 

0 10 20 30 
Time (min) 

Acknowledgement - Research supported by NIH 5-ROl-GM11373-23. 

REFERENCES 

1. H. Metiu, Prog. Surface Sci., 1984, l7, 153. 

2. J.I. Gersten and A. Nitzen, Surface Sci., 1985, 158, 165. 

3. E.L. Torres and J.D. Winefordner, Anal. Chem., in the press. 

4. J.J. Laserna, E.L. Torres and J.D. Winefordner, Anal. Chim. Acta, in the press. 

5. J.S. Suh, D.P. Dilella and M. Moskovits, J. Phys. Chem., 1983, 87, 1540. 



Talonto, Vol. 34, No. 9, pp. 749-756, 1987 53.00 + 0.00 
Printed in Great 

0039-9140/87 
Britain. All rights resewed Copyright 0 1987 Pergamon Journals Ltd 

COMPUTER-ASSISTED OPTIMIZATION OF HPLC 
WITH POST-COLUMN REACTION FOR THE 

DETERMINATION OF AMINO-ACIDS 

S. AL-NAJAFI*, C. A. WELLINGTON?, A. P. WADES, T. J. SLY§ and D. BEITERIDGE~ 

The Chemistry Department, University College Swansea, Singleton Park, Swansea, Wales 

(Received 11 February 1986. Revised 16 March 1987. Accepted 3 April 1987) 

Summary-Computer-assisted optimization of a high-performance liquid chromatograph and associated 
post-column reactor is reported for the determination of six amino-acids. First six, then seven, 
experimental variables were considered. Non-standard experimental conditions were found which gave 
significantly improved colour development in the ninhydrin reaction. The composite modified simplex 
method for experimental optimization and a novel system-response function facilitated rapid and 
simultaneous improvement of separation, sensitivity and analysis time. The approach described is directly 
applicable to many similar systems. 

The reaction of 1,2,34ndanetrione monohydrate 
(mnhydrin) with amino-acids to form Ruhemann’s 
purple has been used extensively for routine analysis 
ever since the classic work of Moore and Stein’ and 
Spa&man et al.’ The recommended experimental 
conditions for the reaction @H, temperature, nin- 
hydrin and stannous chloride concentrations, etc.) 
seem highly dependent on the amino-acid(s) under 
study.“’ Until now, all investigations of the reaction 
have been univariate in nature, and so have not 
rigorously considered possible interaction of 
experimental variables. A limited multivariate study5 
indicated that, for some groups of amino-acids, the 
standard conditions 1*2 did not yield the highest 
intensity of colour. This was considered worthy of 
further investigation. 

For this study, a set of six amino-acids (glycine, 
methionine, phenylalanine, tryptophan, isoleucine 
and leucine) was chosen. These were considered to be 
representative of five general classes of amino-acids in 
that they were, respectively, a simple aliphatic, a 
sulphur-containing amino-acid, an aromatic, an 
amino-acid containing more than one nitrogen atom, 
and finally two isomers. 

The apparatus used was a high-performance liquid 
chromatograph (HPLC) coupled with a post-column 
reactor (PCR) (see Fig. 1). It was decided to optimize 
the reaction in the PCR and, at the same time, 
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improve the chromatographic separation of the 
amino-acids. The HPLC and the PCR cannot be 
considered as independent systems since (i) the 
flow-rate and composition of the effluent from 
the column affect both the chemical reaction and the 
physical dispersion characteristics in the PCR, and 
(ii) the PCR itself causes broadening of the bands 
eluted from the column. Combination of two non- 
independent analytical systems is likely to double the 
number of experimental variables to be considered. A 
novel aspect of the work reported here is the opti- 
mization of the complete HPLC/PCR apparatus us a 
single system. 

Initially, six experimental variables were con- 
sidered; these were the pH, temperature, solvent 
composition (% propan-1-ol), ninhydrin and stan- 
nous chloride concentrations of the PCR reagent 
stream, and the pH of the HPLC eluent. Starting 
conditions for the optimization were the best of 
those obtained by “trial and error”. Then, in a 
seven-variable study, the PCR temperature was held 
constant and the HPLC eluent flow-rate and com- 
position were added to the variables listed above. The 
length of the PCR and the colour reagent flow-rate 
were not readily variable. 

Optimization of relevant experimental systems 

The hazards of univariate optimization methods 
(in which each variable in turn is changed while all 
others are held constant) are now well documented.69 
Multivariate methods, which search by simultane- 
ously changing more than one factor, are better able 
to deal with interacting variables and are usually 
more efficient9 They are to be preferred for the 
optimization of chemical systems which have several 
variables. Modified simplex optimization6 is one such 
multivariate method which has been extensively and 
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effectively used in analytical chemistry.” Many vari- 
ants on the basic algorithm exist.8.9~“~19 The version 
used in this work was the Composite Modified Sim- 
plex (CMS) method of Betteridge et al.**9 which has 
been implemented on a variety of microcomputers.’ 

DemingrO noted that the systems which change the 
order in which components are eluted from a column 
can complicate the optimization process: at low elu- 
ent pH, peak A may be eluted before peak B (good 
chromatography); at medium pH they may be co- 
eluted (bad chromatography); their order may be 
reversed at a higher pH (good chromatography). This 
good-bad-good sequence indicates a valley on the 
optimization response surface. If several pairs of 
components change their elution order the response 
surface may be highly complex.2’ Though this hinders 
the search for the global optimum, a good opti- 
mization method is usually still able to obtain a 
substantial improvement over conditions selected by 
“trial and error”, and do so within a reasonable 
number of experiments. 

Several groups have applied simplex optimization 
to HPLC and PCR systems separately. Betteridge 
and co-workers developed an HPLC/PCR system for 
carbohydrates, ,22 they then sought the optimum con- 
centrations for acrylonitrile and alkali in the PCR, 
and rapidly improved the sensitivity of the method by 
a factor of three. 23 Deming et al. optimized two 
variables of a gas-liquid chromatography system, for 
samples containing up to five components.24 Berridge 
optimized two- and three-variable HPLC systems for 
samples containing up to four components.25 Rainey 
and Purdy optimized HPLC systems with two vari- 
ables (two- and seven-component samples) and 
four variables (five-component sample).26 Recently, 
Crouch and Ratanathanawongs used the CMS 
to optimize a PCR specific for phenols.27 Berridge 
has recently thoroughly dealt with the subject of 
automated chromatographic optimization.28 

Choice of system response function 

Optimization of any analytical technique requires 
that some response be chosen which indicates the 
merit of a given set of experimental conditions.*s9 
Response functions combine two or more analytical 
responses to give a single weighted merit value. 
For chromatographic systems, this must reflect the 
perceived quality of the chromatogram produced. 
Several “chromatographic response functions” 
(CRFs) have been reported.2’26s2’3’ Response func- 
tions have also been used in simplex optimizations of 
other analytical techniques.**9*32s33 In this work, a 
system response function (SRF) was chosen which 
considered both the separation and the post-column 
reaction with a view to finding conditions which 
would maximize resolution and sensitivity, and 
minimize the time per analysis. 

*c is related to the resolution, R,, after post-column 
reaction, by R, = 2cW,/( W, - IV,_, ), for i from 2 to j. 

Consider a sample containing j components. Let 
ti be the time taken for the ith component acid 
to traverse the system, Ati the time elapsed between 
the detection of two consecutive components (At, 
= ti- ti_‘), and hi the height of the ith peak. By 
definition, the time of injection is to = 0. The baseline 
width (in min) of the ith peak, Wi, increases with 
residence time and is dependent on the prevailing 
experimental conditions. The chosen ideal separation 
in time for two peaks, Aticid,‘), is then defined as 

where c is a constant which defines the degree of peak 
separation.* Thus c = 0 would indicate total overlap 
(no chromatographic separation); c = 1 corresponds 
to adjacent peaks being just separated on the baseline 
(good chromatography). 

The system response function (SRF) is then given 
by 

SRF = i hi/[(Ati - Ati(idea,))2 + l] 
,=I 

The divisor is minimal (unity) when all peak maxima 
are separated by c baseline peak-widths, i.e., 
Ati = Attided,. The SRF value is decreased by too long 
an analysis time and by too much peak overlap. 
Higher hi values will enhance the function value and 
will result from improved post-column reactor per- 
formance (more intense colour, less dispersion) and 
from decreased analysis time (less band broadening). 
The relative significance of separation quality, analy- 
sis time and sensitivity assumed by this function may 
be modified by inclusion of appropriate weighting 
factors defined by the user. 

EXPERIMENTAL 

Reagents 
All chemicals were reagent grade. Doubly distilled water 

was used throughout. A potassium dihydrogen phosphate 
buffer solution (O.OlM, in 1% propan-l-01, adjusted to pH 
2.7 with phosphoric acid) was prepared. Amino-acid stock 
solutions were prepared in the phosphate buffer: glycine 
O.O25M, L-methionine O.OSM, L-isoleucine O.O5M, L-leucine 
O.O5M, L-phenylalanine 0.05&f, L-tryptophan O.O5M, and a 
mixture containing equal volumes of each. The HPLC 
eluent was O.OlM phosphate buffer as above, adjusted to the 
required pH with phosphoric acid or potassium hydroxide. 
The reagent solution contained appropriate concentrations 
of ninhydrin and stannous chloride dihydrate in O.lM 
phosphate buffer. After addition of the stannous chloride 
dihydrate, this solution was left for I hr in an ice-bath to 
allow any precipitation to occur. All solutions were filtered 
(Whatman No. 1 or No. 42 filter papers) and stored at below 
5” in the dark. Solutions were degassed in an ultrasonic bath 
for at least 20 min prior to use. 

Apparatus 
The apparatus was set up as in Fig. I. The HPLC 

apparatus was composed of a pump (Altex model 1lOA 
single-head), a sampling valve (Rheodyne type 7125, 20-~1 
loop, Rheodyne Inc., Cotati, USA) and a 5-pm octadecyl- 
silica column (ODS-Hypersil, length 250 mm, bore 4.6 mm). 
The column and eluent reservoir were kept at 50” in a water- 
bath. The eluent reservoir was fitted with a condenser to 
eliminate evaporation of solvent. Eluent was drawn through 



Computer-assisted optimization of HPLC 751 

TE 

Fig. 1. Schematic diagram of the HPLC/PCR apparatus. Hatched enclosures indicate temperature 
by water-bath. 

control 

a stainless-steel gauze in-line filter. A minimal length of 
0.2-mm bore stainless-steel tubing was used to connect the 
injection valve to the column. The PCR reagent stream was 
drawn through an in-line tube filter (Gradko) by a peristaltic 
pump (LKB Multiperpex model 2115). The PCR reaction 
coil was a fixed length of stainless-steel tube (2 m, 0.508 mm 
bore) which was set in a helical groove on a 75mm diameter 
aluminium cylinder placed in a thermostatically controlled 
water-bath ( f O.l”C). The photometric detector had a path- 
length of 1.2 mm and used a green LED light-source and a 
phototransistor detector mounted transversely on a clear 
plastic tube. Its design and construction have been reported 
elsewhere.” The emission of the LED (maximum 565 mm, 
bandwidth 15 nm) closely matched the absorbance maxi- 
mum of the purple product (570 nm) in wavelength. The 
polytetrafluoroethylene (PTFE) back-pressure coil was 3.75 
m long, with a bore of 0.5 mm. The connecting tubing after 
the column was a minimal length of 0.8-mm bore PTFE. 
Optimization calculations were done on a Commodore 
SuperPET 9000 microcomputer system. Software was writ- 
ten in BASIC and is available from its authors.’ 

Method 

Each day, before use, the column was flushed with 
redistilled water for 1 hr to remove any propan-l-01. Then, 
for each set of experimental conditions, the required HPLC 
eluent and reagent solution were prepared and 50 ml of the 
appropriate eluent mixture were passed through the column 
to ensure equilibrium with the stationary phase. Then 
20 ~1 of each amino-acid solution and of the mixture were 
separately injected into the column, with 3-5 replicate 
injections for each. In the six-variable study, the eluent 
flow-rate was fixed at 1 ml/mm. The column effluent merged 
at a T-piece with a 0.44-ml/mm stream of ninhydrin reagent 
solution. The reagent flow-rate was kept slow to minimize 
post-column band-broadening. The product was detected 
photometrically downstream and the resultant trace 
recorded. Before going to waste, the solution passed 
through a “back-pressure” coil. This raised the pressure in 
the PCR to minimize bubble formation from the heated 
solvent and thus decrease the noise evident on the trace. The 
peak heights and times from injection to detection were 
recorded and averaged. After use, the apparatus was flushed 

with doubly distilled water for at least 30 min and then with 
propan-l-01 for at least 20 min to reduce the risk of damage 
to the pump seals and column from precipitated stannous 
phosphate. 

Oplimizalion 

To start the optimizations, it was necessary to define the 
system response function and enter the following data into 
the microcomputer: 

l the system variables to be considered, 
l a range for each variable, within which the search is 

constrained, 
l an estimate of the measurement precision for the vari- 

ables, 
l the size for each variable in the initial simplex, 
l a set of conditions for the initial experiment. 

The values are shown in Table 1. For an n-variable opti- 
mization, n + 1 experiments are required to set up the first 
simplex. After the initialization data had been entered, the 

Table 1. Range and measurement precision for each variable 

Measurement 
Variable Range precision 

PCR temperature (“C)* 83-20 0.1 
Propan-l-01 in reagent 

solution (% u/c) Cl00 0.05 
Concentration of 

ninhydrin in reagent 
solution (M) 0.002842806 0.0001 

Concentration of 
stannous chloride in 
reagent solution (M) 040443 0.0001 

HPLC eluent pH 2.445 0.05 
Reagent solution pH 10.0-2.5 0.05 
HPLC eluent flow-rate 

(ml/min)t 0.1-2.5 0.01 
Propan-l-01 in HPLC 

eluent (% o/u)? O-100 0.05 

*Value fixed for seven-variable optimization. 
tValue fixed for six-variable optimization. 
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program calculated the sets of experimental conditions to be 
used for the initial n + I (here seven and eight) experiments. 
These experiments were performed by the operator and the 
results were entered. The program then calculated con- 
ditions for the next experiment, and this was done, the 
results being entered and a new set of conditions computed 
to continue the optimization. Optimization was halted when 
several experiments ceased to give further improvement in 
system response. This interaction of operator and computer 
has also been reported elsewhere.‘+ The operator had no 
previous computer experience but found the optimization 
program easy to use. Minor code modifications were re- 
quired to facilitate the automatic calculation of the response 
from the time and peak-width data. 

The system response function used a value of c = 1.5, to 
preclude insulhcient penalization of conditions giving too 
much overlap. In the six-variable case, peak-widths were 
calculated from ri, by use of an experimentally determined 
first-order relation IV, = O.O914r,. In the seven-variable case 
the peak-widths were measured by hand from the chart- 
recorder trace and entered directly into the microcomputer. 

The search limits were chosen from experimental consid- 
erations. For example, the maximum PCR temperature was 
set at 83” to protect the detector flow-cell from damage and 
minimize the formation of vapour bubbles from the organic 
solvent component. 

RESULTS 

Tables 2-4 indicate the experiments done and the 
full sets of results obtained in the six-variable study. 
The complete data sets for the seven-variable study 
are given elsewhere35 and, for reasons of brevity, are 
not repeated here. The findings for both studies 
(initial and final experimental conditions, responses, 

times per analysis and improvement in sensitivity for 
each amino-acid) are summarized in Tables 5 and 6. 

Six-variable system 

A total of 25 experiments was performed. No 
change in elution order was observed. An order of 
magnitude increase in the response function was 
achieved. This corresponded to sensitivity increases 
between 8-fold and 44-fold for individual amino- 
acids. The sensitivities for isoleucine and leucine 
under the conditions of best overall response (experi- 
ment 15) were improved by factors of 30.3 and 18.7 
respectively. For these two amino-acids, the condi- 
tions for experiment 16 were even more favourable, 
giving 45.7-fold and 28.6-fold increases. An average 
detection limit of better than 1OnM was obtained. 
The residence time of the slowest eluting component 
was reduced from 16.1 min to 10.3 min. Figure 2 
shows the trace obtained for the mixture under the 
best conditions found (experiment 15). Acceptable 
separation was obtained for all components except 
the leucine-isoleucine isomeric pair. 

Confirmatory experiments. Most workers use nin- 
hydrin at about pH 5. Since the best response was 
found at pH 7.6, two further experiments were de- 
sirable. First, experiment 15 was repeated. The re- 
sponse obtained was in good agreement with the 
previous value of 1656. Then the same conditions 
were tried, but with the reaction at pH 5.1-5.15. This 
resulted in a response of only 728 and confirmed that 
the higher pH was preferable. 

Table 2. Experimental conditions and response function values for the six-variable system 

PCR PCR PCR PCR PCR 
Expt. temp., propanol, ninhydrin, SnCl, , HPLC reag. Response pH of 
No. “C % M mM PH PH SRF reaction 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

74.0 1.00 0.1684 
64.1 1.00 0.1684 
69.5 1.80 
69.5 1.30 
69.5 1.30 
69.3 1.30 
69.0 1.30 
80.1 1.25 
82.2 1.40 
82.2 0.90 
82.2 0.65 
82.2 0.25 
82.2 0.00 
82.2 0.00 
83.0 0.00 
83.0 0.00 
83.0 0.00 
83.0 0.00 
83.0 0.50 
83.0 0.16 
83.0 0.00 
83.0 0.19 
83.0 0.16 
83.0 0.20 
83.0 0.07 

Confirmatorv exneriment: 

0.1684 
0.2133 
0.1853 
0.1853 
0.1854 
0.1809 
0.1876 
0.2058 
0.1882 
0.1923 
0.1987 
0.2002 
0.2198 
0.2359 
0.2223 
0.2437 
0.2408 
0.2466 
0.2646 
0.2172 
0.2311 
0.1904 
0.2462 

4.4 2.60 6.70 
4.5 2.60 6.60 
4.4 2.55 6.70 
4.4 2.45 6.75 
5.8 2.50 6.70 
5.0 3.10 6.70 
4.9 2.80 6.60 
4.1 2.70 6.75 
4.9 2.10 6.85 

I 5.4 2.85 6.90 
6.2 3.25 7.10 
6.0 3.90 7.35 
6.9 4.35 7.80 
7.1 4.70 8.05 
7.9 5.25 8.10 
9.9 6.55 8.90 
9.9 6.50 9.15 1332 
9.8 6.50 9.25 1282 
9.5 6.50 8.80 1557 
9.7 6.45 8.70 1649 

11.6 6.45 9.65 1387 
8.1 5.25 7.70 1515 
7.1 5.20 7.45 1449 
5.3 4.75 6.75 706 

10.0 6.00 8.95 1240 

170 
44 
61 
69 
91 

104 
117 
239 
283 6.20 
532 6.40 
604 

1222 
1141 
1206 
1656 
1606 

5.65 
5.50 
5.20 
5.05 
5.50 
6.25 

6.05 

6.75 
7.00 
7.25 
7.40 
7.60 
8.60 
- 

8.80 
8.25 
8.15 
8.40 
1.35 
7.20 
6.00 
8.00 

26 83.0 0.00 0.2198 7.9 5.25 5.10 728 5.15 



Computer-a~ist~ optimi~tion of HPLC 7.53 

Table 3. Average peak heights (mm) for each amino-acid (six-variable study) 

Expt. 
No. Glycine Methionine Isoleucine Leucine Phenylalanine Tryptophan 

1 186 203 29 49 67 35 
2 48 52 6.5 13 20 Il.7 
3 62 84 12.5 24.5 18.5 
4 89 72 12.5 :: 23.3 11.5 
5 104 110 14 29 33 18 
6 106 122 13.5 22.5 47 24 
7 130 156 22.5 31 51 30 
8 310 238 12.7 32 38 17 
9 422 262 8.3 18 22 11.5 

10 705 600 20.3 34 62 25 
11 683 843 39 149 317 161 
12 119.5 1083 385 748 935 1160 
13 1275 860 177 613 900 1255 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

1250 
1473 
1298 
1102 
1093 
1353 
1432 
505 

1368 
1310 
680 

1120 

1140 172 410 
1617 880 915 
1412 1324 1402 
1125 1050 1155 
1083 1041 1139 
1360 1117 1303 
1473 1170 1302 
412 322 393 

1437 777 980 
1429 633 850 
860 66 193 

1167 740 980 

880 
1082 
973 
695 
658 
850 
993 
287 
937 
907 
540 
680 

1243 
1555 
1407 
1130 
1057 
1283 
1337 
500 

1310 
1160 
608 

1235 

Confhmatory experiment: 
26 598 893 292 478 478 530 

Table 4. Average time from injection to detection (min) for each amino-acid (six-variable study) 

Expt. 
No. Glvcine Methionine Isoleucine Leucine 

: 

4 
5 
6 
7 
8 
9 

10 
11 
12 

3.00 
3.00 
3.00 
3.10 
3.00 
3.00 
3.07 
3.00 
3.05 
3.03 
3.05 
2.95 

4.20 
4.20 
4.17 
4.20 
4.10 
3.97 
4.10 
4.13 
4.13 
4.13 
4.00 
3.87 

5.80 
5.77 
5.70 
6.00 
5.70 
5.15 
5.30 
5.55 
5.57 
5.50 
5.00 
4.83 

6.20 
6.10 
6.20 
6.40 
6.30 
5.45 
5.67 
6.10 
6.07 
5.90 
5.30 
5.07 

8.90 
8.80 
9.05 
9.00 
8.95 
8.10 
8.05 
8.47 
8.50 
8.30 
7.35 
7.23 

Tr~tophan 

16.15 
16.10 
16.70 
16.95 
16.55 
14.00 
14.00 
15.30 
15.35 
14.60 
12.13 
11.25 

13 3.03 3.87 4.77 5.03 7.07 11.00 
14 2.97 3.70 4.50 4.75 6.97 10.60 
15 3.00 3.70 4.33 4.55 6.93 10.27 
16 3.00 3.77 4.30 4.47 6.80 9.90 

f: 
2.97 3.70 4.23 4.37 6.67 9.83 
3.00 3.70 4.27 4.50 6.77 9.87 

19 3.00 3.77 4.27 4.47 6.67 9.77 

:: 
3.00 3.80 4.33 4.55 6.83 10.00 
3.02 3.83 4.37 4.60 6.83 10.10 

:: 
3.00 3.80 4.27 4.47 6.90 10.10 
2.97 3.75 4.25 4.45 6.83 10.02 

24 3.00 3.73 4.35 4.67 6.90 10.33 
25 3.05 3.85 4.35 4.53 6.87 9.90 

Confirmatory experiment: 
26 3.00 3.70 4.30 4.50 6.90 10.30 
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Table 5. Initial and best conditions, time per analysis and response function values 

Experiment No. 

Six variables 

1 15 
(Initial) (Best) 

Seven variables 

1 
(Initial) &t) 

Temperature (“C) 
Propan- 1-01 in 
reagent stream (% u/u) 
Ninhydrin in 
reagent stream (M) 
SnCl, in 
reagent stream (M) 
HPLC eluent pH 
Reagent stream pH 
HPLC eluent flow-rate 
(mllmin ) 
Propan-1-01 in 
HPLC eluent (% u/u) 
Reagent stream 
flow-rate (mllmin) 

74.0 

1.00 

0.1684 0.2198 0.1853 0.2178 

0.0044 0.0079 0.0058 0.0080 
2.60 5.25 4.50 4.65 
6.70 8.10 7.00 8.70 

t.oo* 

1 .oo* 

0.44* 

83.0 

0.00 

l.OOf 

1.00; 

0.44* 

83.0* 

0.08 

1.00 

1.00 

0.44’ 

83.0* 

0.80 

0.90 

1.00 

0.442 

Slowest component 
(t, min) 
pH after detector 
(reaction pH) 

16.15 10.27 10.75 12.00 

5.65 7.60 6.70 8.20 

SRF 170 1656 1210 5332 

*Values not varied. 

Table 6. Sensitivity (peak height, mm) improvements for each amino-acid 

Six variables Seven variables 

Experiment No. 

Glycine 
Methionine 
Isoleucine 
Leucine 
Phenylalanine 
Tryptophan 

SRF 170 1656 1210 5332 

1 15 I 15 
(Initial), (Best), (Initial), (Best), 

mm mm mm mm 

186 1473 925 1825 
203 1617 793 1808 

29 880 93 1600 
49 915 104 1595 
67 1082 458 1335 
35 1555 650 1593 

Seven -variable system 

For these experiments the temperature of the col- 
umn and reaction coil was fixed at 83”, the upper 
experimental boundary. This was on the basis of the 
findings of the six-variable optimization, and because 
higher temperatures are likely to decrease longi- 
tudinal dispersion and enhance reaction rates.3”38 
Nineteen experiments were done. No change in elut- 
ion order was observed. Figure 3 shows the trace for 
the best conditions found. The optimum pH for the 
ninhydrin reaction was 8.2 and represented a further 
improvement over the conditions arrived at by the 
six-variable study. 

DlSCUSSlON 

The performance of both the six- and seven- 
variable systems was markedly and rapidly improved 
by CMS. An eluent flow-rate of 1 ml/min and reagent 
flow-rate of 0.44 ml/min fixed the time spent in the 
PCR by each amino-acid at about 20 sec. This must 

be compared with the many minutes that commercial 
amino-acid analysers assign to the ninhydrin reac- 
tions. Acceptable colour formation was achieved 
(Figs. 2 and 3). 

The seven-variable study gave rise to further im- 
provements in sensitivity over that obtained in the 
six-variable study. Trends in the response due to 
variables common to both optimizations were the 
same for all variables except one. Such agreement has 
been noted elsewhere.’ The exception was the concen- 
tration of propan-l-01 in the reagent stream, which 
was thought to have a comparatively minor effect 
over the range studied. 

The isoleucine-leucine isomeric pair was only 
partially separable with this apparatus. Optimization 
methods can only make the best of the chosen ana- 
lytical apparatus and method. A more appropriate 
system specification or design can result in substantial 
gains in performance, which can then be further 
improved by experimental optimization.* 

The behaviour of the amino-acids was examined 
for each individually, and the problem of estimation 
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I I I I 1 1 I 
12 10 6 6 4 2 0 

Time (min 1 
Fig. 2. Trace obtained for the amino-acid mixture under the 
best conditions found by the six-variable optimization. 
Column ODS (Cla, 250 x 4.6 mm); eluent O.OlM phosphate 
buffer containing 1% v/v propan-l-01; pH = 5.25; flow-rate 
1.0 ml/min; temperature 50°C. Post-cohunn conditions: 
0.2198M ninhydrin reagent in O.IM phosphate buffer at 
pH 8.10; 0.0079M stannous chloride with no propanol in 
reagent solution; reaction temperature 83°C. Peaks: 
1 = glycine; 2 = methionine; 3 + 4 = isoleucine and leucine; 

5 = phenylalanine; 6 = tryptophan. 

of the width and height of overlapping peaks during 
the optimization was thus avoided. In other systems 
such care might not be possible or desirable. An 
improved approximation for the relationship of 
peak-width to time would then be useful. Also, a 
PCR working at higher pressure and temperature 
would further enhance the sensitivity4 and decrease 
vapour-bubble problems. 

Calculations indicated that the sample dispersion 
for this HPLC/PCR system was approximately 
double that for a similar HPLC/PCR system 
for phenols recently reported by Crouch and 
Ratanathanawongs. 27 These workers used an air- 
segmented PCR, and were able to show that band- 
broadening in the PCR was minimal. This was not 
the case with the unsegmented reactor used here. 
However, the absence of air bubbles simplified the 
experimental system. 

CONCLUSIONS 

Rapid computer-assisted optimization of an HPLC 
separation and subsequent determination of a se- 
lected group of amino-acids post-column reaction 
with ninhydrin has been readily achieved by use of 

I I I I I 1 I A 
14 12 10 8 6 4 2 0 

Time (min) 

Fig. 3. Trace obtained for the amino-acid mixture under the 
best conditions found by the seven-variable optimization. 
Column ODS (C,, ,250 x 4.6 mm); eluent O.OlM phosphate 
buffer containing 1% v/v propan-l-01; pH = 4.65; flow- 
rate = 0.9 ml/min; temperature 50°C. Post-column con- 
ditions: 0.2178M ninhydrin reagent in O.OlM phosphate 
buffer at pH 8.70; 0.0080M stannous chloride; 0.8% v/v 
propan-l-01 in reagent solution; reaction temperature 
83°C. Peaks: 1 = glycine; 2 = methionine; 3 = isoleucine 

4 = leucine; 5 = phenylalanine; 6 = tryptophan. 

the composite modified simplex method and a system 
response function based on sensitivity, analysis time 
and chromatographic resolution. This work has 
shown that none of the previously published sets of 
conditions for the ninhydrin reaction gives the high- 
est sensitivity attainable. Moreover, for optimization 
purposes, HPLC/PCR systems can be successfully 
treated as a single experimental system. 
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Summary-An electronic interface for the Commodore 44 microcomputer suitable for generation of 
voltammetric waveforms and for data acquisition has been built. Used together with analogue voltam- 
metric iustmments the interface makes updating of the m~u~ment ~hniques possible. Also, fast 
A/D-conversion and a floppy disk drive make the system useful as a universal data-acquisition unit in 
the laboratory. The system has been tested together with an amperometric detector in the square-wave 
voltammetric determination of paracetamol and iodide. 

Microcomputers are today used in virtually all com- 
mercial chemical inst~m~ts, There are, however, 
many older analogue instruments in the laboratory 
that are fully capable of handling the required mea- 
surements but lack the convenience and efficiency 
provided by computer-control. This is the case with 
most smaller instruments manufactured before about 
1980. F~e~ore, even if controlled by a micro- 
computer, a commercial instrument has dedicated 
software which is usually difficult to alter. A data- 
acquisition and control system of the kind described 
here is programmable and can be moved from one 
instrument to another. The use of larger computers 
in the evaluation and storing of ex~~rn~~l chem- 
ical data is important.‘” The link between an instru- 
ment and larger computers can also be provided by 
a desktop computer. 

Voltammetric instruments are rather simple from 
an electronic point of view, since the quantity mea- 
sured is a current produced in response to a voltage 
signal. This also means that the computer-control of 
such an instrument is straightforward. By using one 
analogue/digital (A/D) and one D/A-converter it is 
possible to control the voltage applied in the mea- 
surement cell and acquire the electrical current data. 
A computer interface of this kind can be built in the 
laboratory by a chemist with some knowledge of 
digital and analogue electronics. The construction of 
a versatile analogue voltammetric instrument would, 
on the other hand, be both expensive and time- 
consuming, even if done by an expert. By interfacing 
the computer to an already available analogue instru- 
ment it is possible to obtain a voltammetric system 
capable of performing a wide range of different pulse 
measurements. Square-wave voltammetry is a tech- 
nique which has gathered interest in recent years. The 
cost of a commercial instrument capable of per- 

forming square-wave vol~~et~ is high, and 
cheap ins~men~tion is required for the technique 
to gro~.~ Some authors have modified commercial 
instruments to allow new pulse measurements 
to be made, by using hardware circuinP or a 
computer’ to generate the waveforms. Others have 
used laboratory-built analogue circuitryr-‘O in their 
systems. 

As a result of developments in microelectronics 
microcomputer production has increased consid- 
erably. Computers ranging from home-computers to 
very powerful professional systems are available. A 
home-computer, of the type used in this work, can be 
considered a toy in comp~son with the more power- 
ful professional systems. This is true as regards the 
data-processing capabilities, but the small computers 
are still useful for data-acquisition and simple control 
tasks. The cost of home-computers is also very low, 
and owing to their widespread use, a wide range of 
software is available. Further, cheap add-on units 
such as standardized serial and parallel comrnu- 
nication interfaces, printers, floppy-disk drives and 
plotters are available. Home-computers are also well 
documented, e.g., a full description of the operating 
system is usually available. This is of importance 
when modifying existing software for a special con- 
trol task. 

In this work a Commodore 64 (CM) home- 
computer was equipped with a simple interface and 
connected to an amperometric detector. A C64 com- 
puter was used because it was available in the labora- 
tory. However, certain features of this computer 
make it well suited for laboratory interfacing. One is 
the availability of an expansion port with decoded 
I/O-control signals ready for use. Additionally, two 
programmable ldbit timers are available inside the 
computer, which makes the generation of potential 
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Fig. 1. Schematic drawing of the interface unit, which comprises an A/D converter (ADC), a peripheral 
interface adapter (PIA), and a D/A converter @AC), on a single circuit board. The ADC and the PIA 
are directly connected to the computer data-bus while the data to the DAC are passed through the PIA. 
Amplifier Al is the input amplifier of the ADC and A2 is a current/voltage converter used to produce 
an analogue output voltage. A small power supply generates + 12 V and - 12 V for the ADC and DAC. 

waveforms simple. Further, the non-maskable inter- 
rupt of the C64 is not or~na~ly used and hence it is 
possible to let the timers use this interrupt mode. 
There is also a real-time clock inside the C64, which 
makes generation of longer time delays easy. 

Some advantages of this system are the low price, 
simple interfacing because the control signals needed 
already exist inside the computer, reasonably good 
graphics capability, BASIC high-level language for 
data manipulation, and convenient floppy-disk data- 
storage. To test the system a program which gener- 
ates square-wave waveforms was developed and 
tested in the determination of iodide and paracetamol 
with carbon-paste and ~lymer-modifi~ carbon elec- 
trodes. 

DESCRIPTION OF THE SYSTEM 

The computer 

The computer system consists of a Commodore 64 
home-computer, one floppy-disk unit and a matrix 
printer. The computer is equipped with 64 kbyte of 
RAM and a BASIC-interpreter in ROM. The 
memory-configuration depends on the software used. 
In this case the BASIC interpreter and operating 
system occupied about half of the memory space and 
the rest (32 kbyte) of the memory was used for 
program and data storage. For mass storage of data 
a 160-kbyte floppy-disk drive was used. Further, the 
computer has a graphics capability with a resolution 
of 320 x 200 points. 

The interface unit 

The interface unit consists of one circuit board, 
which is connected to the computer’s extension port. 
In Fig. 1 a schematic drawing of the interface is 
shown. The computer data bus is directly connected 
to the A/D converter (ADC) and a peripheral inter- 
face adapter (PIA). The D/A converter, DAC re- 
ceives its data through the PIA. Amp~fier Al is a 
band~dth-limited input-amplifier for the ADC and 
amplifier A2 is a current/voltage converter which 
produces the required voltage signal from the current 
output of the DAC. A f 12 V voltage-regulator unit, 
powered by a separate transformer, supplies the ADC 
and DAC with power. The +5 V voltage is taken 
from the computer’s power supply. The ADC is a 
fast converter (Analog Devices AD574), with a con- 
version time of about 25 psec, and its resolution is 12 
bits. The DAC (Analog Devices AD565) is also a fast 
device with 12 bits resolution. Both converters have 
an on-chip voltage reference. The input range of the 
ADC is from + 10 V to - 10 V, and the output range 
of DAC is from +5 V to -5 V. The PIA and the 
ADC occupy 4 and 2 addresses, respectively, in the 
memory space of the computer. 

Control-signals for data transfer are generated 
inside the C64. The ADC is started through writing 
a dummy byte to the even address of the converter 
and the two data-bytes of a conversion are input 
through reading the two addresses. Data to the DAC 
are channelled through the PIA, which has two 
bidirectional parallel I/O-ports. A hold-latch (not 
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shown in Fig. 1), is used for temporary storage of the 
low-byte output to the DAC. The remaining four 
I/O-bits of the PIA are drawn to an edge connector 
and can be used for on/off-control. 

Software 

The software which is needed for square-wave 
voltammetry is written both in BASIC and in assem- 
bly language. Because of the short pulses used in 
pulse voltammetry, the control program for 
potential-generation and data-acquisition has to be 
written in assembly language.‘] Parameter-selection 
and data-presentation are, on the other hand, con- 
veniently handled by a BASIC program. A short 
BASIC program has been written with which param- 
eters for a run are input to the computer and 
measurement data are plotted on the screen. Hard 
copies of the data are obtained by output of the 
current-code to the DAC, which in turn is connected 
to a pen-recorder. This is also done by a BASIC 
program. At the beginning of a run the following 
parameters are chosen: start potential, end potential, 
pulse heights (forward and reverse), pulse length, 
current-measurement point, and number of current 
measurements. After this the parameters are con- 
verted for use by the assembly program and saved in 
a table. To start a run the two timers are initiated and 
the interrupt is enabled, and one of the timers is 
started. Waveform-generation and data-acquisition 
are then handled by the assembly routine. Since the 
control routines are interrupt-routines their execution 
is completely transparent to the BASIC program. 
The remaining task for the BASIC program is then 
to plot the measurement data, which are stored in a 
memory-buffer by the assembly routine. 

Pulse-generation and data acquisition 

Execution is much faster for assembly routines 
than for routines written in BASIC, but assembly 
language programming is slow because of its elemen- 
tary character and a large part of the program 
development is concerned with debugging of the 
program. However, it is the only way to handle fast 
computer-control problems. For this reason all data- 
transfers to and from the interface are controlled by 
assembly-language subroutines which can also be 
called from a BASIC program. Accurate timing is of 
great importance when generating pulse waveforms. 
The use of programmable timers simplifies the pro- 
gramming, especially if the control can be handled by 
interrupt routines initiated by the timers. The time 
between a timer interrupt-request and the actual 
execution of the routine is not immediate, nor is the 
delay constant. The time difference, which depends 
on the instruction the processor is currently executing 
when an interrupt is requested, is of the order of a few 
psec and the total delay is some tens of psec. The 
relative accuracy of the timing will then depend on 
the length of the time intervals chosen. In square- 
wave voltammetry the shortest time measured is 
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Fig. 2. Two square-wave period with forward pulse PFoR 
and reverse pulse PREv. Arrows A and B indicate when the 
two timers generate interrupts. A timer-A interrupt causes 
the potential to change and a timer-B interrupt starts the 

current sampling. 

about 1 msec. A variation of 10 p set in the timing will 
then cause a relative error of O.l%, which is still 
acceptable. This estimation is valid for the C64 and 
similar computers working with a clock frequency of 
about 1 MHz. More accurate timing can be achieved 
with fast microcontrollers or by using hardware 
circuits. 

In Fig. 2 two periods of a square-wave waveform 
are shown. P,, in the figure is the forward pulse 
height and PREV is the reverse pulse height. The 
assembly program written for the generation of this 
waveform makes use of these two parameters and 
two timing parameters which determine the pulse 
length and current-measurement point. Arrows A 
and B in Fig. 2 indicate the time at which the two 
timers of the C64 generate interrupts. The timers are 
16-bit counters which count down once every 
980 nsec. The longest time interval which can be 
generated is then 64.2 msec. Timer A is used to create 
the pulse length, while timer B creates the current- 
measurement delay. Timer A is started from the 
BASIC program. After counting down to zero an 
interrupt is generated. The interrupt-routine deter- 
mines whether timer A or timer B caused the inter- 
rupt. A timer-A interrupt causes timer B to be 
started, outputs the current potential value and calcu- 
lates the new potential. A timer-B interrupt causes the 
current to be measured and the measurement data to 
be stored in a memory-buffer. The potential value 
which is to be output is generated by alternately 
adding the forward pulse height and subtracting the 
reverse pulse height to and from the last potential 
value. A pulse-counter in the interrupt-routine keeps 
track of the number of pulses which are output and 
the run is stopped when a predetermined number of 
pulses have been output. In this way the scan-speed 
is determined by the pulse length and by the 
difference between forward and reverse pulse height. 
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Fig. 3. Square-wave voltamperograms for paracetamoi in 
acetate buffer (PH 4.7). (A): forward current, (B): reverse 
current and (C) difference current. Con~ntrations: 0, 9.9, 
19.6 and 29.1 ppm. Pulse height: 2OOmV. Pulse-length: 
60 msec. Scan-rate: 42 mV/sec. The current was measured 16 
times, starting 5 msec before the end of the pulse. Average 
values were plotted and the electrode used was a polymer- 

modified carbon type. 

If the reverse pulse height is zero a staircase wave- 
form is generated, with two current measurements on 
each step. 

REGULTS AND DISCUSSION 

To test the system the interface was connected to 
an amperometric detector normally used in HPLC- 
experiments. The detector was laboratory built and 
consisted of a potentiostat, an I/E-converter unit and 
a filter unit. The DAC-output of the interface was 
directly connected to the input of the potentiostat 
and the output of the I/E-converter was connected 
to the ADC-input. A filter capacitor in the feedback 
loop of the I/E-converter was replaced by a smaller 
one to improve the response. Measurements were 
then made with solid electrodes in static solutions. 
Iodide was determined with a carbon-paste electrode 
and paracetamol with a Radelkis poller-modifi~ 
carbon electrode. 

In Fig. 3 square-wave voltamperograms for the 
oxidation of paracetamol are shown. Experimental 
data are given in the figure. Oxidation of the amino 
group gives rise to a forward current peak while only 
a small wave is generated by the reverse pulse. The 
absence of reverse peaks indicates an irreversible 
charge-transfer and the signal from the reverse pulses 
is caused by the forward reaction taking place at the 
lower potential of the reverse pulse. The concen- 

Fig. 4. Forward and reverse square-wave vol~m~ro~ms 
for iodide-iodine in acetate buffer (pH 4.7). Concentrations: 
0, 22.1,44.3, 66.4, 88.5 and 110.6ppm (A-F). Pulse height: 
300 mV. Pulse length: 63 msec. Scan-rate: 40 mV/sec. The 
current was measured 3 times, starting 3 msec before the 
end of the pulse. The electrode used was a carbon-paste 

electrode. 

tration of oxidizable paracetamol near the electrode 
surface, and thus also the reverse current, is lower 
because of the forward pulses. In Fig. 4, on the other 
hand, both a forward and a reverse peak are seen in 
the determination of iodide. The charge-transfer is 
thus more reversible for the iodide oxidation. The 
forward peaks which are due to the oxidation of the 
iodide also show a concentration dependence. The 
shift to lower peak potentials with increasing iodide 
concentration is probably caused by conversion of 
the iodine produced into the t&iodide ion I;. The 
reverse signal, which is a result of the reduction of 
iodine, has a peak potential which does not show any 
clear concentration dependence. It is evident that it is 
useful to be able to study both the forward and 
reverse current when an electrode reaction is in- 
vestigated. 

The voltam~rograms obtained with the am- 
perometric detector have a noisy appearance, proba- 
bly because of the direct measurement method 
used. Usually the voltage-converted current signal is 
sampled or integrated before plotting or A/D- 
conversion.6***10*‘2 A numerical method to filter stair- 
case voltammetric data has also been used.9 This, 
however, requires a fast computer if smoothing is to 
be done in real time. The amperometric detector used 
here did not provide any current-sampling circuits, 
but the remaining 4 digital I/O-lines of the computer 
interface can be used to control sample-and-hold 
circuits or analogue integrators. Only two control 
lines are needed to control the PAR 174 sample-and- 
hold circuits, for example. 
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DIAGRAMMES POTENTIEL-NIVEAU D’ACIDITE DANS 
LES MILIEUX H, O-H, PO,-1 

SYSTEMES ELECTROCHIMIQUES NE FAISANT PAS INTERVENIR 
LE PROTON 
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B.P. 239, 54506 Vandoeuvre les Nancy, France 
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Rkunk-La variation des potentiels normaux de systbmes oxydo-rkducteurs ne faisant pas intervenir le 
proton est btudite en fonction de la concentration du milieu acide phosphorique (1 g 14M). L.e couple 
ferricinium/ferrodne est le systkme de comparaison. Les systbmes envisagks sont ceux mettant en jeu lea 
espkes du cuivre, du cadmium, de Main, du zinc, de l’argent, du plomb, du mercure, du bismuth, ainsi 
que les systkrnes hexacyanoferrate(III)/hexacyanoferrate(II) et iode/iodure. Un intitit particulier est port15 
au cas du fer. L’ensemble des rksultats est prtkent8 sous la forme d’un diagramme potentiel-concentration 
de H,PO., (ou Ijotentiel-niveau d’aciditk). 

Summary-The conditional potentials of redox systems not involving protons have heen studied as a 
function of phosphoric acid concentration (l-14M), with the ferricinium/ferrocene couple as the 
comparison system. The following systems were considered: Cu(II)/Cu, Cd(II)/Cd, Sn(II)/Sn, Zn(II)/Zn, 
Ag(I)/Ag, Pb(II)/Pb, Hg(II)/Hg, Bi(III)/Bi and particularly Fe(III)/Fe(II) and Fe(II)/Fe. The hexa- 
cyanoferrate(III)/hexacyanoferrate(II) and iodine/iodide couples were also studied. The results are 
presented as a potential-H,PO, concentration diagram (or potential-acidity level diagram). 

Dans les solutions aqueuses dilukes, les diagrammes 
potentiel-pH permettent d’interprkter un grand 
nombre de phknomknes d’oxydo-rbduction et en par- 
ticulier de prkciser les conditions de stabilitk des 
espkes (possibiliti de dismutation, rkactivitk vis H vis 
du solvant ou d’autres solutks). 

Notre but est d’itablir les diagrammes 
potentiel-pH gknbralik dans les milieux H2C&H, PO., 
(1 d 14M). 11s sont indispensables pour prkciser les 
conditions de milieux compatibles avec l’existence 
d’une espke g un degrk d’oxydation don& Or, pour 
l’extraction d’espks ioniques $ partir des milieux 
H,O-H,PO, par l’utilisation de solvants non- 
miscibles, de rksines kchangeuses d’ions ou par 
flottation ionique, le choix des composks chimiques 
convenables est directement 1iC au degrC d’oxydation 
de l’espkce B extraire. 11s permettent Cgalement de 
dkterminer les rbactifs susceptibles d’amener une es- 
p&e au degriz d’oxydation souhaitt, de dkfinir les 
conditions de’titrage in situ et d’apporter des pr& 
cisions sur la corrosion des mktaux. 

Alin de faciliter la prkentation des rksultats, nous 
examinerons dans une premikre partie les systkmes 
Clectrochimiques ne faisant pas intervenir le proton. 
Dans ce cadre, nous envisagerons l’oxydation des 
mktaux dans les milieux phosphoriques, seuls ou 
en prksence d’espkes susceptibles de conduire g la 
formation de compods insolubles. Le fer sera ttudi6 
plus particuli&rement. Les systkmes non-mttalliques 
engageant les hexacyanoferrates et les iodures seront 

igalement envisagbs. L’Btude des systimes Clectro- 
chimiques faisant intervenir le proton: uranium, 
vanadium, arsenic fera l’objet d’une deuxitme partie. 
L’ensemble des rksultats sera prksenti sous la forme 
d’un diagramme potentiel-concentration de H,PO, . 

RAPPEL THEOPIQUE: SOLVATATION 
ET PROPRIETES D’OXYDO-REDUCTION 

Lorsque l’on passe du milieu de rkfkence (solution 
infiniment dilde dans l’eau) aux diErents milieux 
envisagks, les deux constituants du sysdme de com- 
paraison: ferricinium/ferroc&e subissent la mi3me 
variation de solvatation. Mais, pour la plupart des 
espkes en solution, la solvatation est nettement 
modifike selon la composition du milieu. Nous allons 
rappeler comment se traduisent les variations de 
solvatation au niveau des propriCtis d’oxydo- 
rkduction. 

ConsidCrons la rkaction d’oxydo-rkduction: 

A+ne-=B (1) 

A l’kquilibre, en solution aqueuse suffisamment 
diluke, le potentiel du couple A/B est donnk B 298 K 

par 

0.059 
E nzo = E&o + - 1ogm 

[Bl 
(2) 

n 

Dans un milieu H,O-H,PO, concentti en acide, une 
relation analogue peut i?tre krite, I condition de faire 
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intervenir les activites (A) =fA[A] et (B) =fs[B] des 
esp&es A et B. 

E 
= E” + m59 lo& + 0.059 VI 

H2wbPO4 El20 - 
n fe * 

- log llij (3) 

Le couple redox A/B est done caracterise en milieu 
H,O-H,PO, par un potentiel conditionel: 

fA 
E&O,n,ro, = El;20 + 0.059 log - 

fB 
(4) 

Son &cart avec le potentiel normal dans I’eau ne 
depend que des coefficients d’activiti: fA et fB des 
esp&es A et B. 

Dans le cas particulier des reactions d’oxydo- 
reduction: 

M”+ f ne-*M 8 

Ma+ +me-+M”-“++ 

AX,+ne -eA+nx- 

l’expression (4) prend les formes: 

(9 

(6) 

(7) 

%~o,n,ro, = Et;20 + 
0.059 
- logf,, + n 
0.059 “&*+ 

~%2o,wo, = Rt,o + - ~ logfIMn-.)* (9) 
n 

0.059 1 
~%~o,wo, = E&o + 7 - 

log c&r 
(W 

L’eEet de ~hangement de milieu sur les carac- 
teristiques de ces couples redox peut done &e envis- 
age comme resultant de la variation de solvatation 
de l’esp&e en solution si I’autre constituant du sys- 
t&me est un solide (ou un gaz) en solution saturee 
[relations (8) et (lo)] ou de la variation relative 
de soIvatation des esp&ces oxydees et red&es en 
solution [relation (9)]. 

EXPERIMENTAL 

Riactif 
Acide phosphorique, aeide sulfurique, acide fluor- 

hydrique, fluorure ~~o~~, fluorure de potassium, fer 
(poudre), argent (poudre), zinc (grenaille) de qualit RP 
sont utilisks sans purification prealable. 

Les solutions de cations metalliques destinbs aux etudes 
polarographiques (Cu*+, Sn2+, Cd2+, Pb’+, Zn*+) sont 
obtenues soit par attaque du metal, soit par dissolution 
d’oxyde ou de carbonate dans les milieux phosphoriques 
convenables. Les solutions de Fe(R) sont preparkes par 
dissolution de poudre de fer dans les diff&ents milieux 
phosphoriques, Les solutions de Fe(M) sont obtenues par 
oxydation des solutions de Fe(R) a potentiel control& 
(+700 mV us. ECS dam H,PG, 0,lM) sur une electrode 
cylindrique de platine de grande surface. 

Les mesures potentiom~t~qu~ a intensit6 nulle ont 6t& 
faites au moyen du ~ltivoltm~~ Aries 10000 Tacussel. Les 
tracks nolaroaranhioues ont W obtenus sur le polarographe 
PRG 3 Ta&sei. P& les traces voltampko&riques sur 
Clectrode solide. rkaliscis avec un ensemble Tipol EPL 2 
Tacussel, un montage classique a trois &ctrodes a tte 
utilis& 

M&hode.s 

Le dbgaxage des milieux reactionnels est obtenu par 
passage d’axote. L’electrode au calomel saturt placke dans 
un compartiment s&park contenant H,PO, 0,IM est utilide 
comme ilectrode de reference. LWctrode auxiliaire est 
constituk par un ti de platine. Les electrodes de travail sont 
l’electrode de platine ED1 Controvit Tacussel (diamhtre 
1 mm) ou un fil de platine (diametre 0,8 mm) serti dans du 
verre ou du Teflon, l’blectrode de carbone vitreux EDI 
Controvit Tacussel (diametre 3 mm) ou un barreau de 
carbone vitreux (diam&re 2 mm) serti dans du verre. Leur 
vitesse de rotation est de 600 tours/min. 

RESULTATS ET DISCUSSION 

Oxydation des metaux dans Ies milieux phosphoriques 

Les reactions de l’acide phosphorique avec les 
mttaux sont importantes. 11 est en effet utilise pour Ie 
traitement des surfaces rn~~lliqu~.l Le plomb, le 
cuivre seul ou en alliage* presentent une resistance a 
la corrosion qui a permis de resoudre une partie des 
problemes poses par le traitement et le stockage des 
produits de l’industrie de l’acide phosphorique. Le 
fer, l’argent, le zinc (sous forme d’amaigame solide) 
sont utili& comme mducteur dans les miheux phos- 
phoriques. Les metaux biologiquement toxiques 
comme le cadmium doivent Etre elimines des acides 
phosphoriques destines a la production des engrais et 
des phosphates alimentaires. 

Les esp&es ioniques mises en jeu dans les systemes 
redox engageant le cuivre, Main, le cadmium et le 
zinc sont reductibles a I’ilectrode I goutte de mer- 
cure. Les systemes sont rapides et la reaction corre- 
spond a l’echange de deux electrons. Les potentiels 
normaux dans l’eau et dans les differents milieux 
phosphoriques sont don&s dans le Tableau 1 et 
present&s par la Figure I. 11s sont calcuib a partir des 
potentiels de demi-vague de reduction en tenant 
compte de la variation des courants de diffusion avec 
la concentration de I’acide. La correction n’est 
significative que pour les milieux de concentration 
> 8M. Le pouvoir reducteur du cuivre, de Main, du 
cadmium et du zinc diminue lorsque la concentration 
de I’acide augmente. Cependant, I’ordre des poten- 
tiels normaux qui existe en milieu aqueuse: 

est conserve dans tout le domaine de concentration de 
l’acide. 

Dun point de vue the~odynamique, seul le cuivre 
n’est pas oxyde par les protons du milieu, quelle que 
soit sa concentration, Ceci explique la resistance a la 
corrosion du cuivre en presence d’acide phosphorique 
meme concentre. Sur electrode de cuivre, Mendue du 
domaine d’tlectroactivitt (Fig. 2) est de 700 mV pour 
les concentrations d’acide < 11 ,SM et de 1 V environ 
dans les miiieux plus concentres. La limite en oxy- 
dation est legerement inferieure au potentiel normal 
du systeme Cu*+/Cu. La limite en reduction, qui 
correspond a la reduction du proton, indique que la 
surtension de H+ sur electrode de cuivre est plus 
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Tableau 1. Potentiels normaux dans les milieux HsO-H, PO, : Sysmmes Clwtrochimiques ne faisant pas 
intarvenir le proton (rn V vs. Fc + /Fc) 

HJQ,, M 1% 5.5 8,O 11.5 14,o 
H,PO,, % 42,s 565 725 83,O 

H2O P*Q, % 13:o 30,s 40,9 52,7 60,O 

V-2) -0,2 -1,9 -3,2 -611 -8,9 
H+ /Hz -400 -387 -290 -205 -40 +120 
0,/H&’ + 829 +841 + 942 + 1020 +1197 + 1371 
ECS dam H,PO, (0. 1M) -50 +40 +115 +265 f380 
Zn2+ /Zn -1160 -1100 -1000 -930 -818 -672 
Cd2+ /Cd -800 -700 -600 -530 -418 -272 
Sn2+ /Sn -530 -550 -450 -360 -218 -52 
Pb*+ /Pb -520 -480 -420 -350 -268 -152 
AgI/Ag -552 -470 -440 -410 -350 -300 
AgBriAg -329 - 370 -300 -240 -130 -50 
ABcl/Ag -178 -120 -80 -45 +30 +105 
BiPO,/Bi -593 -160 -75 -5 +135 +220 
cu2+ /cu -60 -70 0 +70 +1s2 +278 
Fe’+ /Fe2+ +370 fl20 +149 +190 +294 +360 
I, /I- +134 +168 +I84 +I85 
Hg~H~~~g -24 f250 +330 i-405 +525 +620 
Ag+ IAg +400 i-440 +495 + 550 +680 +775 
Fe(CN):-/Fe(CN):- -40 +330 +500 +650 +930 + 1230 

importante que sur Clectrcuie de platine,3 kart vari- 
~tde~~7~rnV. 

Les syst&mes Ag+/Ag, AgClfAg, AgBr/Ag et 
AgI/Ag ont ttk 6tudi6s par potentiombtrie g inter&C 
nulle sur tlectrode d’argent.‘,’ 11s obkissent I la loi de 
Nemst dans tout le domaine de concentration 
d’acide, B l’exception de AgI/Ag dans les milieux 
phospho~qu~ concenttis (14M) od une oxydation 
rapide de I- par Ag+ a lieu. Leurs potentiels nor- 
maux, donnes dans le Tableau 1 et presentes par la 
Figure 1, mettent en evidence la diminution du 
caracdre rkducteur de l’argent lorsque la concen- 
tration de H,PO, augmente et la modification de son 
comportement en presence des differents halo- 
genures. L’oxydation ~l~tr~himique de Sargent 
en milieu phosphorique et la reduction du proton 
limitent le domaine d’&ctroactivitt sur electrode 
d’argent. Son etendue (Figure 2) est de 1400 mV dans 
les milieux dilues en acide et de 1200 mV dans les 
milieux concentres. La surtension du proton est 
nettement phzs importante que sur electrode de 
platine, l&art variant de 900 a 600 mV lorsque la 
concentration d’acide passe de 2 a 14iU. Les poten- 
tiels pris par le systeme Hg,Cl,/Hg dans les milieux 
phosphoriques ont it& compares a ceux de l’tlectrode 
au calomel sat& aqueuse plongke directement dans 
le milieu acide fr~u~ment utiliske comme &e&rode 
de r6feren&“ et de l’&ctrode EC!S placke dans un 
compartiment dpari: contenant H,PO, 0,lM qui 

nous a servi d’electrode de reference (Tabkau 2). 
L’btendue du domaine ~~l~troactivit~ sur electrode 
6 goutte de mercure est voisine de 1,4 V quelle que 
soit la concentration de l’acide. La surtension des 
protons sur mercure est la plus importante de celles 
qui ont et6 observbs. L’tkart avec 1’Clectrode de 
platine est &environ 900 mV. 

Les caractkistiques ~laro~ap~qu~ du syst&me 
du plomb montrent qu’il est rapide et que l’khange 
est de deux electrons dans tout le domaine de concen- 
tration d’acide. Les potentiels nor-maw, deter-minks d 
partir des potentiels de demi-vague de reduction sont 
don&s dans le Tableau 1 et prkentts par la Figure 
1. D’un point de vue the~~yna~que, le plomb est 
done oxyde par les protons du milieu et ses proprietks 
reductrices diminuent lorsque la concentration 
d’acide augmente. 

Le mercure, la plomb ainsi que le bismuth forment 
dans les milieux phosphoriques des phosphates peu 
solubles. L’etude des caracteristiques Clectro- 
chimiques de systemes Hg*H~4~Hg et BiP04/Bi a 
conduit a la determination des fonctions basiques 
&(H,PO;), R,(HPO:-), &(POj-).‘I L’analyse par 
diffraction des rayons X des phosphates de plomb 
montre que seule la forme PbHPO, p&Spite dans les 
milieux H,O-H3P04 de concentration 2 a 8M, et 
qu’en milieu plus concentrk, c’est la forme 
Pb(H,PO,), qui pnkipite. L’analyse polarographique 
des solutions saturees a conduit a la determination de 

Tableau 2. Systime HgsCl,/Hg, dans les milieux H,O-H3P04; &e&ode ECS in 
situ; &ctrode ECS aquause, mY vs. ECS aqueuse placke dans un oompartiment 

s&park contenant H,PO, (0,lM) 

H$O,, M 190 w 5,s 890 11,s 14,o 

BCS in situ -68 -130 -168 -225 -280 
ECS aqueuse -40 -57 -93 -114 -125 -125 



valeurs de solubilitb coherentes avec celles calculkes a 
pa&r des fonctions basiques et des coefficients 
d’activitb des espkes Pb2*. 

Le! fer est p&em dans ks phosphates nafurels a 
des teneurs 4ui varient seforr leur origintt de 9% B 
Z%.““2*i5 Bans ks mifieux p~~~~~~~ues ~~du~e~s~ 
il se trouve sow la &me Fe(HI) ou Fe(H) selon le 
vieihaement des solutions, leur exposition A Pair, 
leur t@mpkrature. En raiaon des proprWs oxydo- 

*cette m~~~~Ca~o~ esC puremenr form&k et u*~~l~q~ 
pas que ks eESp&w f@‘riques =eC !Ckreases SoCtC sous forme 
catioaique queie que soit ki ~ncenCmtion dkeide. fR 
comportement Qcctro~horkique des e@cacn ferriq&* 
mantre qu’elles resCent sous forme cationiqw en solution 
E&PO, diluke, sont neutres en milieu l&PO, 3A4, 
anianiques en milieu W,PQ SM. 

rtiductrices du systeme Fe(III)/Fe(U), sa present 
conditionne les proprietes &extraction d’espkces min- 
erales comme l’uranium et le vanadium soit paw 
qu’if a une inthtence directe sur feur degre 
d~oxydation~ soit pame que te colfecteur utik& 
s”asso& ~~~~n~el~~en~ aux esp&es du fer avant 
de se combiner avec f’espke a extraire ou qu’il est 
oxyde par les ions ferriques. Les proprietes reduc- 
t&es du Fe(I1) ont et& utilisees a des fins analytiques 
daus les milieux phosphotiques concentres.‘J4zt 
Notre but est de cornpEter les don&es tkrmo- 
dynamiques de Ekes? Mamus’ et de Rae et Sagi’ et 
de dkrminer ainsi i’evolution de la reactivite des 
couples redox Fe(l~I)/Fe(II) et Fe(IX)/Fe dans tout le 
domaine de concentration d’acide. 

Los esp&ces* Fe3” et Fe’+ sont tlectroactives dans 
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Fig. 2. Limites des domaines d’blectroactivit6 dans les 
milieux H,@H3P0, (V vs. ECS aqueuse dans H,PO, 
0,lM) pour les electrodes de carbone -m-m-m-; d’or, 
-&&A-; de platine, -V-V-V-; de mercure, 
-a-•-•-; d’argent, -O-O-O-; de cuivre, - + - + - + -. 

tout le domaine de concentration d’acide sur ilec- 
trode de platine, de carbone vitreux et sur electrode 
a goutte de mercure. Cependant, le systeme n’est 
rapide que sur mercure. Les resultats de l’analyse 
des traces polarographiques sont rassembles dans le 
Tableau 3. 

La variation des potentiels normaux du systeme 
Fe’+ /Fe*+ met en evidence l’accroissement du carac- 
t&e oxydant de Fe3+ avec I’augmentation de la 
concentration d’acide. L’evolution des proprietes 
reductrices de Fez+ sera mise a profit pour determiner 
les potentiels normaux du systeme UO:+/U4+ dans 
les milieux de concentration 3 a 6M en H,PO,. Le 
courant de diffusion limite est, pour les esptces du fer, 
divisk par 6 lorsque la concentration d’acide passe de 
2 a 14M. L’etude en fonction de la temperature 
montre qu’il n’est pas possible de compenser cette 
diminution du courant de diffusion limite par une 
elevation de la temperature de 298 a 323 K. 

11 importe de savoir si les sulfates qui sont presents 
dans les solutions industrielles a des teneurs com- 
prises entre 0,l et 0,3M ont un effet sur la reactivitt 

du fer vis a vis de l’uranium. Nous avons v&it%, dans 
tout le domaine de concentration d’acide et pour une 
concentration de sulfate allant jusqu’a 0,SM (ajoute 
sous forme de K2S04) que les polarogrammes du 
couple redox Fe’+ /Fe’+ ne sont modifies ni en ce qui 
conceme les potentiels de den&vague, ni en ce qui 
conceme les courants de diffusion limite. Ces r& 
sultats ont et6 confkmes par des mesures potentio- 
metriques a intensitt nulle sur electrode de platine. 
L’addition de sulfate B des concentrations supkrieures 
a 1 M sous forme de K2S04 ou de H,SO,, entraine 
une modification du niveau d’acidite done une vari- 
ation du potentiel du systeme Fe3+/Fe2+ mais qui 
n’est pas due a un effet de wmplexation. 

Afin d’analyser l’intluence des ions fluorure sur la 
rkactivite de Fe(I1) vis a vis de U(W), nous avons 
examine l’tvolution du pouvoir oxydant de Fe(II1) 
avec la teneur en fluorure en particulier dans le milieu 
H,PO, 5,5M od l’addition de HF n’entraine pas 
la formation d’acide monofluorophosphorique.23J” 
L’evolution du potentiel pris par une electrode de 
platine plongeant dans diffknts melanges de Fez+ et 
Fe’+ met en evidence une faible wmplexation de 
Fe’+. En toute rigueur, l’evolution du potentiel ne 
peut Ctre analyske que dans le domaine de concen- 
tration en fluorure inferieure a 0,5M. Au dell, la 
composition du milieu change et son niveau d’acidite 
varie selon que l’on ajoute I’espke fluorure sous la 
forme HF ou KF. La baisse de potentiel est d’autant 
plus importante que le rapport F&,/Fe’+ est grand. 
Ces resultats sont confirmbs par potentiometrie a une 
electrode spkifique des fluorures. Le potentiel pris 
par cette electrode dans le milieu H,PO,, 5,5M/HF 
0,3M ne varie pas lorsque Fe’+ est introduit a la 
concentration 0,OSM. Le rapport F-/Fe3+ est Cgal a 
6 et le complexe ne se forme pas. La formation 
quantitative de FeF2+ aurait entrain6 une variation 
de potentiel de 5 mV decelable au moyen de 
l’electrode utilisee. Dans les solutions concentrkes en 
fluorure, les ions Fe’+ sont complexes. Ce resultat 
con&me les determinations faites par Plazanet et 
Lamache’ par voltampkromktrie cyclique. Dans les 
milieux phosphoriques industriels pour lesquels la 
teneur en Fe(II1) est de l’ordre de 0,l M, la concen- 
tration en HF est insuffisante pour que la totalite 
des ions ferriques soit complexee. Globalement, le 

Tableau 3. Caracteristiques polarographiques du systeme Fe”+ /Fe2+ dans les milieux 
H,@H,POd 

lHJ’O~1, M 

IIC, 
pA.l.mmole-’ 

4, = E”, Pente, n= 
mV vs. Fc+lFc m V/decade 59hente 25°C 50°C 

0 0320) +370 
190 +115 - - - - 
290 +120 60 0,98 1,16 1,74 
595 +149 58 1,02 0,75 0,97 
830 +190 61 0,97 0,54 0,86 

10,o +240 - - - - 11,5 +294 60 0,98 0,31 0,52 
14,0 +360 58 1,02 0,20 0,34 



pouvoir rkducteur de Fe(I1) n’est pas modifie par la 
presence de fluorure. 

Le fer m&al, tr6s fr&quemment utili& cornme 
r&ucteur darts les miheux phospho~ques industriels, 
est oxyde par 1es melanges I&O-H,PO, pour donner 
des solutions de Fe(I1) dont la concentration peut 
atteindre 0,5M. La cinkique d’attaque depend du 
degre de purete du metal, de son itat de division, du 
mode d’agitation, de h temperature et de la concen- 
tration en acide.8 Ces solutions sont stab& vis B vis 
de l’oxygene, t’apparition de FefIII) ne se fait 6 
temperature ambiante, en milieu non agite, qu’apr&s 
plusieurs heures. La poudre de fer permet de reduire 
de nombreuses espkes en milieu phosphorique, en 
particulier U(W) et Fe(II1). Du fer metal a tte ajouti: 
pro~vemcnt ii des solutions de Fe(W) O~OSM 
prkparees par oxydation ~l~~~hirnique de solutions 
de Fe(H) darts H,P& 5,s et 11,5&f. Le variation de 
potentiel d intensite n&e a 6th suivie sur electrode 
de platine. Dapres la Figure 3, il apparait que le fer 
metal rkduit kspke en solution et tr6s peu le proton 
Lexc& de fer m&a1 nkcessaire est de l’ordre de 4% 
en mifieu pbosphorique 5,5M et de 12% dam lc 
milieu 1 I,SM dans le cas de mitieux reactionnels 
simplement agites par passage d’azote. Les conditions 
d’agitation influent en effet notablement sur la for- 
mation d’hydrogene au tours de la reaction entre le 
fer m&al et 1~ FefIII). Du plus, lorsque le fer m&al 
est encore present dans k milieu, il impose un poten- 
tie1 nettement r&ducteur (-300 mV 0s. ECS) qui est 
voisin de celui du sysdme H+ /H,. 

Syst6mes non mktalliques 

Le systeme redox hexacyanoferrate(III)/hexa- 
Cyanofe~at~II) a et& ktudie dans 1es milieux 
phosphoriques4 car if peut intervenir en tant 
qu’indicateur electrochimique et I’insolubiliti: des 
composes qu’il donne en presence de nombreux ions 
metalliques p&ente un inter&t analytique. Les pro- 
prietes oxydantes de Fe(CN)i- ont CtC utilisees pour 
des dosages, en particulier de Fe(II), en milieu con- 
centre en H3P04.25 ti syst2me est rapide et ob&t A 
la loi de Nernst dans tout le domaine de concen- 
tration de &PO,. Les valeurs de son potentiel nor- 
mal sont dorm&es dans le Tableau 1. Leur augmen- 
tation pour une variation de concentration de I-I, PO4 
de 2 2 14M est la plus importante observee parmi 
tous les systknes redox envisages. Ceci est lie au fait 
que FeGN)? , contrairement si Fe(CN)- 7 prksentc 
des proprietts basiques dans l’eau. 

Dans les milieux concentres en acide, l’bquilibre 
d’oxydo-reduction est probablement: 

Fe&N):- + 4H+ + e-;rsHoFe(CN)6 (11) 

et non plus: 

Fe(CN)i- + e - G$ Fe(CN)2- (12) 

L’Ctude Blectrochimique du systeme &/I- dans les 
milieux phosphoriques a 6te men&e essentiellement 
pour d&nir ses conditions d’utilisation comme indi- 

Fig. 3. Reduction de Fe@II) par Fe: (a) dans I-&IQ, 5,5M, 
@) darts H,Po, I f,SM. 

cateur blectrochimique. x En outre, la presence diode 
catalyse un certain nombre de reactions redox P 
cinetique lente et les conditions de catalyse sont 
fonction de la position relative des diffe~nts systemes 
sur I’echelle de potentid. Le systeme redox &-/I- 
ob&t B la loi de Nemst dans le domaine de concen- 
tration phosphorique 1 B 8M. Les valeurs de son 
potentiel normal sont donnees dans le Tableau 1. 

Les dorm&s the~odyn~q~~ caracterisant darts 
les milieux phosphoriques les systemes redox ne 
faisant pas intervenir le proton ainsi que les phbnom- 
&es aux electrodes sont resumes sous la forme de 
deux diagrammes {Figures 1 et 2). Les potentieis 
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redox croissent avec la concentration d’acide et leurs 
variations sont d’amplitude voisine. Nous verrons 
qu’elles sont en general moins marquees que celles des 
systemes redox faisant intervenir ie proton. Ces pre- 
miers rksultats permettent de disposer dune s&e de 
tampons de potentiel dans les milieux phosphoriques. 
11s conduisent au calcul des coefficients d’activite de 
transfert de solvatation des anions et des cations mis 
en jeu.” 
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DIAGRAMMES POTENTIEL-NIVEAU D’ACIDITE DANS 
LES MILIEUX H,O-H,PO,-II 

SYSTEMES ELECTROCHIMIQUES FAISANT INTERVENIR LE PROTON 

C. L.OIJIS et J. BEWIRE 
Laboratoire de Chimie et d’Blectrochimie Analytique, Facultt des Sciences, Universite de Nancy 1, 

B.P. 239, 54506 Vandoeuvre les Nancy, France 

(Rep le 19 Gcembre 1986. Acceprk le 10 avril 1987) 

Rbnmb-La variation des potentiels normaux de systbmes oxydo-rkducteurs faisant intervenir le proton 
est ttudiQ en fonction de la concentration du milieu acide phosphorique (1 a 14M). Le syst&me de 
comparaison est le couple ferricinium/ferro&ne. Les systemes envisages sont ceux mettant en jeu les 
espkes de l’uranium, du vanadium et de l’arsenic. Les interactions uranium-fer et uranium-argent sont 
etudibes ainsi que l’influence des sulfates et des fluorures sur le potentiel normal du couple U(VI)/U(IV). 

Snmmuy-The conditional potentials of redox systems involving protons, such as those of uranium, 
vanadium and arsenic, have been studied as a function of phosphoric acid concentration (l-14M) with 
ferricinium/ferrocene as comparison system. The influence of sulphate and fluoride on the conditional 
potential of the U(VI)/U(IV) couple, and uranium-iron and uranium-silver interactions are considered. 

Dans le cadre des travaux ayant pour but d’etablir 
les diagrammes potentiel-niveau d’acidite dans les 
milieux H,O-H,IQ, une premik. partie a et& 
coma&e a l’etude de systemes Clectrochimiques ne 
faisant pas intervenir le proton. Parmi les systemes 
qui font intervenir le proton, les couples H+/H* et 1,4 
benxoquinone/hydroquinone ont deja Ctudits pour la 
determination de la fonction d’acidite R, (H).’ Nous 
allons envisager 21 present les systemes de l’uranium, 
du vanadium et de l’arsenic. 

RAPPEL THEORIQUE 

Dans le cas de tels systemes, la reaction d’oxydo- 
reduction est de la forme: 

Mt$+ + 2(p - q)H+ + me- 

z$MO~“+*(~-+~]+ + (p - q)H,O 4 (1) 

et le potentiel conditionnel est don& par la relation 
(a 298 K): 

J%~o,H~o, = 
0,059 

EL,, + %J - 4) m log at,, 

0,059 
- 7 (P - 4) log %i20 

0,059 
+- 

m 
logf&+&~+2(p-~)-ml+ (2) 

*Des tests de migration Clectrophorkique ont montrk que 
la charge globale des espkes U(W) et U(IV) change 
avec la concentration de l’acide.‘7.is Les espkes U(W) 
sont cationiques lorsque la concentration de H,pO, 
est inferieure a 1 mole/l. En milieu 5.5 mole/l, U(W) et 
U(W) sont anioniques. 

L’effet de changement de milieu sur les caracter- 
istiques de tels couples redox peut done Ctre envisage 
comme resultant non settlement de la variation rela- 
tive de solvatation des espkes oxydees et rkduites en 
solution mais aussi du niveau d’aciditb et de l’activite 
en eau du milieu. 

RESULTATS ET DJSCUSSION 

Uranium 

Les travaux de mise au point des pro&d&s 
d’extraction de l’uranium a partir de l’acide phos- 
phorique sont a l’origine de nombreuses donnkes 
caracterisant les esptkes de l’uranium dans ces 
milieux.2-9 Cependant, elles sont souvent difficiles a 
comparer ou divergentes. Notre but a done et6 
d’bablir les grandeurs thermodynamiques relatives 
aux systemes de l’uranium en fonction de la con- 
centration de l’acide en prkcisant en particulier 
l’tvolution de la rkactivite de U(W) vis a vis de Fe(I1) 
en l’absence ou en presence d’ions sulfate ou fluorure. 

Dans les milieux acides perchlorique et sulfurique 
diluts,‘O~” les niveaux d’oxydation U(VI), U(IV) et 
U(II1) ont CtC mis en evidence; dans les milieux acides 
concentres,‘Os” la reduction de U(V1) se fait jusqu’a 
U(IV) seulement. En milieu chlorhydrique,Q” la 
reduction de U(W) conduit aux espkces U(V) puis 
U(IV). En milieu nitrique dil~6,‘~ les niveaux 
d’oxydation sont U(W), U(V) et U(IV), tandis qu’en 
milieu concentre,‘4 la reduction de U(W) est limit&e 
au niveau d’oxydation U(V). Dans les milieux phos- 
phoriques, differents auteurs s’accordent sur le fait 
que la reduction de U(V1) ne se fait pas au dela de 
U(IV). M*‘S~‘6* Les arguments invoqds font appel a la 
spectrophotometrie visible et a l’tlectrochimie. Les 
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solutions d’uranium(V1) possedent dans tout le 
domaine de concentration d’acide envisage un spectre 
caracteristique. Apres leur reduction par voie chim- 
ique ou tlectrochimique, ces solutions prkntent le 
spectre caracteristique de l’uranium(IV). La reduc- 
tion de U(W), realike a potentiel control6 sur nappe 
de mercure dans les milieux phosphorique 2,0, 5,5 et 
11,5M met en evidence un &change de deux electrons. 

Dans les solutions phosphoriques resultant du 
traitement des phosphates midraux, les deux formes 
U(V1) et U(IV) peuvent &tre presentes. Or, les com- 
posts utilises pour l’extraction liquideliquide ou la 
flottation ionique” sont en general specifiques de 
l’une ou l’autre forme. On est done amen6 a oxyder 
ou a reduire l’uranium present dans ces milieux. Dans 
les prockdts industriels, le fer metal est le reducteur 
le plus frequemment utilist. Au laboratoire, a cott 
des methodes tlectrochimiques deja mention&es, la 
reduction de l’uranium(V1) peut Ctre egalement ob- 
tenue sur amalgame de zinc. Comme dans les milieux 
chlorhydriques,r9 l’argent est un reducteur de U(V1) 
dans les milieux phosphoriques, mais la quantitativite 
de la reaction depend de la concentration de l’acide. 
Les prop&es reductrices de Fe(I1) vis 1 vis de U(W) 
dans les milieux phosphoriques ont CtC mises a profit 
pour le dosage de l’uranium.s**22 Les phosphites sont 
Cgalement des reducteurs de U(W). Les solutions 
de U(IV) qui presentent la particularite dbtre tres 
stables vis a vis de I’oxydation par l’air,23 peuvent &tre 
oxydtes par le chlorate de sodium, et l’eau oxygente. 
Dans les milieux phosphoriques concentres, le bi- 
chromate de potassium est un oxydant de Mn(II), 
V(IV), Ce(II1) et Fe(II);*‘*’ comme le permanganate 
de potassium, c’est un oxydant de U(IV).28*29 Certains 
composts de type quinone ont des proprittis oxydo- 
reductrices vis a vis de l’uranium. 

Des valeurs des potentiels normaux du systtme 
redox U(VI)/U(IV) ont deja CtC don&s pour des 
domaines limit& de concentration d’acide. Le carac- 
tire partiel des resultats de Baes’ (H3P0., 1 a 544 en 
presence de H2S04 0,36M) et de Marcus4 (H,PO,’ 
1 a 6M) ainsi que les problemes souleves par la 
methode mise en oeuvre par Rao et Sagi’ (potentio- 
mttrie a intensite nulle sur electrode de platine) nous 
ont conduit a reprendre ces determinations. 

Electroactivitk des espkes U(W) et U(W). 
L’espkce U(IV) est electroactive aux electrodes de 
platine et de carbone vitreux. Elle donne un signal 
anodique sit& a +900 mV pour une concentration 
d’acide de 5,5M et a f850 mV pour une concen- 

tration d’acide de 11,5M, l’tlectrode de reference 
itant l’electrode au calomel saturke aqueuse. Dans les 
deux cas, la variation du courant limite avec la vitesse 
de rotation de l’blectrode ob&t au critke. de Levich. 
L’esp&e U(W) n’est pas Clectroactive sur electrode 
de platine. Sur electrode de carbone vitreux, les 
reductions de U(V1) et des protons se font a des 
potentiels trop voisins pour que la vague cathodique 
de l’uranium soit bien definie. Pour une concen- 
tration de H,PO, de 5,5M, il existe un &cart de pres 
de 1,5 V entre les signaux correspondant a 
l’oxydation de U(W) et a la reduction de U(W). Le 
potentiel pris par une electrode platine plongeant 
dans un milieu phosphorique contenant les espkes de 
l’uranium est done ma1 defini, le courant d’kchange 
etant tres faible. Ceci explique les difficult& 
rencontrees pour obtenir des potentiels stables et 
reproductibles dans ce cass 

L’espke U(IV) n’est pas tlectroactive a l’electrode 
de mercure. Mais le signal de reduction de l’espke 
U(IV) a permis d’analyser l’evolution du mkcanisme 
de la reduction de U(W) en fonction de la concen- 
tration d’acide.“*‘ss’6 Dans les milieux phosphoriques 
de concentration inferieure a lM, deux vagues de 
reduction sont observees.8J5 Dans les milieux plus 
concentres, la reduction de U(W) est caracterisee par 
une seule vague polarographique (Tableau 1). 

L’analyse des tracts polarographiques nous con- 
duit comme Issa et aL8,” $ conclure a une reduction 
irreversible au niveau de I’ilectrode mettant en jeu 
deux electrons dans les milieux phosphoriques 
de concentration supkieure a lM, plutot qu’a un 
mkcanisme de reduction reversible de U(W) en U(V) 
suivi de la dismutation de U(V)’ analogue a celui qui 
a ete montrd dans le cas des milieux perchloriques.M 
Les caracteristiques d’electroactivite des especes 
U(W) et U(IV) dans les milieux phosphoriques don- 
nent les conditions dans lesquelles il est possible de les 
transformer ou de les doser par des methodes tlectro- 
chimiques mais ne permettent pas une determination 
dire&e aisQ du potentiel normal du couple 
U(VI)/U(IV). Nous avons done utilist les systtmes 
Fe(III)/Fe(II) et Ag(I)/Ag comme indicateurs poten- 
tiometriques. Le calcul des constantes d’equilibre de 
la reaction de reduction de II(VI) par Fe(I1) dans les 
milieux de concentration d’acide inferieure a 7M et de 
la reaction de reduction de U(W) par Ag dans les 
milieux plus concentres donne ac& aux valeurs des 
potentiels normaux du systeme U(VI)/U(IV) dans 
tout le domaine de concentration envisage. 

Tableau I. Caractkistiques des polarogrammes correspondant i la rkduc- 
tion de U(W) dans les milieux H20-H,PO, 

E I/Z, Pente, CUl= i& (25”C), 
D-VW, M mV vs. Fc+lFc mV 59/pente pA.l.mmole -I 

24 -250 -60 0,98 -2,12 
5,s -105 -55 I ,07 -I,40 
8,O -10 -53 I,11 - I,03 

11,5 +190 -85 0.69 -0,65 
14,o + 365 -85 0.69 -0.41 
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Tableau 2. Variation de Wart des potentiels nonnaux des couples 
U(VI)/U(IV) et Fe(III)/Fe(II) en fonction de la concentration de H,POA 

B-WU M 4 4-4 
3900 0,117 0,115 
3,50 0,175 0,100 
3960 0,190 0.088 
4900 0,087 0,035 
4.00 0.227 0.080 
4;50 0;285 
4960 
5.00 
5;50 0;398 
5,15 0,450 
6,30 0,475 
6990 0,530 

0,300 
0.350 

0;065 
0,065 
0,057 
0,045 
0,038 
0.031 
0,025 

PK, 

-0,02 
-0,02 
-I,00 
-1.18 
- I,35 
-I,92 
-I,99 
-2.36 
-2;83 
-3,62 
-3,55 
-3,97 

mV 

1 
22 
30 
36 
41 
58 
60 
71 
85 
91 

107 
119 

Etude de la r&action de rkhction de U(VZ) par 
Fe(ZZ). Alors que la rkduction de U(W) par le fer 
mktal est rapide pour toutes les concentrations 
d’acide, la rbduction de U(W) per Fe(H) n’est quan- 
titative et rapide que pour les concentrations d’acide 
sup&ieures a 7M. Pour les concentrations d’acide 
comprises entre 2 et 7M, elle est equilibrke. et cine- 
tiquement lente. Dans ce domaine de concentration, 
nous avons repris le principe dune determination 
spectrophotom&rique4 de la wnstante d’equilibre. 

Une solution de Fe(II), preparee en milieu phos- 
phorique 11,SM a partir de fer metal est oxydee 
quantitativement par addition da&ate d’uranyle. 
Apres controle spectrophotometrique de la reduction 
complete de l’uranium en milieu phosphorique 
11 ,SM, des milieux de concentration d’acide comprise 
entre 3 et 6M sont prepares par dilution. Apres mise 
en bquilibre, la concentration de U(IV) est tvaluee 
par spectrophotometrie I 660 nm (4). Comme le 
coefficient d’absorption molaire de U(W) varie avec 
la concentration d’acide, la concentration de U(IV) a 
l’equilibre est determinee dans un milieu don& par 
comparaison avec la concentration de U(IV) totale 
(d2) obtenue apres addition de fer en excks dans le 
mEme milieu reactionnel. Les valeurs d, et d2 
sont determintes independamment par rapport a un 
temoin H,PO, de mSme concentration. Dans le cas 
ou l’kcart des deux valeurs est faible, (4 -4) est 
determine directement par spectrophotometrie 
differentielle. 

Le pK de la reaction d’oxydo-reduction: 

U(W) + 2Fe(II)+U(IV) + 2Fe(III) (3) 

est lie aux valeurs dI et d2 par la relation: 

PK, = 3 1ogWr - 4 )/4 1 (4) 

Le potentiel normal du systeme U(VI)/U(IV) est 
done: 

EO,(VI~U~IVI = E&III)/FWI) -y log[(d, - dI)/d,] 

(5) 
Les resultats expkimentaux et le calcul de l&art des 
potentiels normaux des systemes U(VI)/U(IV) et 

Fe(III)/Fe(II) sont donnts dans le Tableau 2. Les 
potentiels normaux du couple redox U(VI)/U(IV) 
dans le domaine de concentration d’acide phos- 
phorique 3 a 14M sont don& dans le Tableau 3 et 
Figure 1. s 

Etude de la rt!action de rt%iuction de U( VZ) par Ag. 
En milieu concentre en acide phosphorique, la rkduc- 
tion de U(W) par Fe(I1) est quantitative. Le systeme 
Fe(III)/Fe(II) ne peut done plus Ctre utilid comme 
indicateur potentiometrique pour la determination 
du potentiel normal du systeme U(VI)/U(IV). Nous 
avons done utilid l’argent metal dont les prop&t& 
reductrices sont moins marquees que celles de l’espke 
Fe(I1). La reaction 

U(W) + SAg=U(IV) + 2Ag+ (6) 

est tres peu quantitative en milieu phosphorique 8M. 
En milieu phosphorique 14M au wntraire, la quan- 
titativite est presque rkalide mais dans tous les cas, 
la cinetique de la reaction est lente. 

De l’argent en poudre tine est introduit dans des 
solutions de U(W) pour differentes concentrations 
d’acide. Les milieux reactionnels sont maintenus 
en agitation sous courant d’azote a tempkrature 
constante. La quantite d’uranium(IV) form&e est 
determinCe par spectrophotometrie a 660 nm jusqu’a 
ce que l’tquilibre soit atteint. La quantite de Ag+ 
present dans le milieu a l’bquilibre est control&e 
par potentiometrie a intensite nulle sur electrode 
d’argent. La constante K2 de la reaction (6) depend 
des potentiels normaux des systemes redox 
U(VI)/U(IV) et Ag(I)/Ag selon la relation: 

E~OWJ~IV~ = E&I,, - UWW2) PK, (7) 

Les rksultats expkrimentaux et le calcul de l&art des 
potentiels normaux des systemes mis en jeu sont 
don& dans le Tableau 4. Les potentiels normaux 
du couple redox U(VI)/U(IV) dans le domaine de 
concentration d’acide phosphorique 3 a 14M sont 
don& dans le Tableau 3 et Figure 1. 

Potentiels normaux du systhe rea’ox U( VZ)/U(ZV) 
ahs les milieux H2 O-H, PO,. L.e pouvoir oxydant 
de l’uranium(V1) augmente avec la concentration 
d’acide beauwup plus rapidement que dans le cas de 
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Tableau 3. Potentiels normaux du systkme redox U(VI)/U(IV) dans les 
milieux H,GH,PO, 

W’QI, M m%.?~v?;Fc &PO,], M 
~“,cwwucrv?. 

mV vs. Fc+/Fc 

330 +127 6,5 
375 +152 g,0 
4,O +172 9,O 
4.5 +195 IO,0 
590 +214 10,5 
595 +234 11,5 
690 +252 13,0 

14.0 

+ 274 
+357 
+420 
+493 
+533 
+616 
+ 679 
+ 706 

systemes redox n’engageant pas formellement le pro- 
ton. Ceci est dii a l’intervention du niveau d’aciditt 
dans l’expression du potentiel normal apparent corre- 
spondant a l’equilibre electrochimique: 

UOi+ +4H+ +2e-+U4+ +2H,O (8) 

en plus de la variation due a la solvatation des esptces 
UO:+ et U4+. L’expression du potentiel normal 
apparent est en effet: 

&&o,n+o, = E&o - 2 x 0,059&(H) 

+ w59/2) log$_$+/&+ - 0,059 log a&O (9) 

od Egzo = -0,066 V vs. Fc+/Fc. 

En ce qui concerne les milieux de concentration 
d’acide inferieure A 6M, l’accord est bon avec les 
resultats de Baes3 et de Gyves et Bessiem2 L’kcart 
existant avec les resultats de Marcus4 n’a pas 
d’interpretation immediate cependant l’allure de la 
variation est analogue. Pour les milieux concentres en 
acide, l’ecart existant avec les rksultats de Baa et 
Sag? est tres important. L’accroissement avec la 
concentration d’acide du pouvoir oxydant de U(W) 
don& par ces auteurs est tres faible. Ceci est dii 
essentiellement a la mauvaise response de l’electrode 
de platine en presence des espkces Uq+ et U4+ en 
raison de la lenteur de ce systeme Blectrochirnique. 

I1 n I II I I _/ I 

1 

-100 - 5l .;>:q H,PO, .: 

-500 
‘yeA / 

-- 
VIIII)/V~II) 

-- 

__-- 

.- 
-- 

Fig. 1. Diagramme potentiekoncentration de H,PO,: systhes de l’uranium, du vanadium, du fer et de 
l’argent dans les milieux H,O-H,P04 (1 g 14M]. 
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Tableau 4. Variation de Wart des potentiels normaux des couples U(VI)/U(IV) et 
Aa(I)/Az en fonction de la concentration de H,IQ 

WtLl “lo 

w3p. WV), U(Weq, 
0,025M U(IV)ec . mM oK, 

890 I,03 0,os 1,21 6S -196 
990 I,01 0,12 2,97 573 -160 

10,o 1,Ol 0,295 7,30 490 -122 
10,5 I,07 0,45 IO,5 375 - 105 
11,5 1,08 0,88 20,4 2,l -64 
13,o I,12 0,92 20,5 2,l -63 
14,o 1,lO 0,85 18,3 293 -69 

Influence aks esptkes sulfate et fluorure sur les 
caractbistiques d’oxydo-rkduction du systkme 
V( VZ)/U(ZV). Afin de preciser le rcYe des ions sulfate 
sur les interactions uranium-fer, nous avons deter- 
mine le potentiel normal du systeme de l’uranium en 
presence de sulfate en utilisant les indicateurs poten- 
tiometriques Fe(I1) et Ag. Les experiences me&es en 
presence de SOi- 0,5M dans les milieux H3 PO, 5,5 et 
1 l,SM, montrent qu’il n’y a pas d’effet des ions 
sulfate sur le potentiel du couple UOi+ /U4+. Puisque 
dans les mEmes conditions, les ions sulfate ne 
modifient pas le potentiel du couple Fe’+/Fe*+, leur 
presence n’intervient pas sur la reactivite du fer sur 
I’uranium dans ces milieux. 

L’analyse potentiometrique (electrode spkcifique 
des fluorure) et spectrophotometrique des espkes 
U(V1) et U(IV) (0,05M) dans le milieu H3P04 
5,5M-HF 0,3M montre que la presence de fluorure 
a cette concentration provoque la complexation de 
l’espke U(W) settle. Pour des concentrations plus 
&levees de fluorure, le compose insoluble UF, se 
fonne. Dans ces conditions, le pouvoir oxydant 
de U(V1) est renforck. Comme d’autre part le 
pouvoir reducteur de Fe(I1) est ligerement accru, 
l’amelioration de la reactivite de Fe(I1) sur U(W) en 
milieu H,PO, SM-HF 1M observte par Plazanet et 
Lamache tisulte de faction des fluontres, non pas 
sur le couple Fe(III)/Fe(II) seul, mais sur les deux 
systemes redox en presence. 

Vanadium 

Comme l’uranium, le vanadium est present a l’itat 
de traces dans les phosphates naturels3’-” et dans 
les milieux phosphoriques industriels. 11 peut &tre 
r&up&e par extraction liquide-liquide.w~35 Les prob- 
Iemes poses par les conditions de stabilisation de 
degrks d’oxydation donnes afin de rkaliser des extrac- 
tions dlectives nous ont conduits36 a Ctudier 
l’tvolution des proprietes oxydoreductrices des es- 
p&es du vanadium avec la concentration en acide. De 
plus, ces systemes, engageant des espkces Clectro- 
actives et do&es de caracteristiques spectrophoto- 
metriques diff&enciCes,~~37 sont susceptibles de con- 
stituer de bons indicateurs pour la determination des 
potentiels normaux de systemes redox dans un large 
domaine de potentiel. Sur le plan analytique,‘s pro- 

pose de titrer les espkces du vanadium par Fe(I1) en 
suivant les reactions par voie ilectrochimique. 

Les espkces du vanadium correspondant aux 
niveaux d’oxydation (V), (IV), (III), (II) sont mises 
en evidence dans les milieux phosphoriques et les 
potentiels normaux des couples correspondants 
sont determines par potentiometrie a intensitt 
nulle sur electrode de platine et etude des tracks 
polarographiques.36 

Les espkes VO: et VO*+ sont ilectroactives a 
I’tlectrode de carbone vitreux39 et a l’electrode de 
platine poli. L’equilibre tlectrochimique: 

VO: + 2H+ + e-+VO*+ + H,O (10) 

obeit a la loi de Nernst dans tout le domaine de 
concentration envisage. Les espkces VO*+ et V3+ sont 
tlectroactives aux electrodes de platine et de mercure. 
Contrairement au cas su systeme VO,‘/VO*+, le 
potentiel correspondant B l’equilibre: 

VO*+ + 2H+ + e-z$V3+ + H,O (11) 

se stabilise difficilement. L’addition de traces de 
Fe(IIH3s permet neanmoins la determination precise 
des potentiels normaux de ce systeme. L’espkce. V*+ 
peut Bre prod&e par reduction Clectrochimique de 
V3+ a l’tlectrode de mercure. Cependant, elle n’est 
pas stable et est lentement oxydte par le milieu. Ce 
phenomene peut &tre catalysk electrochimiquement 
en mettant une electrode de platine en contact avec 
la nappe de mercure. Un degagement d’hydrogene se 
produit alors a l’electrode de platine. Le systeme 
electrochimique V3+/V2+ correspondrait a l’equilibre 
simple: 

V3++e-'V2+ 
(12) 

Puisqu’il est bien defini sur electrode de mercure, son 
potentiel normal a pu Etre Cvalue dans les milieux 
phosphoriques de concentration 5,5 et 11,5M. 

Les variations des potentiels normaux des trois 
sysdmes redox VO:/VO*+, Vet/V’+, V3+/V2+ avec 
la concentration de I’acide sont don&es darts le 
Tableau 5 et p&et&s par la Figure 1. 

Ces resultats mettent en evidence le caractere for- 
tement oxydant de l’espke VOZ dans tout le domaine 
de concentration de H3P04. 11 apparait egalement 
que les potentiels normaux des sysdmes UOi+/U’+ et 
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Tableau 5. Potentiels norrnaux des systetnes V(V)/V(IV), 
V(IV)/V(III), V(III)/V(II) dam les milieux H,G-H,PG, 

EO, mV vs. Fe +/Fe 

[H3P04], M VO: /VO*+ vo*+/v3+ Jp+pr*+ 

0 VW) +600 -63 -655 
2.0 
5;5 

+700 +70 -750 
+840 +220 - 

830 +930 +350 - 
11,5 +1120 + 570 -600 
14,0 + 1280 +800 - 

VOr+/V’+ sont tres voisins, quelle que soit la concen- 
tration de l’acide. L’accroissement du pouvoir oxy- 
dant des esp&es VO,+ et V02+ avec la concentration 
de H,PO, est beaucoup plus marqub que celui de V3+. 
Ceci est 1% au fait que les Cquilibres d’oxydo- 
reduction mettant en jeu les deux premieres esp&es 
font igalement intervenir le proton alors que ce n’est 
pas le cas pour le systeme V3+/V2+ dont l’tvolution 
avec la concentration d’acide est analogue a celle du 
systeme Fe3+/FeZ+. 

Arsenic 

Dans la formule g&n&ale des apatites 
Ca,,F,(PO,),, PO, peut itre remplace par AsO,. 
L’arsenic est done normalement present dans les 
phosphates naturels a des teneurs variables selon leur 
origine: par exemple, 3,s a 96,5 ppm d’arsenic pour 
des phosphates d’origine americaine.” La teneur en 
arsenic des acides phosphoriques industriels est de 
l’ordre 0,02 a 1,16 g/l, pour des acides de concen- 
tration comprise entre 3,5 et 7M.‘* Elle doit stre 
considtrablement reduite lorsque ces acides sont util- 
ists pour la preparation des phosphates destines a 
l’industrie alimentaire ou a l’industrie des engrais.4’ 
Ceci petit %tre realis& en particulier par flottation 
ionique.17*42 

L’espkce As(II1) est reductible en As a l’electrode 
a goutte de mercure, mais l’esptce As(V) n’est pas 
electroactive. Le systeme redox As(V)/As(III) est 
done lent. La variation de son potentiel normal a ete 
determinee jusqu’a une concentration d’acide de 
8M en utilisant le systeme I;/I- comme indicateur 
potentiomttrique et ampkromttrique.42 Ses valeurs 
sont don&es dans le Tableau 6. 

Le potentiel normal du systeme As(V)/As(III) aug- 
mente avec la concentration de H,PO,, mais la 
variation, voisine de celle observee pour systeme 
Fe(III)/Fe(II), est inferieure a celle a laquelle on 

Tableau 6. Potentiels normaux du 
systeme redox As(V)/As(III) dans 

les milieux H,G-H,PG, 

D-WQI, M 
Gw4aw, T 

mV vs. Fe +/Fe 

OoI20) +150 
290 + 228 
535 +281 
830 +335 

pouvait s’attendre. Ceci pourrait suggirer que la 
reaction d’oxydo-reduction mise en jeu est non pas: 

H,As04+2e-+3H+eAsO+ +3H,O (13) 

mais: 

As03+ + 2e_z$AsO+ (14) 

CONCLUSION 

Les potentiels normaux des systemes redox mettant 
en jeu les espkces de l’uranium, du vanadium et de 
l’arsenic ont ite detetminb dans les milieux 
H,O-H,PO, par des methodes directes: polar- 
ographie, potentiometrie a intensite nulle ou 
par l’intermediaire d’indicateurs potentiometriques: 
Fe(III)/Fe(II), Ag(I)/Ag, I; /I-. Leurs variations avec 
la concentration d’acide, ainsi que celles des systemes 
H+/H2 et 1,4 benzoquinone/hydroquinone sont 
present& par la Figure 1 de notre publication pm&- 
dente.43 Le renforcement de leurs prop&es oxy- 
dantes est plus marque que celui des systemes redox 
ne faisant pas intervenir le proton. 11 resulte des 
variations du niveau d’acidite et de la solvatation 
relative des espkes mises en jeu, les deux facteurs 
intervenant de mar&e antagoniste: le terme activite 
de l’eau ne devient significatif que dans les milieux les 
plus concentres en acide. Ces don&s thermo- 
dynamiques conduisent au calcul des coefficients 
d’activite de transfert de solvatation des esptkes en 
jeu.” 11s permettent d’interpreter ou de prevoir les 
reactions d’oxydo-reduction (diagrammes potentiel- 
niveau d’acidite), l’evolution des proprittes de solu- 
bilite y compris celles des phosphates et devraient 
Bgalement intervenir dans la prevision des reactions 
mises en jeu dans les processus de separation comme 
l’extraction liquid~liquide et la flottation ionique. 
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SODIUM WITH 4-BENZOYL OR 

4-PERFLUOROACYL-5-PYRAZOLONE AND TOP0 
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Summary-The synergic solvent extraction of lithium and sodium into benzene or cyclohexane with 
4benzoyl or 4-petlluoroacyl-5-pyrazolone and trioctylphosphine oxide (TOPS) has been investigated. 
Quantitative extraction (> 99%) of lithium, which is one of the most poorly extractable metal ions, can 
be achieved with l-tolyl-3-methyl-4-per8uoroacyl-5-pyrazolone and TOPS. The extraction of sodium is 
somewhat poorer than that of lithium under the same conditions. The pertluoroacyl group at the 
4-position of the pyrazolone ring enhances the extraction and increases the maximum percentage 
extracted. Cyclohexane is found to be suitable for a quantitative extraction as an organic phase when the 
reagents are soluble in it. Improved separation of lithium and sodium can be attained when they are 
extracted into benzene. 

Alkali-metal ions usually form complexes of low 
stability owing to their single charge and relatively 
large ionic radius. The solvent extraction of alkali- 
metal ions with crown ethers has been widely in- 
vestigated.‘” Although alkali-metal ions form stable 
complexes with crown ethers, it is difficult to achieve 
their quantitative extraction, especially for lithium. 
B-Diketones have also been applied for the extraction 
of alkali-metals.” It was found that the alkali-metal 
ions are extractable into so-called active solvents, 
which have a co-ordinating oxygen atom, such as 
ethers, esters and alcohols, and are also extractable 
with the combination of a B-diketone and an auxili- 
ary reagent such as TOP0 or tributyl phosphate. The 
order of the efficiency with which the alkali-metals 
are extracted by /I-diketones is Lit > Nat > K+ > 
Rb+ > Cs+, which is also the order in which their 
ionic radii increase. 

4-AcylS-pyrazolones are a type of B-diketone and 
are known to be versatile extracting reagents, having 
two oxygen atoms as co-ordinating centres. Accord- 
ing to the Pearson concept, the pyrazolones are hard 
bases and thus expected to form stable chelates with 
hard acids such as the alkaline-earth and rare-earth 
metal ions. We have synthesized a number of 
4-acyl-S-pyrazolones and investigated their use for 
solvent extraction of metals.* In the course of these 
studies, it was found that lithium, though one of the 
most poorly extractable metal ions, could be almost 
quantitatively extracted with the pyrazolones and 
TOP0 as an auxiliary ligand.9 

In the present investigation, rlbenzoyl and 
4pertIuoroacyl+pyrazolones were examined as 

*Author for correspondence. 

synergic extractants (in combination with TOPO) 
in the expectation that the electron-attracting effect 
of the pertluoroalkyl group might enhance the 
stability of its metal-ion chelates in the presence of a 
Lewis base such as TOPO, and result in a higher 
distribution ratio for alkali-metal ions. 

EXPERIMENTAL 

Reagents 
4-Benzoyl and 4-fluoroacyl derivatives of I-aryl-3-methyl- 

5-pyrazolone were prepared according to the method 
of Jensen from I-aryl-3-methyl-5-pyrazolone and benzoyl 
chloride or the corresponding pertluoroacyl anhydride.tO 
The crude products were recrystallized twice from dioxan- 
water or ethanol-water mixtures and dried under reduced 
pressure. TOP0 was obtained commercially and used 
without further purification. Caesium hydroxide solution 
was prepared by dissolving the oxide in water. The other 
chemicals were pure or reagent-grade materials. Water was 
demineralized and distilled. 

Apparatus 
Flame emission measurements were made with a Hitachi 

Polarized Zeeman Atomic-Absorption Spectrophotometer, 
model 180-80. The pH measurements were performed with 
a Hitachi-Horiba F-7ss pH-meter, equipped with a glass 
electrode. 

Solvenl exlraction procedure 
An aqueous phase prepared from 10 ml of alkali-metal 

solution (< 1 x lo-‘M) and O.OlM caesiurn acetate as 
buffering agent was adjusted to the desired pH with hydro- 
chloric acid or caesium hydroxide solution, placed in a 
30-ml centrifuge tube and mechanically shaken with an 
equal volume of benzene or cyclohexane containing the 
required amount of the pyrazolone and TOFU, for 1 hr at 
25”. Preliminary experiments showed that equilibrium was 
reached within 15 min. The phases were then centrifugally 
separated, and the pH of the aqueous phase was measured 
again and taken as the equilibrium value. 

The concentration of alkali-metal ion in the aqueous 
phase was determined by Same spectrophotometry. The 

TM.. 34/ec 779 
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RI R2 

H PMBP H %Hs 
HPMTFP H CF3 

HTMPFP CH3 C2Fs 

HTMHFP CH3 C,F, 

Fig. 1. 4-Acyl-S-p~azolones studied. 

concentration of alkali-metal ion in the organic phase was 
determined in the same way after stripping with hydro- 
chloric acid. The sum of the metal concentrations in the two 
phases agreed well with the initial concentration. 

RlEWL’l-S AND DISCUSSION 

4-Acyl-5pyrazolones 

The 4-acyl-Spyrazolones synthesized in this work 
(Fig. 1) and their abbreviations are as follows. l- 
Phenyl-3-me~yl~-benzoyl-5-pyr~olone (HPMBP), 
1 -phenyl- 3-methyl-4- t~fluoroa~tyl- 5 -pyrazolone 
(HPMTFP}, I-tolyl-3-methyl4~nt~uoropropionyl- 
S-pyrazolone (HTMPFP) and 1-tolyl-fmethyl-4- 
heptafl.uorobutyryl-5-pyrazolone (HTMHFP). The 
identity of these compounds was confirmed by ele- 
mental analysis, summarized in Table 1 together with 
the melting points. Attempts to synthesize l-phenyl- 
3-methyls-~n~uoropropionyl-S-pyrazoloneand l- 
phenyl-3-methyl-4-heptafluorobutyryl-S-pyrazolone 
were unsuccessful. Introducing a methyl group into 
the I-phenyl group made it possible to synthesize 
4pentafluoroacetyl and rtheptafluoroacetyl deriva- 
tives of S-pyrazolone. 

Data processing 

In the synergic extraction of a univalent metal ion 
(M+) such as an alkali-metal ion, the extraction 
equilibrium can be expressed by 

M+ + H& f sL,,G=MAL~~, + II+ (1) 

where HA and L stand for 4-acyl-S-pyrazolone and 
TOP0 respectively and subscript o indicates species 
in the organic phase. In this treatment, side-reactions 

5 6 
PH 

7 8 

Fig. 2. Extraction of lithium and sodium into cyclohexane 
(0) or benzene (0) with 0.05.U HPMBP and 0.1M TOPO. 

such as complex formation between M+ and acetate 
are assumed to be absent. The synergic extraction 
constant, Ei,, 5, is defined as 

K 
[MALIo[H+ 1 

“*‘= [M+][HA],[L]:, 

(2) 

where D is the distribution ratio of the alkali-metal 
ion. The slope of a plot of log D us. log [Ll, at 
constant [HA], and pH gives s, the number of TOP0 
molecules attached to MA. 

Depen~nce of the distribution on pH 

In the present work, the pH of the aqueous phase 
was controlled with caesium acetate and caesium 
hydroxide, preliminary experiments having indicated 
that the extraction of caesium is negligible under the 
conditions used. 

Figure 2 shows the dist~bution of lithium and 
sodium with the combination of HPMBP and TOPO, 
as a function of pH. Without any adduct-forming 
reagent such as TOPO, the extraction of lithium and 

Table 1. Element analysis of the compounds studied 

Calculated (found), % 

Reagent 
HPMBP 

HPMTFP 

HTMPFP 

HTMHFP 

C 

73.37 
(73.5) 
53.34 

(53.6) 
50.31 

(50.5) 
46.89 

(47.0) 

H 

5.01 
(5.0) 
3.33 

(3.3) 
3.32 

(3.1) 
2.89 

(2.7) 

N 

10.07 
(10.2) 
10.36 

(10.6) 
8.38 

(8.4) 
7.29 

(7.3) 

m.p., 
“C 

92-92.5 
(92)‘O 
146 

(146)‘@ 
115 

101 
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3 4 5 6 7 
P” 

Fig. 3. Extraction of lithium and sodium into cyclohexane 
(0) or benzene (a) with 0.05M HPMTFP and 0.W 

TOPO. 

sodium is negligible. As Seen in the figure, log D 
increases linearly with pH and then comes close to a 
constant value. The slopes of the linear part of the 
plots are very close to 1, the theoretical value accord- 
ing to equation (1). Lithium was extracted from more 
acidic media than sodium and its distribution con- 
stant was much higher than that of sodium. When 
cyclohexane was employed as the organic solvent, the 
synergic effect and distribution constant were both 
higher for lithium and sodium. 

The dependence on pH was also examined for the 
4-pertluoroacyl-Spyrazolone/TOPO system. The re- 
sults for HPMTFP are illustrated in Fig. 3. The acid 
dissociation constants (p&) of some 4-acyl-5- 
pyrazolones have been determined by the liquid- 
liquid distribution method.” The pK, of HPMTFP in 
O.lM sodium perchlorate medium is 2.56, much 
lower than that of HPMBP, which is 3.92. Both 
lithium and sodium could be extracted from much 
more acidic media with the HPMTFP/TOPO system 
than with the HPMBP/TOPO system. This enhance- 
ment is attributed to the much greater acidity of 

2 

1 

0 

k 

0 

-1 

-2 

Fig. 4. Extraction of lithium and sodium with 0. 1M TOP0 
and acylpyrazolone: 0 0.002M HTMPFP in cyclohexane; 
l O.OSM HTMPFP in benzene; A 0.05M HTMHFP in 

benzene. 

HPMTFP, which results in greater dissociation of the 
reagent in aqueous solution and stabilizes the adduct 
formation between the alkali-metal pyrazolonates 
and TOPO. 

The extraction of lithium and sodium with 
HTMPFP or HTMHFP was also examined and is 
illustrated in Fig. 4. Although it was expected that 
HTMPFP and HTMHFP would exhibit stronger 
acidity than HPMTFP owing to their longer 
perfluoroalkyl substituents, they did not enhance the 
degree of extraction of lithium and sodium. The 
HTMPFP concentration used was 0.02&f, for it is 
only slightly soluble in cyclohexane. HTMHFP is not 
soluble in cyclohexane. 

The pH,,, values, and the approximate maximum 
percentages extracted are summarized in Table 2. The 
maximum percentage extracted could not be deter- 
mined exactly, because the aqueous phase became 
cloudy at pH values higher than those illustrated in 
Figs. 2-4. Quantitative extraction ( > 99%) of 
lithium could be achieved with the HTMPFP/TOPO 

Reagent 

Table 2. Extraction parameters for MAL, 

tog &a,, R,% 
PH:/, 
(Li) Li Na Li Na a 

HPMBP 
benzene 
cyclohexane 

HPMTFP 
benzene 
cyclohexane 

HTMPFP 
benzene 
cyclohexane 

HTMHFP 

6.10 -2.68 -5.88 96 3 1590 
5.07 -1.50 -4.54 98 9 1100 

3.84 -0.48 -3.64 98 9 1450 
3.29 0.32 -2.56 98.9 50 760 

4.22 -0.92 -3.54 99.3 66.6 420 
3.59t 0.11 - 99.5 - - 

benzene 4.38 -1.08 -3.95 99.3 68.1 740 

*[HA], = O.OSM, POPO], = 0. 1M. 
?@A], = O.O2M, [TOPO], = 0. 1M. 
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and HTMHFP/TOPO systems. Though only a 
small percentage of sodium was extractable with 
the HPMBP/TOPO system, > 60% extraction was 
achieved with the HTMPFP/TOPO and HTMHFP/ 
TOP0 systems. For all the extraction systems, greater 
extraction and higher distribution constants were 
achieved with cyclohexane as the organic solvent. 

Dependence of distribution on the TOP0 concentration 

To clarify the composition of the extracted species, 
the dependence of the distribution ratio on the TOP0 
concentration was examined at constant pH and 
pyrazolone concentration. The plots of log D us. log 
[TOPO], for the lithium/HPMTFP system at pH 4.3 
(benzene as organic phase) and 3.5 (cyclohexane) 
had slopes of almost 2, indicating that the extracted 
species is MAL,. The slopes were also N 2 for the 
corresponding sodium systems at pH 5.7 (benzene) 
and 4.5 (cyclohexane). The same slopes were obtained 
for the other extraction systems. 

The extraction constants, K&,, defined in equation 
(2), were obtained and are summarized in Table 2. 
The values were calculated not from log D vs. pH 
plots but from the linear part of log D us. log [TOPO], 
plots, since the extraction does not follow equation 
(2) at high TOP0 concentrations. The extraction 
constants decrease according to the ligand used, 
in the order HPMTFP > HTMPFP > HTMHFP > 
HPMBP for lithium and HTMPFP > HPMTFP > 
HTMHFP > HPMBP for sodium. Obviously the 
perlluoroalkyl substituents increase the extraction 
constants compared with those for use of 4benzoyl- 
5-pyrazolone, but increasing their chain-length does 
not always increase K,,,. The maximum percentage 

extracted decreases with ligand in the order HTMHFP 
> HTMPFP > HPMTFP > HPMBP, which is also 
the order in which the length of perhuoroalkyl 
substituent decreases. 

Separation of lithium and sodium 

The separation factor, a, is defined as 

DLi Kx s(h) c(=_=L 

D Kx,s(~a, Na 

and its values are summarized in Table 2. The best 
separation was obtained with the HPMBP/TOPO/ 
benzene system, only a few percent of the sodium 
being extracted at the pH at which lithium was almost 
quantitatively extracted. Larger a values are obtained 
with benzene as the organic phase. Increasing the 
acidity of the pyrazolone does not seem to increase c(. 
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Summary-A method for the study of two-phase equilibria by extraction in liquid-liquid segmented flow 
is presented. The main advantage of the method is the very rapid equilibration achieved. In many cases 
a contact time of 5 set is sufficient. By performing the measurements needed on-line with the extraction 
the total residence time of a substance studied in the system can be kept below 10 sec. This makes it 
possible to study two-phase equilibria of moderately unstable compounds. Other advantages are the 
semi-enclosed design, which minimizes contact with solvent fumes and increases the speed of operation 
after the system has been set up. The system has been used for a study of the two-phase equilibria of 
dithiocarbamic acids. The dithiocarbamates are often used for the separation and preconcentration of 
metals, and co-extraction of the reagent can cause severe interference in the final determination. By means 
of the extraction constants presented, the extraction of diethyldithiocarbamic acid and pyrrolidine- 
dithiocarbamic acid into Freon 113. carbon tetrachloride, methyl isobutyl ketone and chloroform can he 

Solvent extraction is one of the most often used 
methods for separation and preconcentration in the 
analytical laboratory. L*2 Studies of two-phase equi- 
libria in the various systems of analytical interest 
have therefore been a frequent preoccupation for 
analytical chemists for many years and generally 
performed by shaking two phases of suitable com- 
position in a separatory funnel for a period con- 
sidered (or determined) to be long enough for equi- 
librium to be reached. The equilibration time depends 
on the efficiency of droplet formation from the two 
phases,’ and the reaction rates and diffusion 
coefficients in the two phases. After equilibration the 
funnel is left for some minutes for the phases to 
separate and the concentration of the species of 
interest is then measured in one or both of the phases. 
Thus studies of two-phase equilibria were relatively 
tedious, and often involved the handling of consider- 
able volumes of potentially harmful solvents. 

These studies can be made with less solvent and in 
a semi-enclosed system, by use of liquid-liquid seg- 
mented flow, a possibility which was pointed out 
some years ago. 4,5 The systems devised are, however, 
not suitable for work with compounds such as the 
dithiocarbamic acids, that cannot be obtained in solid 
form and are more or less unstable in any solvent.6 
However, as recently shown, the attainment of equi- 
librium in liquid-liquid segmented flow can be very 
rapid.’ Provided that some simple guidelines concem- 
ing the design of the flow system are followed and 

*Permanent address: Centre of Structure and Element 
Analysis, China University of Science and Technology, 
Hefei, Anhui, People’s Republic of China. 

that no slow chemical reactions are involved, equi- 
librium in the segmented flow can be reached after 
only a few seconds. As the effective volume of the 
phase separator and the connection to the detector 
can be kept small (< 15 ~1) the total residence time 
in the system will be very short.8.9 This opens the 
possibility of studying the two-phase equilibria of 
moderately unstable compounds. 

The dithiocarbamates are often used for extractive 
separation and preconcentration of metal ions prior 
to determination. As these reagents are fairly non- 
selective and react with many transition elements, 
they have mainly found use in conjunction with 
highly selective instrumental methods such as atomic- 
absorption spectrophotometry and atomic-emission 
spectrometry, with flames or plasmas. Among 
the various dithiocarbamates, pyrrolidinedithiocar- 
bamate (PDC) and diethyldithiocarbamate (DDC) 
have been preferred for analytical work.2s’0 Sur- 
prisingly, relatively little work has been done on the 
two-phase equilibria of these reagents. One reason for 
this is the poor stability of the dithiocarbamates in 
aqueous solutions of low PH.“*” As the co-extraction 
of dithiocarbamic acids can constitute an interference 
both in spectrophotometry, mass spectrometry and 
atomic spectroscopy, especially with the graphite 
furnace, a closer study of their distribution is war- 
ranted. By determining the extraction constants for 
the dithiocarbamic acids in relevant systems it should 
be made possible to estimate in advance the risks for 
interference from co-extracted reagent. In earlier 
distribution studies carbon tetrachloride’i-i4 and 
chloroform’2*1c’6 were used as the organic phase. In 
this study we have also included 1,1,2-trichloro-1,2,2- 
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trifluoroethane (Freon 113) and methyl isobutyl 
ketone (MIBK). The former is less toxic than chloro- 
form or carbon tetrachloride and the latter is 
more suitable for atomic spectrometry with flames or 
plasmas. 

EXPERIMENTAL 

Apparatus 

The two extraction manifolds used are shown in Fig. 1. 
Flows were maintained with the aid of peristaltic pumps 
(Gilson Minipuls, France) fitted with Tygon pump tubes 
(Technicon, USA). When Freon 113 was used the displace- 
ment bottle was omitted and this solvent was pumped 
directly, through Solvaflex tubing (Technicon, USA). The 
segmentor was an ordinary T-piece, 0.7 mm bore, made of 
poly(vinylidenedifluoride) (PVDF). Phase separation was 
achieved with a membrane phase-separator of the type 
previously described.* The membrane was 0.2pm pore-size 
Fluoropore (Millipore, USA). In all cases restrictors were 
chosen such that practically complete phase separation was 
obtained. Photometric measurements were made with an 
LKB 2151 variable-wavelength detector (LKB, Sweden) 
equipped with a lo-p1 flow-cell with IO-mm path-length. 
The wavelength of maximum absorbance in the range 
330-360 nm was found for each solvent-dithiocarbamate 
combination and subsequently used for the measurements. 

(a) p 

rl 

The pH of the aqueous outtlow was measured with a 
pH-meter (Metrohm Herisau, Switxerland). The electrode 
couple, a glass electrode and a double-junction reference 
electrode, was standardized with NBS buffers. Flow-rates 
were. measured, by use of a stop-watch and a balance, for 
each set of experiments. 

Reagents 

All chemicals were of analytical grade and used as 
purchased, except _ : for the Freon 113 for which the technical 
grade was.satisfactory. The pH for extraction was adjusted 
with nitric acid and acetate and phosphate buffers. Sodium 
nitrate was used for ionic strength adjustments. The ammo- 
nium pyrrolidinedithiocarbamate and diethylammonimn di- 
ethyldithiocarbamate solutions had a concentration of 3.2 
g/l. unless stated otherwise. 

The basic arrangement for the extraction experiments is 
shown in Fig. l(u). The organic phase and dithiocarbamate 
reagent are brought together to give segmented flow. The 
pH of the aqueous phase is then adjusted through the 
addition of a buffer or nitric acid. This order of addition is 
chosen in order to minimixe the residence time for the 
dithiocarbamic acids in aqueous solution. The dithio- 
carbamic acid formed is distributed between the phases 
during transport through the extraction coil. After passage 
through a suitable length of tubing, equilibrium is reached, 

(6) p 

Fig. 1. Manifolds for the extraction of dithiocarbamic acids from an aqueous into an organic phase (0) 
1, pH-adjusting solution (buffer or HNO,) (approximate flow-rate 0.7 ml/min); 2, water feed to 
displacement bottle delivering organic solvent (0.9 ml/min); 3, aqueous solution of the extractant (0.7 
ml/min); P, peristaltic pump; DB displacement bottle; S segmentor; E, extraction coil (Teflon), 1 m long, 
0.35 mm bore; PS, phase separator; D, photometric detector; R, restrictor. (b) The organic solution of 
the extractant is produced in-line: l,O.l4M HNOr (approximate flow-rate 0.7 ml/min); 2, aqueous solution 
of the extractant (0.7 ml/min); 3, water feed to displacement bottle delivering organic solvent (0.9 ml/min); 

4, pH-adjusting solution (buffer or HNO,) (0.7 ml/min); other symbols as for (a). 
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and the two phases are. separated and the organic phase ii 
led to the detector, where its absorbance is measured. 
Meanwhile, the aqueous phase is collected for pH measure- 
ment, performed as soon as possible after the run. 

Once K. has been evaluated the assumption leading 
to equation (5) can easily be checked. 

RESULTS AND DISCUSSION 

THEORY 

The dithiocarbamic acid, HX, is distributed 
between the phases according to the distribution 
constant: 

Kd = [HXI, /P-W (1) 

The distribution of dithiocarbamate between the 
phases is also influenced by the pH of the aqueous 
phase: 

&x = WWWI [xl (2) 

Equations (1) and (2) give an expression for the 
extraction of dithiocarbamic acid: 

Ez = [HX/l, /[HI [xl = & KHX (3) 

When extractions are studied by means of absorb- 
ance measurements on only the organic phase, it is 
necessary to transform absorbance values into con- 
centrations. For dithiocarbamic acids this cannot be 
done in the usual way because they cannot be ob- 
tained in solid form,6 and they are all more or less 
unstable in organic solvents. 

Initially, experiments were performed to elucidate 
the influence of the length of the extraction tubing 
and hence the phase contact time on the extraction. 
With a constant total flow-rate of about 2.1 ml/min, 
extractions were performed in the manifold shown in 
Fig. la with varying lengths of extraction coil. The 
results obtained for Freon 113 are shown in -Fig. 2. 
As can be seen, the extraction is very rapid, and is 
complete after passage of the reaction mixture 
through about 1 m of extraction coil. This is equiv- 
alent to a phase-contact time of 2.5 sec. As expected, 
the rate of extraction is not affected by the pH of the 
aqueous phase since protonation/deprotonation reac- 
tions are very fast. Interestingly, calculations of K, 
based on results obtained with extraction coils 
shorter than 1 m gave results corresponding to those 
obtained when the system was allowed to reach 
equilibrium. However, under non-equilibrium con- 
ditions the need for constancy of flow-rates will be 
more stringent. 

If the possibility of dimerization in the organic 
phase is regarded as negligible,16 the total concen- 
tration of dithiocarbamic acid (calculated as if it were 
all present in the organic phase) can be expressed by: 

C, = D-W, + 0-W + [X1)/r 

= WXl,U + l/r& + l/rKHX&[Hl) (4) 

where r is the phase flow-ratio QO/Qq. If the extrac- 
tion is done at a pH low enough for the last term in 
(4) representing [xl, to be neglected, maximal concen- 
tration of HX in the organic phase will be reached: 

[HXI,,, = CJ(1 + l/rKJ (5) 

The concentration of dithiocarbamate in the aqueous 
phase is given by: 

[xl = (Co - F-W, - D-Wr)r (6) 

From equations (1), (5) and (6) we obtain: 

[xl = r(1 + W&)@%,, - F-WA (7) 

Inserting equation (7) into (3), using Beer’s law and 
taking logarithms, we obtain: 

log [A /A,,,, - A )I 

It can also be Seen from Fig. 2 that increasing the 
phase.-contact time has no effect on the absorbance of 
the extract. Thus, no significant degradation of the 
dithiocarbamic acid in the organic phase takes place 
during this time (about 5 set). The time elapsed 
between separation of the phases and absorbance 
measurement was kept at 2 set or less. Thus, degra- 
dation of the dithiocarbamic acid after separation is 
not likely, especially since the rate of degradation 
should decrease after the separation.‘7*‘8 Results 
similar to those in Fig. 2 were also obtained with 
MIBK as the organic phase. In the further work a 
1 m length of tubing was used throughout for the 
extraction. 

Abs. 1 

= -pH+logK,+logr +log(l + l/r&) (8) 

where A is the absorbance of the organic phase. Thus 
plotting log[A/A,, - A)] us. pH will give a straight 
line with slope - 1. From the hydrogen-ion concen- 
tration at A = A&2, [HIi, and KHx for the dithiocar- 
bamic acid, the extraction constant can be calculated: 

i 3 

Coil length (m) 

Ic, = (l/Hi - KHx)Ir 

Fig. 2. Absorbance of the organic phase (Freon 113) as a 
function of the length of the extraction coil. Flow conditions 
as in Fig. l(a): 0.14M HNO, as pa-adjusting solution; 
extractant: 0 HDM=, A HPDC: 2M acetate. buffer 
@H = 3.4) as pa-adjusting solution; extractant: l HDDC, 

(9) A HPDC. 
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Fig. 3. Absorbance of the organic phase (Freon 113) as a 
function of the initial concentration of extractant (g/l.) in 
the aqueous solution. Flow conditions as in Fig. l(a). 

Extractant: 0 HDDC; A HPDC. 

To ascertain whether the solubilities of the dithio- 
carbamic acids in the different organic solvents were 
sufficient, some experiments with various concentra- 
tions of dithiocarbamates were performed, with the 
manifold shown in Fig. l(u) and 0.14M nitric acid 
for pH adjustment. Freon 113 was used as organic 
phase, previous experience having shown that this is 
the solvent in which the dithiocarbamic acids are least 
soluble. The results, given in Fig. 3, show that for 
HDDC the solubility is sufficient in the concentration 
range tested, but for HPDC the effects of limited 
solubility can be seen. To give an acceptable safety 
margin, the concentration of APDC used was 
decreased to 0.64 g/l. in the case of extraction into 
Freon 113. 

For each solvent-dithiocarbamate combination 
the determination of K. was started by establishing 
the pH-absorbance relationship. With decreasing pH 
more dithiocarbamic acid is extracted, and the ab- 
sorbance increases until finally a steady A,, is estab- 
lished, as shown in Fig. 4. With a strongly acidic 
aqueous phase the absorbance was sometimes lower 
than A_, probably because of degradation of the 
dithiocarbamic acid. For all combinations tested in 
this work A,, could be established by using 0.28M 
nitric acid for pH adjustment. After establishment of 
A,, a number of buffers were introduced into the 
system in rapid succession, under constant flow con- 
ditions, and the corresponding pH and absorbance 
values were found. These data were then treated 

best line through the points was found by linear 
regression. The intersection of this line and the line 

log [A /(A,, - A)] = 0 gives the pH, value, which thus 
represents the pH for 50% of maximal extraction. 
From these values, the measured phase flow-ratios, 
and literature values for the acidity constants of the 
dithiocarbamic acids,” K, values could be calculated 
according to equation (9). 

To ascertain that the values obtained correspond 
to true equilibrium conditions, measurements were 
also performed by extracting the dithiocarbamic 
acids from organic solvents into water. The organic 
solutions of dithiocarbamic acids were produced 
in-line with the measurement system in the manifold 
shown in Fig. l(6). Phase flow-ratios were in these 
cases based on the measured outflows from the 
second separator, to avoid possible errors due to 
losses of organic phase in the first separator. 

The slopes found for the plots of log[A/(A,, - A)] 

US. pH were all in the range between -0.96 and 
- 1.06 and were not significantly different from the 
theoretical value of - 1. This good agreement with 
theory is a further indication that no disturbing 
decomposition of the dithiocarbamates takes place 
over the range of pH studied. The assumption leading 
to equation (5) can be erroneous if the pH is too high 
in the determination of A,,,, especially if K,, is low. 
Thus the largest risk in this case is connected with the 
Freon 11 SHPDC combination. A rough calculation 
shows, however, that at the pH used for A, deter- 
mination only 0.2% of the dithiocarbamate was 

Abs. 

1.25. 

/- -A 

0.75 - 

0.50 - 

2 4 6 8 

PH 
Fig. 4. Absorbance of the organic phase (Ccl,) as a function 
of pH during extraction. Flow conditions as in Fig. l(a). 

Extractant: 0 HDDC; A HPDC. according to equation (8) and the equation for the 
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Table 1. Logarithms of two-phase equilibrium constants for some solvent-dithiocarbamate combinations 

Dithiocarbamic acid 

HPDC HDDC 

Lit. Lit. 
Solvent K, SlogK Kd values K. +o#K Kd values 

Freon 113* 3.88 0.01 0.63 5.00 0.01 1.65 - 
Freon 113t 3.93 0.03 0.68 5.03 0.03 1.68 
ccl,* 4.80 0.03 1.55 - 5.15 0.03 2.40 6.21”*‘4 5 . l4’2 , 5.19” 
cat 4.12 0.09 1.41 5.83 0.01 2.48 
CCU 5.10 0.03 2.35 
MIBK* 5.01 0.03 1.82 - 6.00 0.06 2.65 - 
CHC13* 6.10 0.02 2.85 6.13” , 6 . 0i6 6.18 0.03 3.43 6.1212, 6.11”, l.016 
CHCl,t 6.16 0.04 3.41 

*Normal extraction with the manifold in Fig. l(a). 
tBack-extraction with the manifold in Fig. l(b). 
§Normal extraction with the manifold in Fig. l(a) and constant ionic strength I = O.lM. 

present in anionic form in the aqueous phase. Thus 
the approximation is justified. 

Initially extractions were performed without ad- 
justment of the ionic strength, which therefore varied 
with pH from very low values to the strength of the 
diluted buffer, 0.1 M. As most of the experiments were 
performed at a pH higher than log KHx for the buffer, 
the stability constants of the dithiocarbamic acids 
given by Aspila et a1.19 were recalculated to an ionic 
strength of O.lM. A set of experiments performed at 
a constant ionic strength of O.lM gave results close 
to those obtained earlier. Furthermore, evaluation of 
K, for each run, by use of equation (3), showed no 
trend in the results obtained at different pH and 
hence at different ionic strength. By using in our 
calculations KHx values valid for 0.1 M ionic strength 
we can obtain K, values for this medium. The 4 
values found are shown in Table 1, together with the 
corresponding Kd values. The standard deviations 
were obtained from the evaluation of pHi by linear 
regression. Results found in the literature are also 
given. Generally the correspondence is quite good, 
considering the difficulties caused for the earlier 
workers by the poor stability of the dithiocarbamic 
acids. 

As expected, the extractability of the dithiocar- 
bamic acids into different solvents increases in the 
order Freon 113 c carbon tetrachloride < MIBK < 
chloroform. For three of the solvents Kd is approxi- 
mately ten times greater for HDDC than for HPDC. 
With chloroform, however, a much smaller difference 
in Kd was found. This behaviour can probably be 
explained as due to the formation of association 
compounds in the organic phase. Such effects have 
been found by Imura et aL20-*’ A closer study of this 
behaviour is the aim of further research. 

CONCLUSIONS 

The concept of extraction in liquid-liquid seg- 
mented flow has proved to be very suitable for the 
study of two-phase equilibria, especially for work 
with relatively unstable compounds. After the experi- 

mental system has been established, the system pro- 
duces data rapidly. Furthermore, relatively small 
amounts of solvents are needed and the system is 
semi-enclosed. The precision of the data obtained is 
more than adequate for analytical purposes. 

The results obtained for the two-phase equilibria of 
the dithiocarbamic acids show that the amount of 
reagent co-extracted when these reagents are used for 
separation of metals can be considerable, especially at 
low pH. This fact should be taken into consideration 
when designing separation schemes in conjunction 
with determination methods that might be disturbed 
by the excess of reagent. The results also explain the 
varying ease with which metals can be stripped from 
dithiocarbamate extracts in different solvents.” By 
correct choice of solvent and pH of extraction the 
amount of co-extracted reagent can in most cases be 
reduced to insignificant levels. 
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~~-~ syn&eSs, ~~~~~~#~ and analytical properties of 2-~t~S,~~-I,~- 
indanedione ~~io~~~~~~e (NIHIYF) are described. NDIDT is used as a chromogenic reagent for 
the rapid spectrophofometric determination of cobalt(H), palladium(H) and osmium(\sXII). The spectro- 
phototnetric method developed for cobalt has been used in the analysis of alloys. 

~~j~b~~n~ haave been frequenfly employed 
as ~br~~g~e reagenfs for the s~trophotomet~c 
dete~natio~ of inorganic ions and their analytical 
potentialities have been reviewed.tS2 Monothios@mi- 
carbazones with an electron-donating group in the 
u-position and o. -bistbiosemi~bazones have been 
widely studiecL2 ~-~~s~car~~o~~ &we been 
found ~~e~~~~~~ %zsid-Bl for t&e ~~~~~e~~ 
determination of inorganic iotxM In this paper% the 
analytica properties of 2-nitro-5,6-dimethyl-1,3- 
indanedione dithiosemicarbaaoae (NDIDT) and its 
utility for the rapid spectrophotometric determi- 
nation of cobalt(H), palladium(II) and ~smium(VIII) 
are presented. 

Synthesip of” NOID X 
2-Nitro-S,ddimethyl-1,3-indanadi~~~ was prepared a@ 

cording to the hterature procedure.’ A hot solution of 3 g 
of 2-~~5,~~yl-l,3&dariedione in I50 mI of meth- 
~~~wasartdedI3ropwisetoP~~~~~~rrf3gaE 
~o~~~d~ dissolved in 100 ml of 3M hvdrochforic 
acid. An orangtimd product separated and was‘purified by 
washine with methanol (m.o. 220-222’. vield 65%), Pound: 
C 43.1%, H 4.O%, N 2710%. Calculat~for C,,H,iN,02$2: 
C 42.75%. H 4.17%, N 26.74%. A solution of NDIDT 
(5x Io-3M) was prepared in 50% aqueous dimethyL 
~~~~ solution. 

stock ant solution (I x 1&-2&f) was prepared ftMa 
cobalf(II) chloride hexahydrate and standardii.s Stock 
solutions ofpalladh~m(II) and OS~~UDI(VIII) were popped 
and standardixd as described earkr.9+‘o 

ButI& solutmns were prepared from IM hydrochloric 
acid + 1M sodium acetate (pH OS-LO), and O.ZM sodium 
acetate +0.2&f acetic acid (pH 4.&-7.0). 

R~~~~~ wirh ~afms md ruriovs 
The test solutions were prepared in Z-ml standard g&s 

with 25-200 &g oftbe test ion, 3.0 ml of 5 x 10-‘MNDI~TS 
2.5 ml of dimetlhylformamide, 10 ml of buffer and dilution 
to volume with water. The spectrum was measured over the 
region 350-650 nm with a reagent blank as reference. 

~~~~o~~~~o$ ~~~~~~~ ~~~~~~~ erral 
osnrirrm 

Samples were prepared in ZS-ml standard tIasks with fO 
ml of b&x (pH 5.0 for Co, 4.5 for Pd, 6.5 for OS), metal 
ion (Co 6-60 flcg, Pd 10-95 pg, 0s 19-190 pg), 2,5 ml of 
dimethylformamide, 3 ml of 5 x W3M MlIDT and dhu* 

t&n to volume with water= The agree were measured 
at 429 nm for Co, 489 nm for Pd, 499 nm for OS, against 
a reagent b&k as reference. 

w 

The soIubiIity of NDIDT in several soNems was 
determined by Wittemberger’s method.” NDIDT 
is soluble in dimethylformamide (28 g/l.)* di- 
methylsulphoxide (12 g/l.), ethyl acetate (0,6 g/l.) 
and methyl isobutyi ketone (0.3 g/l.) and sparingly 
soluble in water, c~orofo~* carbon t~tr~c~a~de 
and cyclobexanone. 

Stability 

A 5 x lO”sM solution of NDIDT is stable for a 
day in 1: 1 v/v water~imethylfo~~de mixture and 
for a w&c in I : f v{v ~Q~~~~ mixture. 

The infrared spectrum was obtained (KBr discs) 
and bands (cm-‘) were assigned to the stretching 
vibrations of -NH (331 l), >C%N (1631), %ZzS 
(1145). 

The NMR qectrum was obtained in DMSo-d, 
with ~t~~t~yls~l~e as reference. The peaks (r) 
were assigned as follows: 2.18 (C-H protons, aroe 
matic), 6&l (CHr protons of indane ring), 79-7.76 
(NH and NH2 protons). The ultraviolet absorption 
spectra of NDIDT at various pH values are shown in 
Fig 1 = The c%ism&atien ~~~~~ were c&z&mined by 
the I%lhps and Merritt metbodi2 at 25” and ionic 
strength 0.1. The average results obtained 
were p& = pK2 = 9.8 (>fhxS group thione-thiol 
tautomerism),*3 
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I I I I I I I I 
260 260 300 320 340 360 360 400 

Wavelength (nm 1 

Fig. 1. Absorption spectra of 2 x 10-5M NDIDT at different pH values. 

Qualitative tests Determination of cobalt(H), palladium(II) and osmi- 

The most important results are summarized in urn ( VIII) 

Table 1. NDIDT gives chelating reactions, e.g., with The order of addition of metal ion, buffer and 
Co(I1) and Pd(II), and redox reactions with Cr(VI), NDIDT is immaterial provided dimethylformamide 
IO; and BrO; which involve a two-electron mech- 
anism in accordance with general redox behaviour of 
bisthiosemicarbazones.s,‘4 By analogy with earlier 
reports,‘4v’5 the oxidation products may be 

NH2 NH* 

Table 1. Analytical characteristrics of NDIDT reactions 

Ion 
LX, 6 Stoichiometry, 

pa/medium run I.mole-‘.cm-’ M : NDIDT Colour 

Co(H) 
Ni(II) 
Cu(I1) 
Ru(II1) 
Pd(I1) 
Os(VII1) 
Pt(IV) 
Au(II1) 
CrWI) 

BlO,- 

46 
8-9 
46 
46 
2-6 
68 
l-6 

Hi- 
0%1.6h 

HClO, 
l.O-2.OM 

HClO, 
1 .O-2.OM 

420 
430 
420 
440 
480 

420-490 

420 
370 

360 

470 

1.5 x 104 
1.0 x lo4 
1.2 x 104 
5.0 x 10’ 
1.6 x 10.’ 
1.3 x 104 

8.0 x lo3 
3.0 x 10’ 

6.5 x 10) 

2.0 x 104 

1:2 
1:2 

1:2 
1:4 

2:3 

Brown 
Yellow 

Red 
Brown 

Orange-red 
Brown 

Yellow* 
Yellowish-red 

Red 

1:3 

1:3 

Red 

Yellow IO; 

*Precipitate. 
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Table 2. Physicochemical and analytical characteristics of complexes 

NDIDT complex of 

Characteristic 

Moles of reagent required 
per mole of metal ion 

Beer’s law @pm) range 
Optimum concentration 

range @pm) 
(Ringbom plot) 
Stability constant 

Cobalt Palladium 

5 10 
0.24-2.40 0.42-3.83 

0.94-2.24 0.85-3.83 
3.50 x 109 1.45 x 109 

Osmium 

10 
0.76-7.61 

2.28-6.85 

Mean absorbance f s.d.* 0.302 f 0.004 0.287 f 0.007 0.337 f 0.0046 

*In the determination of 1.18 ppm Co(H), 2.13 ppm Pd(I1) or 4.56 ppm Os(VIII). 

Table 3. Tolerance limit of cations in the determination 
of cobalt (1.4 ppm), palladium (1.7 ppm) and osmium 

(3.8 Rum) 

Tolerance limit, pprn 

Metal ion 

Uranium(VI) 
Thorium(IV) 
Zinc(I1) 
Manganese(H) 
Iridium(III) 

Nickel(H) Iron(II1) 
Chromium(II1) 
Altinium(II1) 
Cobalt(H) 
Rhodium(III) 
Copper 
Zirconium(IV) 
Osmium(VII1) 
Platinum(IV) 
Gold(II1) 
Ruthenium(III) 
Palladium(H) 

co 

950 
400 

30 
220 
150 

2 l8Ot 
70 
55 

- 
150 
- 

-61 
3 
2 
1 

- 

Pd OS 

950 950 
930 460 
770 130 
660 110 
190 65 

120* 1107 1 lo*:)$ 
100 50 
50 65 
50* 50’ 
40 40 
25* 15’ 
I5 
71 2 
3 2 
2 1 
2 1 

- 1 

*In the presence of 4000 ppm of EDTA. 
tin the presence of 1100 ppm of NaF. 
$In the presence of 130 ppm of thiourea. 
$In the presence of 200 ppm of phosphate. 
-Interferes seriously. 

(DMF) is added before the NDIDT. In aqueous 
media the metal complexes are precipitated, but they 
are soluble in 10% v/v DMF medium. The reactions 
are quite rapid and require no heating for full colour 
development. Important characteristics of the Co, Pd 
and OS complexes are summarized in Table 2. The 
stoichiometry and stability constants were deter- 
mined by the Job and mole-ratio methods. 

Interferences 

The tolerance limits for various anions (~2% 
error) in determination of 1.4 ppm Co(II), 1.7 ppm 
Pd(I1) or 3.8 ppm Os(VII1) respectively are: fluoride 
(1500, 3000, 3000), chloride (700, 2350, 4200), bro- 
mide (320, 320, 320), iodide (500, 0, 250), tartrate 
(1200, 600, 600), citrate (400, 1900, 1500), phosphate 
(380, 760, 300), nitrate (800, 830, 830), sulphate 
(1540, 1540, 1920), thiocyanate (2, 460, 460), oxalate 
(180,700, 700) thiourea (80, 150,0), thiosulphate (90, 
90, 90), tetraborate (600, 620, 600), chlorate (80, 152, 
40) EDTA (0, 5500, 5200), chromate (11, 18, 22), 
molybdate (130, 680, 630), tungstate (940, 990, 940), 
vanadate (20, 20, 20). Bromate and iodate interfere 

Table 4. Analysis of samples for cobalt 

Cobalt Cobalt contentt 
certified by the present 

Sample Composition, % value, % method, % 

BCS 483 

JSS 607-6 
High-speed 
steel SKH3 

High-speed 
steel 

Eligiloy 
M - 1712 

10.8 W; 3.21 Cr; 
0.54 V, 0.29 Mn; 
0.17 MO; Rest Fe* 

1.94 1.94 f 0.002 

16.96 W, 4.14 Cr; 
0.86 V, 0.32 Si; 
0.30 MO; 0.30 Mn; 
0.75 c; 0.012 p; 
0.006 S, Rest Fe* 

4.72 4.72 f 0.008 

18.5 w; 
5.5 MO; 4.15 Cr; 
0.4 Mn; 0.35 S; 
0.05 S; Rest Fe* 

9.25 9.25 f 0.02 

20 Cr; 15 Nim; 
15 Fe; 7 MO; 
2 Mn; 0.15 C; 
0.05 Be 

40.0 40.0*0.1 

*Masked with sodium fluoride (1000 ppm). 
tAverage f s.d. of five determinations. 
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seriously in all three methods. The tolerance limits for 
metal ions are presented in Table 3. 

Analysis of a cobalt alloy 

A 0.1-0.5 g sample was dissolved in a mixture of 
10-l 5 ml of concentrated hydrochloric acid and 2 ml 
of concentrated nitric acid. The solution was evapo- 
rated nearly to dryness. The residue was dissolved in 
10-20 ml of lit4 hydrochloric acid, and the solution 
was diluted and filtered into a lo-ml standard flask 
and made up to volume with water. A known volume 
was suitably diluted to bring the cobalt concentration 
into the upper end of the calibration range, and a 
fraction analysed by the procedure already described. 
The results obtained are given in Table 4. 

Acknowledgements-The authors thank the authorities of 
CDRI, Lucknow, India for providing the elemental analysis 
and NMR data for NDIDT. 
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Smmnary-Monosaccharide osaxones are utilized in the spectrophotometric determination of their parent 
compounds though charge-transfer complexation with two-electron acceptor reagents. The molar 
combining ratio and the optimum complexation conditions have been studied. The method has been used 
to analyse for glucose and fructose and in determining blood glucose. 

Glucose and fructose are widely used in current 
medical practice as plasma substitutes and body fluid 
compensatory agents, and other hexoses such as 
galactose and mannose are of use as diagnostic 
aids. Several procedures have been reported for their 
assay in ampoules or biological fluids, including 
titrimetric,‘** potentiometric,3*4 polarographic,s fluori- 
metric,6 atomic-absorption spectrophotometric,’ 
spectrophotometric,g14 NMR,15 GC?‘* and HPLCLS2’ 
methods. Many of the calorimetric methods depend 
on the reducing action of the sugar molecule on 
chromogenic reagents such as the cupric ion,” silver 
salt~,*~ mercury salt~,~~~ halogens in alkaline media,26 
ferricyanide,2’ periodate,2* ceric salts,29 tetraxolium 
salts,M aromatic nitro-compounds,3’ phosphomolyb- 
date,32 mineral acid,33 anthrone,” phenolic com- 
pounds in mineral acid,3S37 or aromatic amines.38 
Condensation of hexoses with phenylhydraxine to 
form a hydraxone or an osaxone has also been 
utilir.ed3’ and claimed4 to give true values for glucose 
in biological fluids. 

Charge-transfer complexation reactions are now 
finding wide use in the determination of electron- 
donating nitrogenous bases, the reagents being the 
o-acceptor iodine”* or some II -acceptors (polyhalo- 
or polycyanoquinones)4e52 in organic solvents. In 
earlier work,r3 we determined corticosteroid drugs by 
charge-transfer complexation of their extractable 
phenylhydraxones. Condensation of mono- 
saccharides with phenylhydraxine to form the 
osaxones results in the introduction of basic centres, 
making possible charge-transfer complexation reac- 
tions with electron-accepting reagents, as described 
here. 

*Present addresa College of Medicine and Allied Sciences, 
King Abdulaxix University, Jeddah, Saudi Arabia. 

EXPERIMENTAL. 

Reagents 
Standard aqueous solutions (1 mg/ml) of D(+)-glucose, 

D( -)-fructose, D( + )-mannose, D( + )-galactose, dextrose 
and laevulose were prepared and diluted tenfold to give 
100-pg/ml working solutions. 

Phenylhydraxine hydrochloride solution (50 m&ml) and 
IO-‘M chloroform solutions of iodine and chloranil were 
prepared. 

Preparation of osazones 
To 10 ml of aqueous solution containing IO-15 mg of the 

monosaccharide, 5 ml of phenylhydraxine hydrochloride 
solution were added and the mixture was heated in a 
glycerol bath at 110” for 10 min, cooled, transferred to a 
IOO-ml separatory funnel and extracted by shaking for 1-2 
mitt each time with 5 successive IO-ml portions of ethyl 
acetate. The extracts were all filtered through anhydrous 
sodium sulphate into a 50-ml standard flask and the volume 
made up to the mark with ethyl acetate. 

Colour development 
Procedure A. A 1.8~ml volume of the osaxone extract was 

transferred into a lo-ml standard flask, treated with 2 ml of 
iodine solution, allowed to stand for 30 min and then diluted 
to vohnne with chloroform. The absorbance of the resulting 
solution was measured in a l-cm cell at 305 mn against a 
reagent blank prepared in the same manner. 

Procedure B. A portion of the osaxone extract (equivalent 
to 0.3-1.4mg of the parent carbohydrate) was transferred 
into a IO-ml standard flask, treated with 5ml of chloranil 
solution and left at room temperature for 45 min or in a 
water-bath at 45” for 15 min, then diluted to volume with 
chloroform. The absorbance of the resulting solution was 
measured at 440 nm in a l-cm cell against a reagent blank 
prepared in the same manner. 

The concentration equivalent to parent monosaccharide 
in the tinal measured solution was calculated from the 
calibration results obtained by applying the same procedure 
to an appropriate range of standard solutions of the parent 
compound. 

Application to injections 
To a volume of sample containing about 20 mg of glucose 

or fructose, 5 ml of phenylhydraxine hydrochloride solution 
were added and the assay was completed as above. 
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Determtnation of glucose in blood 

To a centrifuge tube containing 4 ml of isotonic solution 
(Na,SO,. lOH,O, 30 g/l., a 1.5-ml sample of blood or 1.0 ml 
of diabetic blood sample (or other body fluids to be 
analysed) was transferred followed by 0. I ml of 10% sodium 
tungstate solution. The mixture was centrifuged for 10 min, 
and 1 ml of the supernatant liquid was treated with 5 ml of 
phenylhydraxine hydrochloride solution to form the os- 
azone, which was then extracted with three S-ml portions of 
ethyl acetate. The three extracts were filtered through 
anhydrous sodium sulphate, and evaporated to dryness in a 
lO-ml standard flask. The residue was dissolved in 1 ml of 
ethyl acetate, and the colour was developed and the deter- 
mination completed as above. 

RESULTS AND DJXUSSION 

Osazone formation 

Phenylhydrazine condenses with aldose and ketose 
to give yellow osazones. 

CHlOH CHO 

I I 
C=O or CHOH 

Wavetengt~ fnm) 

Fig. 1. Absorption spectra of carbohydrate osazone-iodine 
complexes. I-Dextrose (0.093 ml/ml). II-Fructose (0.083 

mg/ml). 

36Onm (Figs. I and 2), which is characteristic of 
n-donor-iodine charge-transfer complexes.4**~~47~S 

CH=NNHC6HI 

I 

+ CbHSNH> 

C=NNHC,H, + NH, 

I I 
(CHOH?, (CHOW, 3C,HSNHN_H1 

I 
6~~0~ <H~OH 

Ketose Aldose 

The osazones are measurable spectrophoto- 
metrically but with low sensitivity. Their potential 
basicity initiated our study of their participation 
in ch~g~t~sfer complexation reactions, with the 
aim of increasing the sensitivity and accuracy of 
determination of the parent sugars. 

An excess of phenylhydrazine is heated with the 
sugar for 10 min at 110” or 20 min in a boiling 
water-bath, for quantitative reaction. Ethyl acetate 
will give complete extraction of the osazone, but then 
has to be dehydrated by filtration through anhydrous 
sodium sulphate. A blank run in the same manner 
has zero absorbance when measured against ethyl 
acetate, showing that the excess of phenylhydrazine 
is not extracted. 

A Job plot55 showed that the combining ratio of 
osazone (donor) and acceptor was 1: 2, as expected 
from the structural formula of the osazone. It is 
assumed that the reactive basic centre is the 
-NHC,H, group in view of the weak basicity of the 
: C = N- grouping. 

Mixing the osazone extract with iodine resulted in 
a change of the iodine colour from violet to yellow. 
This is attributed to charge-transfer between the 
n-donor osazone and the a-acceptor iodine, followed 
by the formation of an ion-association complex with 
t&iodide anions. The following reaction scheme is 
suggested. 

The absorption spectrum of the products has a 
high-intensity band with a maximum at about 305 nm 
and a low-intensity band with a maximum at about 

-I 

Osazone-chloranil interaction 

Mixing the osazone extract with a chloroform 
solution of chloranil resulted in development of a red 
colour. This is considered due to charge-transfer 
between the n-acceptor chloranil and the n- or 
x-donor osazone which, owing to the polarity of the 
medium, yields a coloured radical-ion complex. 

C,H, 

CH=N-NH-CH 

I 

6 5 

+21,= H +21 2= 
C=N- 

I 

NH-C&H5 
I 

CzN-N: 

' i6HI 

Osazone moiety Iodine Outer complex 

C=N-N-I 
I I 

G HS 

I 
CH=N-N-l 

I I 

C=N-N---I 

&HI 

Tri-iodide ion-association 
complex (Atnlx 305nm) 

Inner complex 
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Fig. 2. Absorption’ spectra of osazone&dine complexes. 
I-Mannose (0.096 mg/mI). II-GaIactose (0.096 mg/ml). 

From consideration of similar cases for basic 
drugs,49*M*S3 the following scheme is suggested. 

H-C EN-$: 

i 

+ 2C~O&L, 
(‘h=l 

in CHCL, 

C=N-rj: 

I I 
&HI 

Osazone moiety 

- .lYNCC 
G.O2C~. 

+H 

H 
I.-H 

C&w 14 ;N 
-N=C 

I I 
GH, 

Radical-ion complex 

Lx =440nm) 

I 

The final reaction product has an absorption maxi- 
mum at 440 nm (Figs. 3 and 4), which is characteristic 
of the chloranil radical ion. The latter pairs with the 
osazone cation resulting from loss of 2 electrons per 
molecule of osazone, and thus modifies the wave- 
length of maximum absorption. The possibility of a 

0.4 

A 

0.2 

0 

II 
c. 

\ 

I’ 
I’ \ \ 

,I 
\ n \ 

/’ ‘NW_ -- -- 
//’ 

400 440 460 

Wavelength (nm) 

520 

substitution reaction between chloranil and the 
secondary amino (C,H_-NH-) moiety of the 
osazone is excluded by the non-aqueous conditions 
used and the absence of the alkaline buffer necessary 
for such a reaction.S’*52 

Conformity to Beer’s law 

A linear relationship was obtained for amounts of 
parent monosaccharide in the range 2-12 mg. Disac- 
charides such as maltose and lactose gave weak and 
unsatisfactory reaction, indicating the poor donor 
activity of their osazones. 

Determination 

The applicability of the procedure for deter- 
mination of glucose and fructose in ampoules was 

Fig. 3. Absorption spectra of carbohydrate osazontihlor- 
anil complexes. I-Dextrose (0.138 m&l). II-Fructose 

(0.131 mg/ml). 

TAL. ,./9-D 

‘3s 

I 
&,0&L, :N-N=C-H 

H I 
H I 

C&ML, : N-N=C 

I I CeH, 

assessed with pure drugs and two commercial injec- 
tions, by the standard-addition technique (Table 1). 
The samples were also assayed by the official 
method% and/or the conventional phosphomolyb- 
date32 method (Table 2). The results in Table 1 
indicate that the proposed method is fairly accurate 

0.4 

A 

0.2 

0 

I 

II 
,/-\ 

‘. 

A 

/I .._ 

/’ .\ 

/’ 
‘-__ 

/ 
/ I 

I I I I 
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Fig. 4. Absorption spectra of osaaone-chloraniI complexes. 
I-Mannose (0.13 me/ml). IIaalactose (0.13 mg/mI). 
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Table 1. Determination of pure glucose, pure fructose and their injections, 
by the proposed method and the B.P. 1953 method 

Recoverv,* % 

Iodine Chloranil 
Official method acceptor acceptor 

Glucose 100.0 f 0.7 99.7 0.5 f 99.8 0.4 f 
I-test (2.3) 1.34 1.12 
F-test (6.39) 1.96 3.06 
Fructose 100.0 f 0.8 99.6 f 0.6 99.9 0.5 f 
t-test (2.3) 1.49 0.45 
F-test (6.39) 1.77 2.56 
Glucose injection 100.0 f 0.7 99.8 f 0.4 99.7 0.4 f 
(dextrose injection) 
t-test (2.3) 1.49 1.60 
F-test (6.39) 3.06 3.06 

*Mean f standard deviation of 5 determinations, calculated on nominal 
amount taken, sample weights 2-4 g for BP method, 15-20 mg for 
proposed method. The figures in parentheses are the tabulated values 
of t and F. 

and as precise as the official method, since the 
calculated t and F values do not exceed the tabulated 
values. The proposed procedure also gave good re- 
sults in the determination of blood glucose, as com- 
pared with the commonly used phosphomolybdate 
method (Table 3). The proposed method possesses 
advantages over the phosphomolybdate method in 
that it is more sensitive, yields a stable chromophore, 
gives zero blank readings, and uses simple reagents. 
It is suggested for use in clinical laboratories for 

determining blood glucose in normal and diabetic 
patients. 

The proposed procedure for assay of glucose and 
fructose injections is simple, accurate, precise and 
more sensitive than the official methods [E.P. 1953 
(Fehling titrimetry), B.P. 1980 and USP 1980 (polar- 
imetry)], which require 2-5 g quantities of the mono- 
saccharide. Thus, the proposed charge-transfer meth- 
ods are suggested for use in pharmaceutical quality 
control laboratories. 

Table 2. Analysis of glucose and fructose injections by the proposed method and the 
phosphomolybdate method 

Recovery,* % 

Phosphomolybdate 
method Iodine acceptor Chloranil acceptor 

Dextrose ampoule 100.0 f 0.5 99.9 f 0.4 100.0 + 0.5 
I -test (2.3) 0.56 0.18 
F-test (6.39) 1.56 1.0 
Laevulose ampoule 100.2 + 0.7 100.0 f 0.4 100.0 * 0.5 
I -test (2.3) 0.11 0.04 
F-test (6.39) 3.06 1.96 

*Mean f standard deviation, calculated on nominal amount taken. Figures in parentheses 
are the tabulated values of I and F. 

Table 3. Determination of blood glucose by the proposed method and the 
phosphomolybdate method (standard-addition technique) 

Recovery, % 

Phosphomolybdate method Iodine acceptor Chloranil acceptor 

99.0 99.5 99.5 
99.6 100.0 101.0 
99.2 100.0 99.6 

101.0 100.0 100.0 
100.0 101.0 101.0 

*Mean f SD 99.8 f 0.8 100.0 f 0.6 100.0 f 0.8 
I (2.3) 0.75 0.55 
F (6.39) 1.70 1.0 

*Mean f standard deviation; recovery calculated on standard amount of 
glucose added to the blood. The figures in parentheses are the tabulated 
values of t and F. 
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R&m&-AI% de verifier la part prise dans l’oxydation vanadique respectivement par les groupements 
etheroxyde et le doublet &ctronique de l’axote de benxylisoquinoltines, les auteurs ont Ctudib 
l’oxydation sulfovanadique de l’iodomtthylate de p-chlorobenzyl-4 dimethoxy-6,7 isoquinolbine. Dans le 
milieu rkactionnel ont td identifies des produits tels que les acides et aldehydes p-chlorobenxoIques, le 
chloro-4 phenyl-2 ethanone-2 01-1, l’acide pchlorophenyl-3 propionique, l’acide pchlorophenyl-3 c&o-2 
propionique, l’acide hydroxy-5 p-chlorobenxylidbne-4 6 valerolactone-2 aktique et son ester methylique, 
et l’acide p-chlorobenxyl-3 methylamino- butdne-2 dique. En tenant compte de la structure chimique de 
ccs molecules, une hypothbse de mbanisme rkactionnel est propoke. 

Des travaux r&cents ont pu mettre en evidence une 
oxydabilite accrue par le pentoxyde de vanadium des 
benxyl-4 isoquinoleines par rapport aux benzyl-1 
isoquinoleines.’ 11 a ainsi pu &re v&if% que le doublet 
Clectronique libre de l’azote, en formant des com- 
plexes initiaux avec le vanadium,*” joue un role 
predominant dans l’oxydation de molecules azotkes. 
Des modifications likes a l’acidite du milieu ont 
egalement pu &tre rnises en evidence: au fur et a 
mesure de l’tlevation de la concentration en ions 
hydrogene, le doublet de l’azote devient de moins en 
moins disponible pour former une liaison avec le 
vanadium. L’ttude de l’oxydation vanadique dun 
ammonium quatemaire: l’iodomtthylate de p - 
chlorobenzyl-4 dimethoxy-6,7 isoquinolbine (I) a 
done e3 reali.& pour d6terminer l’influence de la 
complete indisponibilite du doublet de l’azote. Seul 
l’iodure (I) a pu Btre obtenu facilement par synthese, 
les essais de formation du sulfate ou du methylsulfate 
n’ayant don& aucun resultat. 

CH,O 

I 

PARTIE EXPERIMENTALE 

Reactif 
La solution sulfovanadique6 O,lM en milieu acide sul- 

furique environ 0,72M est Ctalonnb par titrage avec une 

solution de sulfate de fer et d’ammonium. La synthksc de 
l’iodombthylate I a ttk rkaliske par addition dun excks (2 
fois) d’iodure de mtthyle a une solution ethanolique de la 
base et chauffage a rcflux. L’iodombthylate p&Spite et apres 
separation, est recristallid dans l’ethanol (F = 224”). 

Mode opkratoire d’oxydation 
Dans une fiole jaugee de 50 ml sont introduits 50 a 100 

pl de l’iodure I, 30 ml de solution sulfovanadique puis soit, 
pour une reaction en milieu sulfurique 2,5M, 10 ml d’acide 
sulfurique 8M et un volume sulIisant d’acide sulfurique 
2,5M pour obtenir 50 ml soit, pour une reaction en milieu 
sulfurique 5&f, 16 ml d’acide sulfurique 13M, et un volume 
sulhsant d’acide sulfurique 5M pour obtenir 50 ml. 

Lc contenu de la fiole jaugke est transvask dans un 
erlenmeyer surmontb dun refrigerant, puis place dans un 
bain marie a 100”. La cinetique de la reaction est suivie par 
dosage du pentoxyde de vanadium. Pour cela, une partie 
aliquote du melange reactionnel est prklevb a temps deter- 
mint jusqu’a oxydation complete de la molktle, et l’exk 
de V,O, est determine par titrage potentiometrique avec du 
fer(II) (electrodes platine et calomel). 

Dosage des compost% volatils 
Le dioxyde de carbone et le formaldehyde ont ete 

identifies et doses par chromatographie en phase gazeuse 
selon la technique de l’espace de ti?tc avec detection par 
ionisation de flamme aprb reduction dans un four a 
methanation.’ L’appareil utilid est un chromatographe en 
phase gazeuse Perkin-Elmer Sigma 3B. 

Caractksation des produits d’oxydation par couplage de la 
chromatographie en phase gazeuse a la spectromCtrie de 
masse 

L.e milieu reactionnel a et6 extrait par I’tther, le solvant 
&vapor& et le r&sidu analyd par la technique du couplage 
chromatograpbie en phase gazeuse-spcctrometrie de masse 
(CC-SM). Le chromatographe, iquip& dune colonne cap 
illaire en pyrex SE 30 de 25m de long et de 0,3 mm de 
diametre interieur, est couple a un spectrometre de masse 
Hewlett Packard HP 5992 B. Le debit d’htlium utilid 
comme gax vecteur est de 2 ml/min, la temperature de 

799 
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l’injecteur est de 180”, celle du four est programmk de 100 
A 280” (8”lmin). La tension d’acckkration du suectromhe 
de ma& dst de 1800 V et l’hergie d’impact klktronique 70 
eV. 

RESULTATS ET DISCUSSION 

Etude de I’injluence aks d@rents paramtitres SW 
l’oxydation 

De nombreux paramktres influencent la cinktique 
de la r&action: temphature, aciditk et rapport 
oxydantiproduit. Tous ces paramktres agissent dans 
le m&me sens que lors de l’oxydation de I. L’influence 
de l’aciditt du milieu (acide sulfurique 2,5M ou 5M) 
ne se fait sentir qu’au niveau de la vitesse de la 
reaction qui est supkeure en milieu acide 5M. Le 
nombre de moles d’oxydant (VOT) consommees par 
une mole d’iodure I est identique: 30 f 0,5 pour 2,5M 
acide et 30 + 3 pour 5M. La consommation 
d’oxydant est done plus faible que pour la p- 
chlorobenxyl4 dim&hoxyd,7 isoquinoleine, qui re- 
duit 37 moles de VO: par mole.’ 

Les dosages de I par chromatographie liquide 
montrent que sa disparition est complete re- 
spectivement en 30 min et en 3 hr pour les solutions 
sulfovanadiques 5M et 2,5M de ce compose. 

CARACTERISATION ET DOSAGE 
DES PRODUITS D’OXYDATION 

Dioxyde a’e carbone 

En raison du blocage du doublet de l’azote et de la 
plus faible consommation en ions VO:, le nombre de 
molecules de dioxyde de carbone form&es par mole 
d’iodomethylate est plus faible pour ce demier que 
pour la base correspondante.’ En effet, la valeur 
moyenne trouvke est de 5 moles de dioxyde de 
carbone par mole d’iodombhylate au lieu de 7 pour 
la base. 

FormalShyde 

Les resultats obtenus mettent en evidence 
l’oxydation des methoxyies particulierement reactifs 
dans ce cas. Comme pour l’etude des cinttiques de 

reaction, on note une nette influence de la concen- 
tration en acide du milieu et par la suite, on constate 
que la concentration en formaldehyde est maximale 
(O,4 mole/mole) apres 3 hr en milieu 2,5M alors 
qu’elle n’est que de 0,2 mole/mole apres 1 hr en milieu 
5M. 

Acide et aldkhyde p-chlorobenzoi’ques 

L’aldehyde et l’acide p chlorobenxo’iques, deja mis 
en evidence lors de l’oxydation de la base’ ont ete 
identifies par leur spectre de masse apres separation 
par chromatographie en phase gaxeuse. Les temps de 
retention sont respectivement de 2,3 et 6,8 min. Les 
spectres observes sont identiques a ceux reportes dans 
la litterature.’ 

Chloro-4 ph.knyl-2 kthanone-2 01-l 2 

Le compose 6lue avec un temps de retention de 
4,2 min presente un spectre de masse (Tableau 1) 
dont la fragmentation pour les masses inferieures I 
140 est identique i celle de l’acide ou de l’aldehyde 
p-chlorobenxdique. Le pit molkculaire (m/z = 170) 
subit une fragmentation classique des derives 
hydroxymethylts* avec formation des ions corre- 
spondant a la perte dun radical OH’ (m/z = 153) et 
CHI (m/z = 139). 

Aciak p-chlorophknyl-3 propionique 3 

Le spectre de masse de ce compose obtenu (Tab- 
leau 1) dont le tR = 6,24 min est caracteristique des 
derives chlorobenxylb et des acides carboxyliques.’ 
Comme pour la majorite des acides carboxyliques 
aliphatiques, le pit mokulaire (m/z = 184) est peu 
abondant. Le pit le plus caracdristique, m/z = 60, 
provient dune migration d’hydrogene. Les pits a 
m/z = 156 et 139 correspondent a la perk. des 
groupements CO et COOH respectivement. La 
chaine laterale subit une coupure benxylique avec 
une formation dun chlorotropylium (m/z = 125). La 
perte dune molecule d’acide chlorhydrique donne un 
pit M - 36 (m/z = 89) classiquement observe dans ce 
cas. Lion a m/z = 63 rksulte de l’elimination dune 
molecule d’acktylene de l’ion tropylium (m/z = 44).9 

Tableau 1. Principales fragmentations des compods foumies lors 
d’oxydation sulfovanadique de l’iodomhthylate de PV,t 

Compose m/z (abondance relative) 

2 75(26), 111(57)+, 139(100)*, 153(13)*, 170(21)* 
3 60(12), 63(12), 89(21), 125(100)*, 139(6)*, 156(5) 

184(23)* 
4 63(5), 89(6), 125(100)*, 198(21)* 
5 52(20), 59(59), 63(28), 89(89), 123(17)*, 124(43)* 

127(10)+, 251(100)*, 310(85)+ 
6 63(6), 89(10), 125(100)*, 181(6)*, 194(5)+, 239(8)* 
7 52(25), 59(6), 63(36), 89(57), 123(8)*, 124(19)‘, 

127(81)*, 251(81)*, 296(100)* 

l Les fragments chlorks sont suivis d’un a-&risque afin de ne Pas alourdir 
outre mesure le tableau en donnant les fragments et abondances 
isotopique dues au 37Cl 

t!Seules les abondances su&eures ou bgales B 5% ont Ctk prises en 
considkration. 



Oxydation de ~iodom~thylate de pthlorobenzyl-4 ~~~oxy-6,7 i~uino~~e 801 

127 

Le spectre de masse obtenu pour le compost Clue 
4 6,2 mm (Tableau 1) presente une fra~entation t&s 
proche de celle observke pour le compose preckdent. 
Les pits a m/z = 12589 et 63 permettent de conclure 
a une structure chlorobenzyle. L’identification de la 
chaine laterale est ii&e a la presence d’un pit molkcu- 
laire peu abondant (m/z = 198), et de pits corre- 
spondant a la perte des groupements COOH 
(m/z = 153) et CO-COOH (m/z = 125), carac- 
tkistiques des acides a-dtoniques.* Le pit a 
m/z = 125 correspond A l’ion tropylium pre- 
ckdemment d&it. 

Ester mkthylique de l’aciak hydroxy-5 p 
Chl~robenzyIi~ne-4 ~-val~r~l~~to~-2 ac&ique 5 

Au temps de retention 13,2 min nous avons 
obtenu un spectre dont les principales fragmentations 
permettent d’envisager une structure correspondant 
a pester methylique de l’acide hydroxy-5 p- 
chlorobenzylidene-4 6 -valcrolactone-2 adtique. La 
fragmentation initiale correspond & la perte dun 
groupement H,CO-CO (m/z = 59); l’ion de 
m/z = 251 constitue le pit de base. Cet ion est ensuite 
coupe en deux entites (m/z = 127, 124) qui subissent 
une fomentation propre (Schema 1). 

Acide ~c~or~benzyf-3 ethyl amino-4 but&e-Z 
oi’que 6 

Le compod eluc en 14,1 mm pr&entant un pit 
molcculaire de masse 239 a Cte identifie comme l’acide 
~~hloro~~l-3 methyl amino-4 but&e-2 oique 
(Tableau 1). On observe un pit de base de faible 
abondance a m/z = 239 et une fra~en~tion corre- 
spondant a la structure chloro-4 benzylique 
(m/z = 125, 89, 63) et acide (m/z = 195, 194). La 
perte dune masse 58 par l’ion mol&ulaire 
(m/z = 181) peut etre attribuee aux fragments 
*CH,-NH-CH, et *CH-COOH (Schema 3). 

Acide hydroxy-5 p-chloro~nzyl~~ne-4 S-val&o- 
lactone-2 acktique 7 

Ce compose iluC en 15,6 mm a et& facilement 
identifit graw a Etude prealablement real& pour 
l’ester methylique de Sacide correspondant 5. Son 
spectre de masse (Tableau 1) presente effectivement 
une analogie profonde avec ce compose. La diffkence 
de 14 unites de masse correspond au remplacement 
du groupement methyle par un hydrog&re acide. 
Settles les abondanccs relatives sont differentes de 

x OH 

0 
W 127 

0 
Schema 1 

L’ion de m/z = 124 va conduire a un intermediaire 
chloro~opyli~ (m/z = 123) qui donne ulteri- 
eurement l’ion m/z = 89. Lion m/z = 127 perd dans 
un premier temps le ~ou~ent hydroxyle 
(m/z = 110) puis un mtthylene (m/z = 96). Le frag- 
ment lacto~que se dkarboxyle ensuite pour dormer” 
un ion de masse 52 &h&ma 2). 

celles observees pour pester methylique (pour les 
masses inf&ieures ii 296). 

PROPOSM’ION D’UN MECANISME REACTIONNEL 

Sch&na 2 

Les structures ttablies pr&Sdemment permettent 
de proposer un m&car&me reactionnel pour 
l’oxydation sulfovanadique de l’iodomethylate du 
PV*. 

Oxydation du mkthoxyle en 6 (S&ma 4) 

Le doublet &ctronique de Pazote ttant bloque par 
la formation dun ammonium quatemaire, n’est de ce 
fait plus disponible pour une eventuelle fo~ation du 
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0 
-CH, 

6 

\ 

Cl 

CG 

i 

/+ 

0 OH 

NH-CH, NH-CH, 

Ch 

NH-CH, 

Schtma 3 

complexe vanadique initial. Settle reste possible une 
reaction de l’ion VO: au niveau de l’un des doublets 
libres des oxygenes des groupements methoxyles. Des 
deux methoxyles en 6 et 7, il est vraisemblable que 
c’est le methoxyle en 6, celui qui est conjugue avec 
l’azote quatemaire, qui subit une rupture homoly- 
tique pour conduire I un intermediaire de type 
semiquinonique* par perte dun radical methyle. Ce 
dernier rkagit avec l’eau pour former du methanol qui 
subit ensuite l’oxydation classique avec con- 
sommation de 4 equivalents de vanadium. Les group- 
ements carbonylks sont connus pour reagir facilement 
avec le vanadium pentavalent et h fortiori un radical 
deja plus oxyde. La reaction se poursuit done a ce 
niveau avec rupture de la liaison carbon&e en 6-7 et 
formation dun acide ester 10. 

Or les acides Cthyleniques sont susceptibles d’i%re 
oxydes par les solutions vanadiques comme le mon- 
trent Morette et al.” dans le cas de l’acide oleique. A 
fortiori, il est possible d’envisager cette reaction pour 
un acide a-&hyl&ique dans lequel la conjugaison 
peut i-enforcer cette oxydabilitk. 11 se forme sans 
doute un aldehyde 11 qui est oxyde ensuite en acide 
12. 

Formation du dialdphyde 13 (Schdma 5) 

La formation de ce dialdehyde fait correspond a 
l’ouverture de la partie heterocyclique de l’ion iso- 

quinolenium 12 par une hydrolyse acide, ainsi que 
nous le proposons sur le Schema 5. 

Le dialdehyde 13 ainsi forme s’oxyde de nouveau 
en diacide correspondant 14, qui s’anhydrise par- 
tiellement 15 puis perd le groupement carboxylique 
de l’acide /I-Cthylenique internkliairement forme 16. 
Ceci conduit I l’ester methylique de l’acide hydroxy-5 
p-chlorobenxylidtne-4 6 -valerolactone-2 acktique 5 
et, par hydrolyse a l’acide correspondant, 7, qui ont 
tous deux et& isolb. 

Formation de I’aciak mt3hylamino-4 butt?ne-2 oi;que 
substituk 6 

La conjugaison avec le carbonyle de la d&amine 
12 permet d’expliquer la formation de cet acide 
(Schema 6). 

L’aldChyde 17, comme dans l’hypothese preck- 
dente, s’oxyde en acide carboxylique correspondant 
18 dont la dkcarboxylation, ainsi que l’oxydation de 
la liaison ester deja decrites conduisent au diacide 19. 
Contrairement a l’acide succinique, l’acide methyl 
succinique est oxyde par le pentoxyde de vanadium, 
et il est done tout I fait logique que des structures de 
type HOOC-RCH-CH,-COOH s’oxydent dans de 
telles conditions. Le produit ultime obtenu est l’acide 
p-chlorobenxyl3 methyl amino-4 but&e-2 olque 6 
qui a, lui aussi, Cte identifie comme intermediaire 
d’oxydation. 
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Oxydation concomitante des deux mithoxyles oxydation moindre de ce compose derive ammonium 

L’hypothese de l’oxydation concomitante des deux quaternaire, dans lequel aucune disponibilite de 

methoxyles conduit comme nous l’avons note pre- l’azote n’est initialement envisageable. L’isolement de 

c&iemment a la formation dun acide pyridine di- produits d’oxydation possedant un nombre d’atomes 

carboxylique 20 qui, ensuite, subit une oxydation de carbone nettement suptrieur a celui de l’acide 

analogue a celle que nous avons mise en evidence succinique’ confirme le role secondaire mais non 

(Schema 7). L’acide p-chlorophenyl-3 propionique 3 ntgligeable du doublet libre de l’azote lors de 

s’oxyde a son tour en un acide chlorocinnamique. La l’oxydation vanadique. 

double liaison peut s’oxyder entrainant, comme dans 
l’oxydation permanganique, la formation d’un 
a-glycol 21. Celui-ci peut s’oxyder soit au niveau du 
carbone 2, soit au niveau du carbone 3. Dans le cas 
de l’oxydation en 2 il y a formation dun acide L~ERATIJRE 

c&onique fl-hydroxylt 22 qui subit une oxydation, au 
niveau de la liaison c&o acide en donnant l’acide 
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et du caracdre donneur du chlore diminuant 
l’electrophilie du noyau. Elle conduirait a un acide 
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L’oxydation de l’acide p-chlorocinnamique peut 
egalement conduire a la formation de l’acide p- 
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CONCLUSION 

Les resultats obtenus compares a ceux mis en 
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SHORT COMMUNICATIONS 

A WET CHEMICAL METHOD FOR THE ESTIMATION 
OF CARBON IN URANIUM CARBIDES 

V. CHANDRAMOULI, R. B. YADAV and P. R. VASUDEVA RAo 
Racliochemistry Programme, Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India 

(Received 26 March 1986. Revised 25 March 1987. Accepted 10 April 1987) 

Summary-A wet chemical method for the estimation of carbon in uranium carbides has been developed 
based on oxidation with a saturated solution of sodium dichromate in 9M sulphuric acid, absorption of 
the evolved carbon dioxide in a known excess of barium hydroxide solution, and titration of the excess 
of barium hydroxide with standard potassium hydrogen phthalate solution. The carbon content obtained 
is in good agreement with that obtained by combustion and titration. 

The conventional procedure for the determination of 
carbon in uranium carbides involves combustion of 
the carbide in a stream of oxygen at about 900” and 
estimation of the evolved carbon dioxide by man- 
ometric,’ gas chromatographic,* conductometric3 or 
gravimett+F methods. As part of a programme on 
the development of wet chemical methods for the 
characterization of nuclear fuel materials, a detailed 
study of the oxidation of uranium carbide with 
different oxidizing agents was undertaken to evolve a 
procedure for the estimation of carbon in uranium 

carbides. 

EXPERIMENTAL 

A schematic diagram of the apparatus used is given in 
Fig. 1. The carbon dioxide is absorbed in a tube of height 

No2 Cr2 0, 
+ 

II (1~1) H2 SO‘, 1 

Argor 

550 mm, bore 6 mm, tilled with barium hydroxide solution 
to a height of about 250 mm; the absorption tube contains 
some glass beads to increase the absorption efllciency. 

Reagents 

Tungsten carbide was obtained from Pow&r Metals and 
Alloys Ltd., Bombay. Uranium carbide was prepared by 
reduction of uranium dioxide with carbon at 1600” in a 
molybdenum-wire resistance furnace. The products ob- 
tained were characterized by X-ray diffractometer. All other 
chemicals used were of analytical grade. 

A saturated solution of sodium dichromate (40 g/l.) was 
prepared in sulphuric acid (1 + 1). A standard solution of 
potassium hydrogen phthalate was prepared by dissolving 
an accurately weighed amount of potassium hydrogen 
phthalate in distilled water. Barium hydroxide solution 
(_ 0.25M) was prepared by dissolving solid barium hydrox- 
ide in boiling water, cooling and filtering off any residue. 
This solution was standardized by titration with the stan- 
dard potassium hydrogen phthalate solution, with phenol- 
phthalein as indicator. 

Fig. 1. Apparatus for the wet chemical method. 
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Table 1. Carbon* in a UC/UC, mixture determined by use of sodium 
dichromate in sulphuric acid, as a function of acid concentration 

3M H,SO, 6M H,SO, 9M H$O+ 

Carbide, Carbon Carbide, Carbon Carbide, Carbon 
@E found, % ntg found, % mg found, % 

38.80 1.47 44.41 3.73 25.37 5.76 
39.55 1.75 56.33 3.96 43.71 5.83 
72.41 1.57 69.16 3.24 64.24 5.75 

*Carbon found by combustion method 5.83 f 0.11%. 

Procedwes 
Wet chemical oxidation. An accurately weighed amount 

(40-8Omg) of uranium carbide was transferred into the 
round-bottomed flask (Fig. l), 15 ml of the saturated 
sodium dichromate solution were added and the llask was 
heated at -90” for 30 min, the carbon dioxide evolved being 
swept by argon (Sow-rate 25 ml/min) through a trap con- 
taining a very dilute solution of sulphuric acid into a known 
excess of barium hydroxide solution in the absorption tube. 
The excess of barium hydroxide was titrated with standard 
potassium hydrogen phthalate solution, with phenolphtha- 
lein as indicator. 

Combustion method. An accurately weighed amount 
(about 50 mg) of calcium carbonate or tungsten carbide or 
uranium carbide was transferred into a clean and dry silica 
boat, and loaded into a quartz combustion tube, then heated 
in a stream of oxygen (flow-rate 25 ml/mm) at 9Ot.Y (re- 
sistance furnace). The carbon dioxide evolved was absorbed 
and estimated as above. 

RESULTS AND DISCUSSION 

Combustion method 

Calcium carbonate was used to standardize the 
combustion method. The carbon content found (12 
replicates) was 12.03%, standard deviation 0.09%, 
corresponding to a recovery of 100.3 f 0.8%. The 
carbon content of the tun~~n carbide was deter- 
mined in order to check the standardization. The 
value found (6 replicates) was 6.01%, s.d. 0.07%, the 
theoretical value being 6.1%. 

Wet chemical method 

The effect of different oxidizing agents such as 
potassium permanganate, potassium dichromate and 
ceric sulphate, all in sulphuric acid medium, was 
studied. When oxidation was attempted by adding 
solid potassium permanganate followed by concen- 
trated sulphuric acid, the permanganate sublimed on 
warming, and this method was therefore unsuitable.* 

The solubility of ceric sulphate, even in 6M sul- 
phuric acid, is low, and even a saturated solution gave 
very low recovery of carbon (only 5% of the expected 
value). 

Treatment of uranium carbide with solid potas- 
sium dichromate and a 1: 1 v/v mixture of concen- 

*WARNING: Mixtures of potassium permanganate and 
concentrated sulphuric acid yield manganese heptoxide, 
MnsO,, which is extremely explosive, and should never 
be heated [Ed.]. 

trated phosphoric acid and sulphtic acid gave 
4.12f0.10% carbon (5 replicates, mean& s.d.1, 
which agreed well with the value obtained by the 
combustion method (4.13 + 0.07%). (The particular 
sample used was an old batch, and contaminated 
with oxygen, hence the lower carbon content.) How- 
ever, the separate addition of the reagents was cum- 
bersome. Potassium &chromate solution in sulphuric 
acid was tried, but the solubility of potassium dichro- 
mate in concentrated sulphuric acid is low, and use 
of potassium dichromate solution in 6M and 12M 
sulphuric acid gave only 64% and 34% recovery 
respectively. This approach was therefore also unsuit- 
able. 

The solubility of sodium dichromate is high even 
in concentrated sulphuric acid, hence quantitative 
oxidation was obtained with sodium dichromate 
solution in sulphuric acid. The carbon content found 
for a UC/UC, mixture with this reagent was 4.92 
f 0.08% (5 replicates) which compared well with 
the values obtained by the combustion method 
(4.91 f 0.07%, 5 replicates). 

The effect of the sulphuric acid concentration on 
the recovery was studied. The results are given in 
Table 1 and clearly show that the higher the acid 
concentration, the more complete the recovery of the 
carbon as carbon dioxide. With 8M sulphuric acid 
medium the carbon recovery was only 95-96%, but 
was quantitative with 2 9M sulphuric acid. 

CONCLUSIONS 

Of all the oxidizing agents tried, sodium dichro- 
mate was found to be the most suitable, owing to its 
high solubility even in concentrated sulphuric acid. 
This oxidizing mixture may be used for determining 
carbon (present as organic ~rn~~ds) in sohrtions 
of uranium carbide dissolved in concentrated nitric 
acid, and also for determining carbon in organic 
compounds.’ The sulphuric acid concentration used 
must be at least 9 M. 

Acknowledgements-The authors are thankful to Dr. C. K. 
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DETERMINATION OF CATECHOLAMINES 
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Summary--Ammonium metavanadate is used to determine adrenaline, noradrenaline, isopropylnor- 
adrenaline and methyldopa by titrimetric and photometric procedures. Oxidation of these catecholamines 
produces aminochrome derivatives which can be measured spectrophotometrically at 485 nm. Beer’s law 
is obeyed over the ranges 0.09-0.90 mg for adrenaline, 0.07-0.65 mg for noradrenaline, 0.07-0.75 mg for 
isopropylnoradrenaline and O.lW.95 mg for methyldopa. 

A variety of methods have been used for deter- 
mination of catecholamines in pharmaceutical dosage 
forms, including titrimetry, spectrofluorometry, gas 
chromatography and polarography.‘-5 

The methods (spectrophotometric and titrimetric) 
described in this paper depend on oxidation of the 
catecholamines with ammonium metavanadate in 
acid medium. 

EXPERIMENTAL 

Reagents 
Ammonium metavanadate solution, O.O2M, prepared by 

dissolving 2.34 g of NH,VOs in water and diluting to 1 litre, 
and standardized iodometrically.6 

Standard solutions, O.O2M, of adrenaline, noradrenaline, 
methyldopa and isopropyhroradrenaline hydrochloride 
were freshly prepared by dissolving 3.67, 3.38, 4.77 and 
4.04 g respectively in 1 litre of O.OlM acetic acid. 

Procedures 
Direct titration. Transfer an accurately measured volume 

of solution containing 1.0-38 mg of catecholamine into a 
100~ml beaker, add 15 ml of concentrated hydrochloric acid 
and dilute to about 50 ml with distilled water. Add 3 drops 
of indicator and titrate with 0.02M ammonium vanadate 
(magnetic stirring is recommended) until the indicator col- 
our is discharged. Titrate a blank under the same condi- 
tions. Alternatively, detect the end-point potentiometrically, 
with platinum and calomel electrodes. 

Indirect titration. Add a known volume of sample solution 
containing 1.0-38 mg of catecholamine to a measured and 
excessive volume of 0.02M ammonium vanadate in an 
iodine flask. Add 15 ml of concentrated hydrochloric acid, 
dilute to 50 ml with distilled water. add 10 ml of 20% 
potassium iodide solution and titrate the liberated iodine 
with 0.02M sodium thiosulphate, using starch as indicator. 
Titrate a blank in the same way. 

Spectrophotomerric determination. Place an accurately 
measured volume of sample solution equivalent to about 

*Present address: Department of Chemistry, College of 
Science, Girls Colleges General Adm. In Dammam, 
Dammam P.O. Box 838, Saudi Arabia 31113. 

1 mg of catecholamine in a lo-ml standard flask; add 0.5-l 
ml of 0.02M ammonium vanadate, dilute to the mark with 
O.OlM acetic acid, and let stand for 20-25 min. Measure the 
absorbance at 485 nm against a blank prepared in the same 
way; construct calibration graphs covering the ranges 0.09- 
0.90 mg for adrenaline, 0.07-0.65 mg for noradrenaline, 
0.07-0.75 mg for isopropylnoradrenaline hydrochloride and 
0.1-0.95 mg for methyldopa. 

Assay of pharmaceutical dosage forms. Apply the pro- 
cedures above to sample solutions prepared as instructed in 
the B.P.’ and U.S.P.’ 

RESULTS AND DISCUSSION 

Table 1 gives the results of titrimetric and spectro- 
photometric determination of the four catechol- 
amines tested. Methyl Red, Methyl Orange, indigo- 
tine and amaranth were used as indicators, and 
gave a very sharp change at the equivalence point, 
being oxidized by the first excess of titrant. The 
potentiometric titration also gives good results but is 
slow, taking 20-30 min for completion, because of the 
slow equilibration of the electrodes. Heating to accel- 
erate the procedure gives rise to errors because 
catecholamines are easily decomposable by heat.9,‘0 
The main advantage of the potentiometric method is 
its applicability to catecholamine solutions of high 
concentration, which are difficult to titrate with use 
of visual indicators, because they are highly coloured. 

The catecholamines are oxidized to the corre- 
sponding aminochromes, and the equivalence point 
in the titration corresponds to the reaction of 4 moles 
of ammonium vanadate per mole of catecholamine; 
the reaction can be expressed by Scheme 1. 

The absorption spectra of the catecholamines show 
an absorption maximum at 280 mn. Oxidation by 
ammonium vanadate yields two absorption maxima, 
at 300 and 485 mn, owing to the production of 
aminochrome derivatives (Fig. 1). The reaction in 
acetic acid medium is slow, but although the reaction 
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Scheme 1. Possible oxidation products of adrenaline (I). The products shown are adrenoquinone (II); 
leucoadrenochrome (III); 3,5,6,-trihydroxy-1-methylindole (IV) and its o-quinone state (V) postulated by 

Harley-Mason.9 

Table 1. Determination of catecholamines 

Recovery k standard deviation,* % 
Purity by 

Visual Potentiometric standard 
Taken, mg titration titration Back-titration Spectrophotometry method f s.d.% 

Adrenaline 1.8-36.0 99.4 f 0.3 99.4 * 0.3 99.4 * 0.2 99.4*0.1 
0.09-0.90 99.4 f 0.4 

Noradrenaline 1 .I-30.4 98.9 f 0.2 98.9 f 0.3 98.9 f 0.3 98.9 f 0.1 
0.07-0.65 98.9 f 0.3 

Isopropylnor- 1.3-37.2 98.9 f 0.3 98.9 f 0.3 98.9 f 0.2 98.9 + 0.2 
adrenaline 0.084.74 98.9 rf: 0.2 

Methyldopa 2.2-38.2 98.9 f 0.2 98.9 k 0.2 98.9 f 0.2 98.9 + 0.1 
O.l(M.95 98.9 + 0.2 

*For each catecholamine ten evenly spaced amounts in the stated range were analysed by the method stated, each amount 
6 times for the titrimetric methods and 10 times by spectrophotometry. The standard deviation quoted is the highest 
for the given series. 

8 0.9 

s 
f 

0.6 

0 0.7 

p* 
a 

0.6 

260 300 3604m460~ 660 600 650 

Wavelangth ( nm 1 

Fig. 1. (-) Absorption spectrum of adrenaline in acetic acid. (---) Absorption spectrum of adrenaline in 
presence of ammonium vanadate. 
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Table 2. Determination of catecholamines in pharmaceuticals 

Recovery f standard deviation,7 % 

Catecholamine Visual Potentiometric Back- Standard 
Sample* content titration titration titration Spectrophotometry method 

1. Adrenaline Adrenaline 99.0 * 0.2 99.0 f 0.3 99.0 + 0.2 99.0 + 0.5 99.4 + 0.2 
ampoules lmg/ml 

2. Epiphrin Adrenaline 99.0 * 0.1 99.9 f 0.2 99.0 f 0.3 98.9 f 0.3 99.2 f 0.3 
ophthalmic 2% of base 
solution 

3. Artenerol Noradrenaline 98.6 & 0.2 98.6 f 0.3 98.6 & 0.2 98.6 f 0.2 98.6 f 0.2 
ampoules 1 m&ml 

4. Prenasma Isoprenaline 98.0 j, 0.1 98.1 f 0.3 98.0 f 0.5 97.9 + 0.6 98.1 2 0.3 
tablets =wawz 

20.0 mg/tablet 
5. Aleudrin Isoprenaline 98.1 f 0.3 98.2 f 0.3 98.0 f 0.2 98.2 f 0.2 98.3 f 0.3 

tablets sulphate 
20.0 mg/tablet 

6. Aldomet Methyldopa 98.7 f 0.2 98.9 f 0.3 98.7 f 0.1 98.7 f 0.5 98.7 f O.Or 
tablets 250 ma/tablet 

*1,4, Misra, Egypt; 2, Allergan Pharmaceuticals; 3. Hoechst; 5, Boehringer; 6, Merck, Sharp & Dohme. 
tcalculated relative to the nominal content. 
§Isopropylnoradrenaline sulphate. 

sequence is complicated the absorbance remains con- 
stant over a IO-ruin period, between 20 and 30 min 
after preparation of the solution. Beer’s law is obeyed 
at 485 run. The N-haloimides have been used as the 
oxidant in an analogous spectrophotometric method 
(at pH 7.4)‘. 

The aminochromes produced were characterized 
by thin-layer chromato~phy, with a butanol-acetic 
acid-water mixture.” 

The methods have been applied to the analysis of 
commercial preparations and typical results are given 
in Table 2. 
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THE URANIUM-XYLIDYL BLUE I COMPLEX AND 
ITS APPLICATION IN LINEAR SWEEP POLAROGRAPHY 

ZAOFAN ZRAO, XIAOHUA CAI and PEIBIAO LI 
Department of Chemistry, University of Wuhan, Wuhan, People’s Republic of China 

(Received 16 October 1986. Revised 1 December 1986. Accepted 3 April 1987) 

Bummary-The linear sweep polarographic wave of the uranium-Xylidyl Blue I complex in ethylene 
diamin+l,lO-phenanthroline-hydrochloric acid medium has been studied. The complex, corresponding 
to UO,(XBI):- with log/l’ = 9.09 (by polarography), 8.81 (by spectrophotometry), is strongly adsorbed 
on the surface of the mercury electrode. The polarographic wave is attributed to the reduction of Xylidyl 
Blue I in the complex. The method is very sensitive with a detection limit of 3 x 10w8M. The wave 
height is proportional to the concentration of uranium over the range 8 x 10e8-7 x 10m6M. Solvent 
extraction is used to separate possible interferences. The recommended procedure has been applied to the 
determination of trace amounts of uranium in ores. 

In our previous paper,’ the linear sweep pcdar- 

ography (LSP) of the thorium complex with Xylidyl 
Blue I (XBI) was reported: this paper deals with the 
LSP of the uranium-XBI complex. In recent years, 
the polarography of uranium complexes with some 
polarographically-active organic compounds has 
received special attention. Donoso et al.’ described 
the oscillopolarography of the cupferron-uranium 
complex and proposed a sensitive method for the 
determination of uranium. The method was further 
improved by Xiao’ and used successfully for deter- 
mination of traces of uranium in minerals. Gao4 
studied the polarography of the uranium-thenoyl- 
trifluoroacetone complex and the mechanism of the 
polarographic wave. 

Xylidyl Blue I has been widely used for the spec- 
trophotometric determination of magnesium.5 We 
have found that a sensitive LSP wave related to the 
concentration of uranium appears in the presence of 
XBI in a medium containing ethylenediamine (en) 
and 1, lo-phenanthroline (phen). Under optimum 
conditions the detection limit is 3 x l0-8M. The 
relationship between the peak height and uranium 
concentration is linear over the range 8 x lo-*- 
7 x 10e6M. The LSP wave of the complex is attrib- 
uted to reduction of the XBI in the complex. The 
molar ratio of U:XBI in the complex was found to 
be 1: 2, conditional formation constant log /I’ = 9.09 
(by polarography), 8.81 (by spectrophotometry). The 
complex was shown to be strongly adsorbed on the 
surface of the mercury electrode. The method has 
been used for the determination of uranium in miner- 
als with good results, after separation of interfering 
ions by solvent extraction. 

EXPERIMENTAL 

Reagents 
Stock solution of uranium (lo-*M in 0.3M acetic 

acid-O.2 M hydrochloric acid medium) was prepared from 

many1 acetate and diluted working solutions with O.lM 
hydrochloric acid to give 10e4M and 10e5M. Xylidyl Blue 
I (First Chemicals Co., Tianjing, China) was used, without 
further purification, as a 1 x lo-‘M solution in water. All 
reagents were of analytical grade. 

Apparatus 
A JP-IA oscillopolarograph (Chendu Instrumental 

Factory, China), JMJ-1 polarograph (Wuhan Electronic 
Instrumental Factory China), model PAR 303 SDME 
(EG&G PARC, USA) and a PG4 Polariter (Radiometer, 
Denmark) were used for the polarographic measurements. 
The settings on the JP-1A oscillopolarograph were: drop 
time 7 set, scan-rate 250 mV/sec, potential scan range 500 
mV in the negative direction, mercury-column height 50 cm, 
and mercury flow-rate 2.0 mg/sec. A three-electrode system 
was used with a dropping mercury @ME) working elec- 
trode, a platinum counter-electrode and a saturated calomel 
(SCE) reference electrode. The values of potential were 
referred to the SCE. The electrolytic cell was a N-ml beaker. 

All experiments were performed at room temperature. It 
was not necessary to remove dissolved oxygen from the 
solutions. 

Procedure 
To the sample solution (8 x 10v8-7 x 10-6M uranium) 

add 0.3 ml of IO-‘M XBI, 0.5 ml of 2 x lo-‘M phen, 1.5 
ml of 10% v/v en solution and 0.4 ml of O.SM hydrochloric 
acid. The pH is then about 10.5. Make up to 10 ml with 
distilled water, mix thoroughly and let stand for a few 
minutes. Record the derivative linear sweep polarogram 
from -0.5 to - 1.0 V (vs. SCE) and measure the height of 
the peak at -0.86 V (vs. SCE). The solution is stable for at 
least 90 min. 

Analysis of ores 

Weigh 0.2 g of sample into a So-ml beaker and add 45 
g of a 1: 1: 1 w/w mixture of ammonium chloride, nitrate and 
fluoride. Heat until vapour is no longer evolved. Cool, add 
1 ml of perchloric acid and 5 ml of distilled water and heat 
to dissolve the residue. Filter into a 150~ml separating funnel 
and wash the filter with a little water. Add 15 ml of 0.5M 
hydrochloric acid, 5 ml of 10% ammonium nitrate solution, 
and a volume of 20% v/v tributyl phosphate solution (in 
carbon tetrachloride) equal to that of the aqueous phase. 
Shake the mixture for 2 min. Discard the aqueous phase. 
Add 30 ml of distilled water to the separating funnel and 
shake it. Discard the organic phase. Transfer the aqueous 
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ConcwWation of XfSI( phen, en 

Fig. 1. ES& ofctmcentratic~n oFvarious ~rn~nen~ on the 
wave height for W6M uranium. 

phase to a SO-ml beaker and evaporate it to dryness. Add 
Sml of distilled water and heat to dissolve the residue, 
Complete the determination by the procedure described 
above- Run a calibration curve. 

Optimum conditions 

The reason for use of the en-HC1 buffer solution 
was indicated in our previous paper.’ IJO-Fhen- 
anthroline @hen), a surface-active substance, is used 
&cause it can be adsorb& at the surface of the 
DME, depress the background and improve the wave 
shape. Because of the low solubility of XBI in acidic 
solution, a weakly alkaline medium is preferred for 
the polarographic determination. The effects of XBI, 
phen and en concentrations on the peak height are 
shown in Fig. 1. Their optimum ~n~ntratio~s 

69 13 

PH 

Fig. 2. Effect of pH on the wave height. 

are 3 x IOW5&f, f x IWitf and I% v/v respectiveiy. 
Figure 2 shows the variation of the peak height with 
pH of the solution. The optimum pH is about 10.5, 
which is maintained with en-hydrochloric acid buffer 
solution. 

Under the seiccted conditions, the red 
uranium-XI31 complex is rapidly formed. The d.c. 
polarograms of XBI and its uranium complex are 
similar to those for the thorium complex’ and clearly 
show a new wave, related to tfre uranium-X31 com- 
plex, appearing at about -0.85 V. When LSP is used, 
the polarographic wave of XBI splits into three 
peaks; in the presence of uranium, two of these 
decrease and a new and larger LSP peak appears at 
almost the same potential as that of the third peak for 
XBI. As with thorium,’ the height of the new polar- 
ographic peak is propo~iona~ to the concentration of 

Wave length fnm) 

Fig, 3. Absorption spectra. 10-‘&f XBI-30% (v/v) ethanol-l% v/v en (pH 10.5)-U. Concentration of U: 
1, OM; 2, 2pM; 3, 4 JIM; 4, 6 PM; 5, 8 @4; 6, 20/~M; 7, 40 /AM; 8, 80 PM; 9, 120 PM. 
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Fig. 4. Electrocapillary curves. 1, 1% (v/v) en-10e4M phen 
@H 10.5); 2, 1 plus 3 x 10-JM XBI; 3, 2 plus 10-6MU. 

the metal ion, so there is no doubt that this peak must 
be ascribed to the uranium-XBI complex. 

Furthermore, as can be seen from Fig. 3, the 
formation of the complex is accompanied by a de- 
crease of the absorbance at 590 nm and appearance 
of a new absorption band at 470 nm. This is similar 
to formation of the XBI-Mg complex6. The change 
in absorbance at 470 nm is too small to be useful for 
the spectrophotometric determination of uranium, 
but decrease in the absorbance at 590 nm can be used 
for indirect determination of uranium, with linearity 
over the uranium concentration range up to 
8 x 10m6M (apparent molar absorptivity 1 x 10’ 
l.mole-L.cn-‘). The sensitivity of the spectrophoto- 
metric method cannot compare with that of the 
polarographic determination, however. 

The ratio of uranium to XBI in the complex, and 
the conditional formation constant, were determined 
by means of a log-log plot. The results are 
U:XBI = 1:2, log /I’ = 9.09 (by polarography), 8.81 
(by spectrophotometry). 

Properties of the polarographic wave of the complex 

The electrocapillary curves for various solutions 
are shown in Fig. 4, and show that XBI and its 
uranium complex are strongly absorbed on the 
surface of the mercury electrode. With the uranium- 
XBI complex, there is a sharp notch appearing at 
-0.56 V (vs. SCE), indicating that an adsorption 
mechanism is involved. The peak current (4) of 
the polarographic wave was found to be propor- 
tional to the rate of potential scan, another feature 
characteristic of an adsorption mechanism.’ Various 

Table 1. Determination of uranium in ores* 

Samde Found. % Ref. values. % 

1 0.0078 f 0.0005 0.008 1 
2 0.0021 f 0.0003 0.0020 
3 0.207 f 0.008 0.206 
4 0.281 f 0.009 0.295 

*All the samples were from Institute of Geology and 
Mineral Resources of Yichang, China. 

small amounts of surfactants, such as Triton X-100, 
sodium dodecyl suphonate, sodium tetraphenyl- 
borate etc., strongly depress the wave height and split 
the wave, which also indicates the adsorptive nature 
of the wave. Furthermore, the slope of the log i vs. 
log t curve is 0.5, which is much larger than the value 
for a diffusion-controlled process.* The d.c. limiting 
current is proportional to the height of the mercury 
column. 

All these facts indicate that the polarographic wave 
of the uranium-XBI complex is an adsorptive reduc- 
tion wave in which the complex is more strongly 
adsorbed than the ligand and reduced at a more 
negative potential. 

The peak potential of the uranium-XBI complex is 
related to pH (&??$lpH = 60 mV/pH), in the same 
way as that for the ligand alone. The mechanism of 
the reduction of XBI at the mercury electrode has 
been thoroughly studied.’ The first reduction wave is 
attributed to reduction of its azo-group (-N=N-) 
to a hydrazo-group (-NH-NH-). Hence the elec- 
trode reaction for reduction of the uranium-XBI 
complex may be: 

UO,(XBI);- = UO,(XBI): 

UO,(XBI);,, + 4H+ + 4e = ZH,XBIk + U@r + 

Interferences 

In the presence of 10e3M DCTA, up to lOOO-fold 
Pb(II), lOO-fold Cu(II), Zn(II), Cd(H), Fe(III), Fe(II), 
Mo(VI), Mn(II), In(III), Ge(IV), Sb(III), Pd(II), 
V(V), and SO-fold Tl(I), Sn(IV), Nb(V), Ta(V), Se(V1) 
have no effect on the determination of uranium; up 
to 20-fold lanthanide and IO-fold Th(IV), Bi(III), 
Cr(II1) have little effect on the complex wave, and up 
to lOOO-fold SiOi- , PO:-, NO;, NO,, F- , Br- , I- 
do not interfere 

Application 

Several ore samples were analysed by the pro- 
cedure described. The results agree well with the 
certified values and therefore validate the proposed 
procedure (Table 1). 
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ANALYTICAL DATA 

DETERMINATION OF STABILITY CONSTANTS FOR 
ALKALINE-EARTH AND ALKALI METAL ION 

COMPLEXES OF GLYCINE BY SPECTROPHOTOMETRY 

LEO HARJU 

Department of Chemistry, Abe Akademi, SF-20500 Abe 50, Finland 

(Receiued 26 May 1986. Revtied 21 March 1987. Accepted IO April 1987) 

Summary-The complex equilibria between alkaline-earth and alkali metal ions with glycine were studied 
by a spectrophotometric method. The following stability constant (concentration) values valid at 25” and 
ionic strength l.OM were found: Km = 109.57, Ktii = lo-‘.*, K,, = 1O-o.“‘, KsrL = loo.“, kL = W”, 
K “&, = 101.“. 

The study of the metal complexes of amino-acids has 
long been of interest for co-ordination chemists and 
biochemists. Many equilibrium data for the glycine 
complexes can be found in the compilations of 
stability constants,‘” but not for the alkaline-earth 
and alkali metal ion complexes, for which very few 
literature data can be found. The reason for this is 
obvious; these complexes are of very low stability and 
it is difficult to determine their stability constants by 
the conventional methods. In this work the stability 
constants are determined by a spectrophotometric 
method similar to that used earlier” for the alkali- 
metal ion complexes of NTA (nitrilotriacetic acid). 

Glycine (aminoacetic acid, aminoethanoic acid) is 
a bidentate ligand which co-ordinates through the 
nitrogen atom of the amino group and one carboxy- 
late oxygen atom. At neutral pH values, glycine 
adopts the zwitterionic structure typical of amino- 
carboxylic acids: 

+NH3-CH,-C00- 

EXPERIMENTAL. 

For rapid determination of the stability constants, a 
titration procedure was used. The hydrogen-ion concen- 
tration and the absorbance were measured simultaneously 
for a solution that was gradually neutralized by addition of 
tetramethylammonium hydroxide. 

An Orion 801 pH/mV-meter was used for the potential 
measurements and the electrode system was calibrated in 
terms of hydrogen-ion concentrations insmad of activities, 
according to a procedure described ear1ier.r Thus all con- 
stants determined in this work are concentration constants. 

The spectrophotometric measurements were made with a 
Varian DMS 90 spectrophotometer equipped with an Epson 
MX-80 printer for data output. Absorbance measurements 
were made at 8 programmed ftxed wavelengths, in the 
double-beam mode. For accurate measurements a fused- 
silica flow-through cell with an optical path-length of 10 mm 
was used. The reproducibility of the absorbance measure- 
ments was very good, repeated readings usually agreeing to 
within 0.001. 

The titration cell and spectrophotometric cell were kept 
at 25 f 0.1”. The ionic strength derived from the metal salts 

was calculated, and if necessary tetramethylammonium 
chloride (which is non-complexing) was added to bring 
the ionic strength to l.OM. Glvcine ore analvsi (Merck. 
Darmstadt) w&used for the exp&iments. The &lo&e salts 
of the metal ions were also ofpro onolysi grade (Merck) and 
used without further purification. 

RESULTS AND DISCUSSION 

Absorbance curves 

Glycinate, GLY-, absorbs light in the ultraviolet 
region at wavelengths shorter than 250 mn (Fig. 1). 
A suitable analytical wavelength is chosen where the 
difference between the absorbance of the non- 
protonated and protonated species is sufficiently large 
to enable accurate spectrophotometric measurements 
and determinations of stability constants. 

Figure 2 presents curves of the absorbance (at 225 
nm) for glycine in the presence of tetramethyl- 
ammonium, sodium, lithium, barium, strontium, 
calcium and magnesium ions as a function of the 
negative logarithm of the hydrogen ion concen- 
tration. The absorbance curves in the figure are 

220 240 260 
X (nm) 

Fig. 1. The absorbance curve of 1.80 x 10-*&f glycine 
solution at -log [HI = 10.970 and I = 1.0 [(CH,),NCl]. 
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0.5 r and the corresponding equiiibrium constant 

I Ui3 J4 N 

01 I I I I I f 

6 7 6 9 10 11 12 

-log (HI 

Fig. 2. The absorbance of 2.00 x lo-*M glyfine plotted as 
a function of -log [H] in the presence of l.OM (CH&dN+, 
1.OM Na+, l.OM Li+, 0.333M Ba*+, 0.333M S$+, 0.333M 
CaZf and 0.05&W M$+. A= 225 nm. V, = 50.00 ml. 

-log@] was adjusted with (CH,},NOH. 

corrected for slightly different background’ absorb- 
antes. The background absorbances of tetramethyl- 
ammonium chloride and the metal salt solutions were 
independent of pH in the regions used for the calcu- 
lation of the stability constants. The shape of the 
absorbance curve in the presence of tetramethyl- 
ammonium ions shows that one proton is liberated 
from the amino group at pH 9-10. For the metal ions 
the series of curves shows decreasing absorbance due 
to an increasing degree of complex-fo~ation. 

Protonation of glycine 

For the protonation of the amino group in amino- 
acids the general reaction is (signs of charges are 
omitted for simplicity) 

L+HG=HL 

Kg. - WI 
WI [Ll 

(1) 

(Notations defined by Ringbom and Harju67 are used 
in this work.) The total analytical concentration of 
the ligand, C,, is defined by the general equation 

C,=[L]-t[HL]+...+[H,L] (2) 

Because the calculations are made at pH values above 
7, and the difference between the first and second 
protonation constants of glycine is greater than lob, 
terms containing H,L and higher complexes in the 
equation above can be omitted in the calculations in 
this work. 

The molar absorptivity for the free ligand, or, was 
determined from Beer’s law: 

where A, is the absorbance for a solution in which 
the ligand is present only in non-protonated form, 
L-, and A, is the background absorbance for a 
solution in which all the ligand is in monoprotonat~ 
form HL. A, was mainly due to absorption by the 
inert salt present and was determined in the pH 
region 6-7. Because a titration procedure was used, 
volume corrections had to be applied to C,, A, and 
A, in the calculations. 

The free ligand con~ntration is calculated from 

A -A, 
[Ll = 7 

where A is the absorbance measured at different 
experimental pH values. 

The first protonation constant can readily be calcu- 
lated from equations (1), (2) and (4). The results for 
K H,OLY at three wavelengths are given in Table 1. The 
amounts of hydroxide ion consumed during the 
titration are not used in the calculations. 

At shorter wavelengths and higher absorbances, 
better precision was, of course, obtained. At 225 nm 
the standard deviation was as low as 0.~~8 for 

Table 1. Spectrophotometric determination of KHoLy at the wavelengths 230,227 and 225 nm: Co,, = O.O2OOM, I = 1 .OM 
[(CH,)dNCI]; initial volume 50.00 ml; 6iM = 7.25, cp7= 12.72, ef’= 18.07 l.moIe-‘.cm-I; 

Ae = 0.147 
A~~=O.O90; Ag=O.l22; 

-log PI 

9.068 
9.201 
9.308 
9.412 
9.507 
9.605 
9.698 
9.798 
9.897 

10.011 

Volume, 
ml 

50.25 
50.30 
50.35 
50.40 
50.45 
50.50 
50.55 
50.60 
50.65 
50.70 

A 2% 1% &IL A 227 1% &n. A 225 loi3 f&L 

0.124 9.572 0.183 9.561 0.233 9.566 
0.133 9.565 0.198 9.562 0.254 9.568 
0.140 9.574 0.211 9.566 0.273 9.569 
0.149 9.561 0.225 9.567 0.294 9.564 
0.156 9.568 0.239 9.562 0.313 9.564 
0.164 9.567 0.252 9.569 0.332 9.568 
0.172 9.560 0.265 9.569 0.351 9.566 
0.179 9.569 0.279 9.566 0.370 9.568 
0.187 9.558 0.292 9.563 0.388 9.568 
0.194 9.566 0.305 9.565 0.407 9.567 

Mean values f 
std. devn. 9.566 f 0.005 9.565 f 0.003 9.567 f 0.002 
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Table 2. Spectrophotometric determination of KmaLy: C,,, = 0.02OOA-f; 
c, = 0.333M; I = l.OM; 1 = 225 nm; fL = 18.07 l.mole-‘cm-‘; 

A, = 0.068; V, = 50.0 ml; aWcl) = lb,os’ 

OH- added, 
-log [HI ml A 1% KWXY 

10.349 0.85 0.346 -0.427 
10.626 0.92 0.358 -0.342 10.959 1.02 0.373 -0.397 
11.259 1.16 0.378 -0.402 

11.628 1.50 0.380 -0.415 

Average -0.397 
Std. devn. kO.033 

log Km. At very high absorbances, stray light affects 
the readings and the validity of Beer’s law. 

The optimal range for the determination of the first 
protonation constant is around the point of half- 
neutralization, in this case at log [H] - 9.6, and small 
errors in the absorbance will then have minimal 
effects on the calculated ratio [HL]/[L]. 

In the compilation Critical Stability Constants, 
Martell and Smith recommend a log&, value of 
9.63 + 0.06, at 25” and 2 = l.OM. This is in satis- 
factory agreement with KHL = 109.” obtained in this 
work. 

Alkaline-earth and alkali metal ion complexes of 

glycine 

For the formation of 1:l metal-ion-glycine com- 
plexes the general reaction is 

M+L+ML 

and the corresponding stability constant 

fpl4- IMLl 
WI IL1 

(5) 

The free ligand concentration was calculated from 
equation (4). The concentrations of [ML] and [M] 
were obtained from the equations 

C, = [Ll + [HL] + [H,L] + [ML] (6) 

C, = [Ml + [ML] (7) 

(8) 

A volume correction (as already explained) has to be 
applied to the total analytical concentrations of the 
metal ion (C,) and of the ligand (C,). In equation (6) 
the formation of H2L complexes can be omitted 
because of the low stability of this species, and hence 
its negligible concentration at high enough pH. 

The formation of chloride and hydroxo complexes 
with the alkaline-earth metal ions was considered 

Table 3. Logarithmic stability constants (and standard 
deviations) for the proton, lithium and alkaline-earth metal 
ion comnlexes of alycine determined at I = 1 .OM and 25°C 

Species lo8 K StXcieS log K 

HL 9.567 f 0.002 CaL 0.55 f 0.01 
LiL -1.2rtO.l SrL 0.14 f 0.01 
MaL 1.17f0.02 BaL -0.40 f 0.03 

by means of the aMtcl) and a, side-reaction 
coefficients as defined by Ringbom:‘j 

c+,,(cj) = 1 + [Cl] K#: (9) 

‘$,,rl(,,,,) = 1+ [OH] K#$ (10) 

The calculation of the ahlccIj coefficients was based on 
the following stability constants for chloride com- 
plexes: KMBcI = 0.34,’ &a = 0.60,9 Ksrcl = 0.62,i”, 
K BD,-l = 0.2.9 The value for KS,,-, was corrected to ionic 
strength l.OM before the calculations. 

The stability constants for hydroxo complexes 
were taken from Critical Stability Constants.* At the 
experimental pH values used in this work the inter- 
fering effects of hydroxo complexes are negligible. 
For instance the formation of barium hydroxo 
complexes affects mainly the fourth decimal in the 
logarithm of the stability constants given in Table 2. 

Table 2 presents the results of determination of 

&a-GLY based on equations (3) and (S)-(8). The 
optimal range for the determination of equilibrium 
constants of alkaline-earth and alkali metal ion com- 
plexes of glycine is above pH 10, where the inter- 
ference of proton complexes is low. 

Table 3 summarizes the stability constants for the 
alkaline-earth, alkali metal and proton complexes 
determined in this work by the spectrophotometric 
method. The absorbance curves recorded in the pres- 
ence of sodium and potassium lay very close to the 
curve of the uncomplexed ligand. Thus the estimation 
of stability constants would be very uncertain, and no 
values are reported for the glycine complexes of these 
metal ions. 

The influence of the spectrophotometric error 
on the precision of the method can be estimated 
theoretically either by differentiation, or numerically 
by use of simple computer programs. For instance, 
for the determination of the protonation constant, a 
precision of 0.0005 in the absorbance measurements 
corresponds to an error in log KHL of 0.003 at 225 nm, 
0.004 at 227 mn and 0.008 at 230 mn. These values 
are calculated at -log [H] values close to the 
half-titration point and are in satisfactory agreement 
with the relative standard deviations reported in 
Table 1. 

For the alkaline-earth metal ion complexes only a 
few values can be found in the literature. For mag- 
nesium, Hopgood and Leussingl’ have obtained the 
constant lo’.% (I = OSM), and Murphy and Mar-tell’* 
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Fig. 3. The logarithm of the stability constants, log KM_oLY 
plotted as a function of the reciprocal of the ionic radius for 

the alkaline-earth metal ions. 

found 102.23 (I = O.l6M, 30”) by utilizing poten- 
tiometric pH measurements. By using an ion- 
exchange method, Schubert and Lindenbaum” found 
K sroLy = loo.6 at Z = 0.16. For calcium complexes 
with glycine, Daniele ei al.14 reported the formation 
constants Kz$LT = lO’.o5 and Kg$$iy” = 108.80, de- 
termined by a pH-method at Z = 0.25M. From the 
co-ordination chemistry point of view, the high 
stability constant reported for the protonated species, 
CaHGLY, seems doubtful. The corresponding con- 
stant for the protonated calcium complex with 
EDTA, a hexadentate aminocarboxylic acid, for in- 
stance, is 103.i8 and for the protonated nitrilotriacetic 
acid and iminodiacetic acid calcium complexes no 
values have been reported.2 

The values obtained by the various authors are 
difficult to compare because of variations in the 
experimental conditions. In general, the stability con- 
stants reported here are somewhat lower than those 
in the literature, even though the differences in ionic 
strength and temperature have been allowed for 
where known. In some papers the medium and ionic 
strength are not clearly stated. 

Figure 3 shows the relationship between the 
stability constants of the alkaline-earth metal ions 
and the reciprocals of the ionic radii (crystal, co- 
ordination number 6). For barium, strontium and 
calcium there is an almost linear relationship between 
log KML and the reciprocal of the ionic radii. This 
indicates that the complexes are mainly held together 
by electrostatic forces. Magnesium shows a different 
behaviour; owing to its small size it shows a more 
covalent character. 

The complexation of glycine with alkaline-earth 
and alkali metal ions occurs mainly through the 

nitrogen donor atom of the amino group. Because the 
protonation of the amino group occurs at about pH 
9.5, the degree of complexation is strongly dependent 
on the pH of the solution. Because the ligand is 
bidentate, water molecules are also bound to the 
metal ion to satisfy the co-ordination requirements. 
In the presence of additional ligands the formation of 
mixed-ligand chelates is very probable. 

CONCLUSION 

Stability constants for the alkaline-earth metal ion 
complexes of amino-acids have previously been deter- 
mined mainly by potentiometric methods with glass 
electrodes. These methods give good results for com- 
plexes of medium stability, but if very weak com- 
plexes are formed they cannot yield very accurate 
values of stability constants. The spectrophotometric 
method described in this work is very useful for the 
study of weak complexes, as the absorbances depend 
linearly on the concentration of the components in 
the system. KML values as low as 1O-‘.2 have been 
determined in this way. 

The titration procedure used is relatively fast and 
the calculations are simple. There is no need for a set 
of buffers, which may introduce interfering reactions 
into the system studied. The electrodes are not re- 
moved from the solution during a set of experiments. 

The degree of precision for the spectrophotometric 
method presented is high because the ratio of 
[HLJ/[L] and [ML]/[L] is obtained directly from the 
absorbance data, and modem spectrophotometers 
permit very accurate absorbance measurements. 
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SOFTWARE SURVEY SECTION 

SomLaze EaclraKs ~IrroloLel 
JESS 

(Joint Expert Speciation Syetem) 

Dr. Gontrib_utore: Peter May, Murdoch Univereitp, Murdoch 6150, Western 
Auatralia; and Dr. Kevin Murray, National Ohemical Research Lab., OSIR, PO 
Box 595, Pretoria, South Africa. 

descriotion: Brief JESS is a long-term international collaborative project 
to produce computing tools for solution chemistry research (modelling 
natural-water, physiological, or industrial eysteme and determining model 
parameters such as formation constante). A library of portable mutually 
compatible FORTRAN17 routines is thus being developed to perform common 
tasks in (i) numerical analysis, (ii) database management, (iii) 
intercomputer data tranefer, (iv) aseociated text processing and (v) 
assisting inexperienced workers by use of artificial-intelligence 
techniques. 

The first stage of the JESS project, now completed, has been the development 
of Borne 100 routines, called the vOommon Interface". These facilitate 
low-level data manipulations that would otherwise be tedious to do in 
portable FORTRAN.. They provide uniform access to the underlying operating 
system, creating a powerful interface which, aa far as possible, ensures the 
portability of JESS programs. 

Many important issues lying outside the scope of the FORTRAN17 standard have 
been addressed. A carefully selected character set has been defined, 
encompassing 94 symbols most frequently adopted by the various National 
Standards organizations. General methods of performing I/O (both to VDU and 
file), that work on the largest possible number of computers, have been 
determined and implemented. Standardized ways of checking user reeponees, 
sorting data, list processing, generating random numbers and obtaining the 
time and date have been achieved by writing a eet of about a doxen 
system-specific routines (60 far including VAX, SPERRY, DATA QENERAL, 
HONEYWELL YULTIOS, PRIME, ICL 2900, all UNIX machines and an AYIGA 
microcomputer). 

Potential RgsXKi analytical, physical and inorganic solution chemiete. 

P&s&&! off in&ersetl chemical modelling, electrochemietry, bioinorganic 
chemistry, environmental chemistry. 

This library of programs in the area of chemical equilibria in solution has 
been developed for a wide variety of machines (at least 52-bit), and is 
written in portable FORTRAN77. It ia available on 2400-ft magnetic tape 
recorded in ASCII at 1600 bpi. The memory required is 500 Kb. 

Researchers in solution chemistry, eepecially thoee interested in 
participating with future JESS development, can arrange to obtain copies of 
the code by contacting the authors. 

The coding has been fully operational for over a year, and there is 
extensive external documentation. The source code is available, and the 
contributors are willing to deal with enquiries. 
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Ees4rU~ia~~.i F. Qaraia Sanahes and A,L. Ramoa Rubio, Department of 
~nalytfcal Chemietry, Faculty of Soiences, The University, Yalaga-29071, 
Spain. 

2X&f d~I&&R,l The program LU4D.09: allow@ the 
erciTa;ion synchronous matrix to allow 

acquisition of an 
selection of the optimum A;l for a 

synchronous fluorimetria analysis. The program can also obtain excitation, 
emission or synchronous spectra at different elapsed times and plot these in 
a S-dimensional plot. This mode is useful for the study of time-dependent 
proceeses, and for selection of optimum The 
additional option of chart displacement, =~:~:"al~~w,"aPs~n~~~o~ro~~.a 8D 
image with a variable angle of view for the spectra collected, allows the 
observation of the 8ame spectra as if scanned in several different 
positiona. The program can alao operate in a phosphorescence mode. 

P1?4e2zltig& 3R2K.W. analytical chemists, chromatographere, molecular 
luminescence spectroscopists. 

Fields Qt &I&2- analytical and environmental chemistry. 

This application program haa been developed for the Perkin-Elmer 5600 Data 
Station in the language OBPP, running under PECLS-II (PETOS). It is 
available on 5.26-in double-sided floppy disc. The hardware required 
includes the LS-5, 8600 DS, Epeon FX-25, and RS252C interface. The memory 
required is 64 Kb. 

Distributed by the contributors. 

The program is self-documenting and user-friendly. Design ia complete and 
the software has been fully operational for 6 months. The source code is 
available. 
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Summary-Alkaline-earth metals in human bone samples have been determined simultaneously by 
inductively-coupled plasma atomic-emission spectrometry (ICP-AES). Results obtained by atomic- 
absorption spectrometry for Mg, Sr and Ba, and complexometry for Ca, have been compared with those 
by ICP-AES for a laboratory-control bone sample. Accuracy and precision were examined by analysing 
the IAEA animal bone standard (H-5). Agreement with the certified values to within 5% was obtained. 
The concentrations of the elements in foetal bone have also been determined. 

Analysis for alkaline-earth metals in the human body 
and in environmental samples is important for the 
estimation of internal and external dosimetry.’ The 
metabolism of two elements, calcium and strontium, 
as bone seekers is considered to be important in the 
assessment of dosage from radionuclides in the envi- 
ronment.* Measurements of strontium and calcium 
in human bones have been made routinely in our 
laboratory for the national radioactivity surveillance 
programme in Japan. Moreover, Japanese data in 
relation to the “Reference Man” of the International 
Committee of Radiation Protection (ICRP)3 are be- 
ing collected and reported.2*4*5 Alkaline-earth metals 
in human bones have been studied with different aims 
and by different analytical methods. A detailed AAS 
investigation of strontium and barium in man has 
been reported by Schroeder et aL6 Calcium and 
magnesium have been measured by AAS, with refer- 
ence to human metabolism.’ Neutron-activation 
analyses for strontium and barium in bone,8 and for 
calcium and magnesium’ have been reported. Ancient 
human skeletons have also been analysed by neutron- 
activation analysis.‘O 

Although ICP-AES has recently been used for 
simultaneous multielement analysis of environmental 
materials,1’-13 its application to human bone samples 
has not been reported previously. It has two major 
advantages: low detection limits for alkaline-earth 
metalsI and simultaneous determination of stron- 
tium and calcium, i.e. the strontium-to-calcium ratio 
is obtained without difficulty. 

In this paper, simultaneous determination of four 
alkaline-earth metals, calcium, magnesium, stron- 
tium and barium, in human bones by ICP-AES is 
described. Concentrations of the four elements in 
foetal bones are also reported. 

EXPERIMENTAL 

Apparatus 
A Shimadzu ICPQ- 1012W inductively-coupled plasma 

atomic-emission spectrometer was used. The instrument and 
operating parameters employed are given in Table 1. A 
Perkin-Elmer model 5000 atomic-absorption spectro- 
photometer equipped with a deuterium and tungsten 
background corrector was used with an air-acetylene flame 
and an HGA 400 graphite-furnace atomizer. The hollow- 
cathode lamps used were obtained from Hamamatsu Pho- 
tonics, Hamamatsu, Japan. Magnesium was determined 
with an air-acetylene flame at 285.2 mn. Strontium was 
determined with an air-acetylene flame at 460.7 run, with 
sample solutions containing 3000 pg/ml calcium.4 Barium 
was determined with a pyrocoated graphite tube at 553.6 nm 
by the method of standard additions. Temperatures for 
drying, ashing and atomizing were 130, 1500 and 2700”, 
respectively. Argon gas purge was provided at a flow-rate of 
50 ml/min. 

Freshly purified water was prepared from tap water 
with a Bamstead D-2794 out&. Nitric and hydrochloric 
acid “for trace element analysis” were obtained from Wako 
Chemicals, Tokyo. The “Specpure” materials, calcium car- 
bonate, magnesium oxide, strontium carbonate and barium 
carbonate, were obtained from Johnson Matthey Chem- 
icals. Yttrium oxide (99.999% pure) was obtained from 
Research Chemicals, Phoenix, AZ, U.S.A. Stock solutions 
(1000 pg/ml) were prepared by dissolving these standard 
materials in hydrochloric acid and diluting with purified 
water. 

Reference materials 
Laboratory-control bone sample, National Institute of 

Radiological Sciences (NIRS) human bone sample was used 
for comparison of two analytical methods, ICP-AES and 
AAS, with the assistance of complexometry for calcium. The 
Animal Bone (H-5), issued by the International Atomic 
Energy Agency (IAEA), was analysed only by ICP-AES. 
Approximately 0.38 g of the ash was weighed and treated 
as described in the following section. Samples were diluted 
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Table 1. Operating parameters 

Operating frequency 27.120 MHz 
Operation power 1.2 kW 
Argon gas flow-rate, carrier 1 .O l./min 

coolant 11.5 l./min 
plasma 1.5 l./min 

Nebulizer Concentric 
Observation height above load coil 1.5 cm (nominal) 
Sample uptake rate 2.5 ml/min (demineralized water) 
Polychromator 

Grating Holographic, 2700 grooves/mm 
Mount Paschen-Runge 

1 .O m focal length 
Reciprocal linear dispersion 0.37 nm/mm 
Entrance slit width 20nm 
Exit slit width 50 firn 

Integration time 20 set 
Analytical lines 

Species and wavelength (nm) Ca (I) 422.67 
Mg (I) 383.83 
Sr (II) 407.77 
Ba (II) 455.40 

Data acquisition system 
Processor MELCOM 70/L 
Program QC-5D 

to give approximately the calcium and phosphorus concen- 
trations corresponding to the matrix concentrations of the 
standard solution used for ICP-AES analysis. Four repli- 
cate analyses were made. 

Sample preparation 
Foetus bone samples were obtained in 1982-1983 during 

the course of a national radioactivity surveillance pro- 
gramme in Japan. Sample materials were ashed in a mutIle 
furnace at 550”. The procedure has already been reported’ 
and may be summarized as follows. The sample treatment 
was conducted in a clean-hood. A 400-mg portion of bone 
ash was digested in a beaker with 2 ml of concentrated nitric 
acid on a Thermolyne HP-11415B ceramic top hot-plate 
until a white residue was obtained. The residue was dis- 
solved in 5 ml of 1M hydrochloric acid, transferred to a 
50-ml borosilicate glass standard flask and diluted to vol- 
ume so that the Ilnal acid concentration was O.lM. In the 
case of the NIRS human bone sample, the sample solution 
(50 ml) was run through an anion-exchange resin column 
(Bio-Rad 1 x 8, 50-100 mesh). The phosphate-free eluate 
was analysed for strontium by AAS and for calcium by 
complexometry.~‘5 

ICP-AES measurement 
Standard solutions. Six groups of standard solutions were 

prepared, the concentrations being as shown in Table 2. 
Solutions A and B were used in preparing calibration curves 
for calcium and magnesium. The matrix-matching method 
was used for standard solutions C, D and E. The calibration 
curve of calcium was obtained at three concentration levels. 
Magnesium, strontium and barium were measured by using 
four or five different standard solutions (including one of 

Table 2. Standard solutions used for bone analysis 

Standard solution, pgglml 

Element A B C D E 

Ca 1000 500 850 850 850 
P 350 350 350 350 350 

Mg 0 100 10 25 50 
Sr 0 0 1 5 10 
Ba 0 0 1 0.5 0.25 

zero concentration). Yttrium (I /.@nl) was used as internal 
standard. 

Interference by the matrix elements. The effects of calcium 
and phosphorus on the strontium and barium mea- 
surements were checked with model solutionsi containing 
0, 250, 500 and 1000 rg/ml calcium and phosphorus. Each 
contained 1 rg/ml or 0.1 &ml of both strontium and 
barium. Analytical curves were constructed by use of stan- 
dard solutions containing strontium and barium at four 
different concentrations (including one of zero concen- 
tration). The standard solutions contained no matrix- 
elements in this experiment. Yttrium (1 &ml) was added 
to both standard and sample solutions as internal standard. 

Test for tolerable range of deviation in matrix concen- 
tration level between sample and standard solutions. The 
NIRS bone sample solution (50 ml, untreated by anion- 
exchange) was diluted four times to make the calcium and 
phosphorus concentrations correspond to the matrix con- 
tents shown in Table 2. 

Before analysis of bone samples, model solutions of 
different matrix and analyte concentrations were prepared 
with aliquots of the NIRS bone sample solution, instead of 
by changing the matrix element concentrations in the stan- 
dard solutions.i6 The concentration ratio of test to standard 
solution was varied from 0.5 to 2.0. The working curves 
were obtained with the standards shown in Table 2. 

Spike test for recovery of alkaline-earth metals. The NIRS 
bone sample was used and two levels of spike were chosen. 
One was 10, 0.5 and 0.02 pg/ml for magnesium, strontium 
and barium, respectively, approximately half the levels in 
the NIRS bone sample, and the other was double or half this 
level. For calcium, relatively low concentration levels (100 
and 150 pg/ml) were chosen for the standard calibration 
range used. 

RESULTS AND DISCUSSION 

Interferences 

Interference by the major matrix components, cal- 

cium and phosphorus, was checked against the model 
solutions without matrix-matching and the results are 
shown in Table 3. The matrix effect was evaluated 
from the ratio of the concentration obtained to that 
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Table 3. Effects of major elements on 1 &ml and 0.1 &nl of strontium and barium 

Relative concentration of each element* 

Element 

Strontium Barium 

Matrix concentration, m/ml Matrix concentration, pg/ml 
0 250 500 1000 0 250 500 1000 

ca &+ (Z) 101 103 
(131) (159) 

P ,&+ (& 101 101 
(104) (::) Na 100 99 (1:) 98 100 (1;) (1:) (1;) 

Mg 100 98 98 98 100 99 99 97 
K 100 98 98 98 100 98 91 97 

*Mean of three determinations. 
TO.1 pg/ml strontium and barium. 

with a zero concentration of the matrix. When the 
strontium and barium concentrations were 1 pg/ml, 
little influence was shown by calcium and phosphorus 
concentrations in the range O-1000 pg/ml. However, 
in the case of 0.1 pg/ml strontium and barium, the 
matrix effects (shown in parentheses in Table 3) 
increased with increase of matrix concentration. The 
effect of calcium on the measured strontium concen- 
tration was marked, indicating an apparent 60% 
increase at 1000 rg/ml. Since the concentrations of 
calcium, strontium and barium in the human bone 
sample were approximately 850, 0.4 and 0.02 pg/ml, 
respectively, there was spectral interference by cal- 
cium. Strontium and barium cannot be measured 
without matrix matching. The presence of phos- 
phorus slightly influenced the measurement of stron- 
tium and barium concentrations, the error for solu- 
tions containing 0.1 pg/ml being less than 4%. 

Table 4 shows that the alkaline-earth metals can be 
determined with not more than 4% relative error 
when the difference in matrix concentration between 
sample and standard solutions is not more than 20% 

of the sample matrix concentration. The result for 
calcium at a sample to standard matrix-ratio of 2.0 
was low because this ratio was outside the range used 
in the calibration programme. 

Recovery test for the NIRS sample 

The results of a recovery test made with the NIRS 
bone sample are shown in Table 5. All four alkaline- 
earth metals showed good recovery, that for barium 
being high because of the low concentration and 
spectral interference (see Table 3). 

Comparison of two methodr 

The NIRS bone sample solution which had not 
been treated with the anion-exchange resin was di- 
rectly analysed by ICP-AES. Its magnesium and 
barium contents were also measured by AAS. Cal- 
cium and strontium in the phosphate-free eluate 
treated obtained after treatment of the same solution 
with the ion-exchange resin were measured by AAS 
and complexometry, respectively. The results are 
compared in Table 6. The ratio of the result obtained 

Table 4. Effects of the matrix concentration ratio between samples and 
standards in the determination of alkaline-earth metals in NIRS human 

bone samnle 

Relative concentration of each element 

Element 0.5 
Total matrix concentration ratio* 
0.8 1.0 1.2 1.5 2.0 

Ca 100 99 100 102 100 9Ot 
Mg 93 91 100 104 103 100 
Sr 94 98 100 102 101 96 
Ba 104 99 100 100 98 103 

*Total matrix concentration of sample solutions divided by that of the 
standard. 

tOutside the calibration range. 

Table 5. Recovery of added elements (ICP-AES) 

Added, M/ml Recovery range,*% 
Concentration of 

Element sample, pgcglml A B A B 

Ca 853 150 100 99-100 100-103 
Mg 10.2 10 5 100-104 102-107 
Sr 0.395 0.5 A.05 98-101 99-100 
Ba 0.025 0.02 105-109 101-102 

*Three determinations. 
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Table 6. Comparison between the two methods of mea- 
suring alkaline-earth metal content* in human bone 

Element ICP-AES AAS & complexometry 

Ca, mglml 3.41 f 0.02 3.29 f 0.02 
Mg, pgiml 40.8 f 0.2 41.0 f 0.6 
Sr, &ml 1.57 f 0.03 1.47 f 0.03 
Ba. nalml 98 f 2 94f15 -. _ _ 
*A 400-mg portion of bone ash was dissolved in 50 ml of 

0.N HCl and analysed four times. 

by the two methods (ICP-AES/AAS or complex- 
ometry), was found to vary from 104 to 107% 
because of loss during the anion-exchange step.is The 
eluate was also analysed by ICP-AES and values 
corresponding to those found by AAS and complex- 
ometry were obtained. 

Accuracy and precision 

The results for IAEA H-5 are shown in Table 7. 
The calcium, magnesium and strontium concen- 
trations found were in good agreement (f 3%) with 
the certified values. For barium, the result was about 
6% high, but fell within the IAEA certified range and 
had better reproducibility. 

The relative standard deviation in repetitive mea- 
surements for IAEA H-S was 0.5, 0.6, 0.4 and 0.5% 
for Ca, Mg, Sr and Ba, respectively. 

Detection limits for these elements were as follows: 
Ca 0.3, Mg 0.007, Sr 0.0003 and Ba 0.0005 pg/ml. 
Those for magnesium, strontium and barium were 
estimated as three times the standard deviation ob- 

Table 7. Analytical results for alkaline-earth metals of 
IAEA animal bone H-5 by ICP-AES 

Element Present results* Certitled content 

Ca, mglg 217& 1 212*8 
Mg, mglg 3.61 f 0.03 3.55 f 0.09 
Sr, pglg 99*1 96 f 8 
Ba, mlg 84+2 79*13 

*Mean and standard deviation of four determinations. 

tainecl in the measurements of the 0-pg/ml standard 
solution containing matrix elements. For calcium, the 
standard deviation in measuring a solution contain- 
ing 1000 pg/ml calcium was used. 

Foetal bone analysis 

Samples from eight foetal skeletons were analysed, 
and the results are shown in Table 8. The mean 
calcium concentration in the ashed foetal bone was 
found to be 371 mg/g. This result is close to that given 
(37.47%) in our previous report.’ Although the stron- 
tium concentration seems to decrease after six lunar 
months, it is unclear from these results (owing to the 
small numbers of samples analysed) whether this is a 
real effect. The mean strontium concentration mea- 
sured was 64.8 ,ug/g, derived from a distribution of 
values lower than those yielding the earlier reported 
value of 86.4 pg/g.5 The measured strontium-to- 
calcium concentration ratio was 0.175 mg Sr/g Ca 
because of the lower strontium concentration, but a 
similar result has also been reported.5 The mean 
magnesium concentration was 6.42 mg/g, but for 

Table 8. Concentration of alkaline-earth metals in foetus bones 

Element concentration* 

Age, Calcium, Magnesium, Strontium, Barium, Sr-to-Ca ratio, 
Lunar months Sex Bone mg mg tig /J&r mg Sr/g Ca 

4 M Long bone 362t 6.45 86.1 1.8 0.238 
Miscellaneous 3317 6.59 80.0 3.8 0.241 

5 F Vertebra 3621 6.42 81.9 5.5 0.226 
Long bone 3753 7.09 84.3 5.0 0.225 
Pelvis 3791 6.47 83.2 3.1 0.220 
Miscellaneous 3737 6.44 83.2 5.2 0.223 

6 M Vertebra 3513 6.82 57.0 2.5 0.162 
Long bone 370t 7.09 47.2 2.0 0.128 
Flat bone 376$ 5.68 84.8 0.8 0.225 

7 F Long bone 3651 7.03 69.7 3.9 0.191 
Miscellaneous 358t 6.43 63.6 3.6 0.178 

8 M Long bone 377t 5.95 78.6 3.7 0.208 
Pelvis 381t 5.92 81.2 4.0 0.214 

9 F Vertebra 369t 7.21 49.6 2.5 0.134 
Long bone 3757 7.05 50.5 3.4 0.135 
Pelvis 388t 6.87 54.4 2.3 0.141 
Miscellaneous 379t 7.01 51.8 6.2 0.137 

9 M Vertebra 3813 5.69 49.3 2.2 0.129 
Long bone 3897 5.63 49.2 2.1 0.127 
Bib 3843 5.60 49.1 1.6 0.128 

10 M Vertebra 372t 6.12 53.0 10.0 0.143 
Long bone 3597 6.53 48.7 8.3 0.136 
Pelvis 384t 5.57 53.3 3.9 0.139 

Overall mean 371 6.42 64.8 3.8 0.175 
RalW 331-388 5.57-7.09 47.2-86.1 0.8-10.0 0.127-0.241 

*Per gram of ash. 
tMean of two d\terminations. 
$One determinahon, mean of three measurements. 
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adult bone a value of 5.3 mg/g has been reported.‘O 
The mean barium concentration was found to be 3.8 
pg/g. This result, despite a relatively large variation, 
is in agreement with the literature values of 4.7,” and 
7.0 + 4.0,* pg/g. The intraskeletal element distribu- 
tion in the foetus bones was not clear in this work, 
owing to the small number of samples analysed. 

In conclusion, it may be stated that alkaline-earth 
metals in human bone samples can be simultaneously 
determined by the ICP-AES by the matrix-matching 
and internal standard method. The Sr-to-Ca concen- 
tration ratio can also be easily obtained by this 
procedure. 
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Summary-Two digestion procedures have been tested on samples of flour, blood and urine for 
application in the determination of selenium by hydride-generation atomic-absorption spectrometry. The 
first utilizes a mixture of concentrated nitric, perchloric and sulphuric acids and the second a mixture of 
magnesium nitrate hexahydrate, concentrated nitric acid and 6M hydrochloric acid. The accuracy of the 
procedures was tested by analysis of standard reference materials and by comparison with results from 
neutron-activation analysis. It was found that the “magnesium method” can replace the more common 
procedure, which includes perchloric acid, for the sample types investigated in this paper. 

Selenium is an element both essential and detrimental 
to living organisms. As such it has received great 
attention from workers in diverse fields such as 
biochemistry, agriculture and medicine. The im- 
portance of selenium for the health of man and 
livestock is well documented.‘-’ In many reports the 
effects on human health are discussed, and it is 
indicated that too low an intake of the element may 
cause illness. On the other hand selenium becomes 
toxic at higher concentrations.’ The ambivalence of 
selenium in living organisms, together with the small 
range of beneficial selenium concentrations in plant 
material or biological liquids and tissues, etc., calls 
for precise methods for determination of the element. 
Stringent demands are made on the final deter- 
mination step as well as on the digestion procedure 
chosen for destruction of the organic matter. The 
design of a digestion procedure for selenium is not 
trivial, since different specimens may react diversely 
with a given digestion mixture, and hence false 
information on the selenium content may be. ob- 
tained. Factors that influence the outcome of the 
digestion step are the destructive power of the mix- 
ture of reagents used, the resistance of the selenium 
compounds involved to oxidation, and the volatility 
of the selenium species originally present or formed 
in the digestion.>’ 

The most common digestion method for biological 
materials utilizes the high oxidation potential of hot 
concentrated perchloric acid,“14 which is often used 
together with other concentrated acids such as nitric, 
sulphuric or phosphoric. However, perchloric acid is 
inconvenient to work with owing to the hazard of 
explosions if it is incorrectly handled.r5@ In particu- 
lar, its use. in laboratories with a high turnover of 
staff should be avoided. Also, more stringent require- 
ments are continually appearing for the materials and 
construction of fume-hoods used for digestions in- 

volving perchloric acid. Hence there is a need for 
testing alternative digestion procedures which do not 
use this acid. One way to open out biological material 
without use of perchloric acid is combustion in 
oxygen in a closed system.” Excellent results have 
been obtained in the determination of selenium by 
Knapp et al., ” but their equipment is specialized and 
not suitable for routine analysis. 

This work describes the destruction of gours, hu- 
man whole blood and urine by use of magnesium 
nitrate’g*20 combined with nitric acid*‘” and hydro- 
chloric acid and the subsequent determination of 
selenium in the digests by hydride-generation atomic- 
absorption spectrometry (HG-AAS) in a flow sys- 
tem. Results obtained with this method are compared 
with those from a procedure which utilizes a mixture 
of concentrated nitric, perchloric and sulphuric acids, 
hereafter called the three-acid mixture. Standard 
reference materials have been analysed and in a few 
instances samples have been subjected to neutron- 
activation analysis (NAA). 

EXPERIMENTAL 

The HG-AAS apparatus, which has been described else.- 
where,= consisted of a Varian AA5 atom+absorption 
spectrophotometer connected to a flow-injection system 
(Bifok, Sweden). The spectrophotometer was equipped with 
a selenium electrodeless discharge lamp (Westinghouse). 
Peak heights were evaluated with an integrator (Shimadxu 
C-R3A). 

The digestion vessels were heated in a temperature- 
programmed altinium block made in the laboratorv. A 
temperature regulator (MDV, ERO Electronics, Italy) inter- 
faced with a calculator (HP-41 CV) was used to control the 
temperature programme. 

Reagents 
All reagents used were of analytical grade. A standard 

solution of selenium(N), 1 g/l., was prepared from an 
ampoule of selenium dioxide in dilute nitric acid (Merck). 
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(a) 

5 10 15 2 6 
Se(ug/l.) Selpgll.) 

Fig. 1. Calibration and standard addition curves for 0 selenite in dilute hydrochloric acid; l selenite 
added to digested reagent blank, @ selenite added to digested sample. (a) Method A: 10 ml of concentrated 
nitric acid, 5 g of magnesium nitrate, and 1 ml of 1: 1 v/v hydrochloric acid; diluted to 50 ml. (b) Method 

B: 20 ml of three-acid mixture; diluted to 50 ml. 

The selenium(W) standard solution, 1 g/l., was prepared 
from sodium selenate decahydrate. Further standards were 
obtained by dilution of these solutions. A small addition of 
hydrochloric acid was made to prevent adsorption. 

The three-acid mixture was composed of the concentrated 
acids in the proportions nitric:perchloric:sulphuric 20:5:2 
v/v. 

The reference materials were SRM 1567 wheat flour 
(NBS) and Seronorm 105 and 108 (Nycomed AS, Oslo, 
Norway). 

Sample pretreatmenl 

The North American wheat grains Durum and North 
Spring were ground into flour by a Turmix mill, and passed 
through 30 and 60 mesh sieves. Swedish wheat flour, potato 
flour, and Canadian buckwheat flour were analysed as 
supplied by the manufacturer. A batch of about 400 ml of 
human whole blood was divided into several small portions 
and stored in a freezer until used. A portion of the whole 
blood was freeze-dried and sent for determination of sele- 
nium content by neutron-activation analysis. 

Digestion procedures 

Two digestion procedures were applied to the samples. In 
method A two versions were used, one for samples of low 
organic content and the other for samples with high organic 
content. 

A. Nitric acid-magnesium nitrate digestion. Put the sam- 
ple in a 50-ml glass tube and add 2 or 5 g of magnesium 
nitrate hexahydrate, 5 or 10 ml of concentrated acid, and 
1 ml of 6M hydrochloric acid. Insert the tube into the 
aluminium block and apply the temperature programme of 
50” for 1 hr, 85” for 1 hr, 105” for 1 hr, 125” for 2 hr, 175” 
for 2 hr, 225” for 2 hr, 300” for 2 hr and 500” for 3 hr. Cool 
the tube, and add 9 or 12 ml of 6M hydrochloric acid to 
dissolve the magnesium oxide formed and to adjust the 
hydrochloric acid concentration to about 4M. Then heat at 
130” for 1 hr to reduce any selenate to selenite. Dilute the 
digest so that the selenium concentration falls within the 
working range of the HG-AAS finish. 

The larger reagent amounts are recommended for samples 
with a high organic content. 

B. Nitric-perchloric-sulphuric acid digestion. Add 20 ml 
of the three-acid mixture to the sample in a 50-ml Kjeldahl 
flask. Boil in a heating stand until the sulphuric acid starts 
to reflux. Cool, add 6 ml of 6M hydrochloric acid and heat 
again until the sulphuric acid starts to reflux. Cool and 
dilute to an appropriate volume. 

RESULTS AND DISCUSSION 

The general performance of the HG-AAS flow 
system used in this work has been described earlier 
together with its application to bovine liver samples.” 
To facilitate the present discussion some data on the 
performance of the equipment will be repeated here. 
The precision is better than 1% for selenium at a 
concentration of 6 pg/l. and about 3% at 1 ,ug/l. This 
means that the limit of detection for pure selenium 
solutions is about 0.1 pg/l. The working curve is 
linear up to at least 15 pg/l. and the characteristic 
mass (1% absorption, 0.6 ml injection volume) is 

30 Pg. 

Evaluation of the absorption signal 

Reagent-matched calibration solutions were pre- 
pared by addition of known amounts of selenite to 
portions of the blank after digestion. Figure la,b 
shows calibration curves obtained in this way from 
blank solutions from procedures A and B. The curve 
for selenite in dilute hydrochloric acid is included as 
a reference. Standard-additions curves are also 
shown. It can be seen that the three-acid mixture 

Table 1. The recovery (%) of selenite and selenate added to blanks and samples 
before digestion by methods A and B (see text for details) 

Sample 

Blank + Se(W) 
Blank + Se(W) 
Sample + Se(IV) 
Samole + SeNI) 

Method A Method B 

Recovery, Recovery, 
% S n % S n 

101 5.2 12 104 4.5 3 
101 5.2 6 103 3.5 3 
100 2.3 8 105 2.8 4 
100 7.7 4 103 9.5 4 
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North Spring Durum 66 03 16 

30-60 <60 
Size fraction (mesh) 

Fig. 2. Selenium concentrations obtained for three different size fractions of the North American wheat 
flours North Spring and Durum 860318 after digestion with 10 ml of 1:l v/v nitric acid and 5 g of 
magnesium nitrate. 0 Without and l with addition of 1 ml of 1:l v/v hydrochloric acid. Each result 

represents the mean of two determinations. 

decreased the selenium signal to about 80% of that 
for the reference solution, whereas the magnesium 
nitrat~nitric acid reagent slightly enhanced it. It can 
also be noted that the standard-additions curves are 
parallel to the “reagent” calibration curves for both 
methods, indicating that there was no interference 
from sample components. This was the case for all 
matrices studied in this investigation. 

The slopes of the analytical curves may vary from 
time to time depending, e.g., on the effectiveness of 
the sodium tetrahydroborate reagent, but the relative 
slopes (that is, the ratios between the slopes of the 
“reagent” curves and the “reference” curve) are fairly 
constant. For the conditions used in the experiments 
presented in Fig. 1 the relative slopes are 106% 
(S = 3%, n = 21) for method A and 82% (S = 5%, 
n = 7) for method B. 

The method of standardization described above 

results in a calibration curve that corrects for the 
blank. Neither method A or B gave blank signals 
distinguishable from the noise. Nevertheless the ana- 
lytical curve had an intercept on the y-axis, the size 
and precision of which greatly influenced the anal- 
ytical result from samples giving signals close to the 
limit of detection. This intercept exhibited a standard 
deviation of about 20 pV, representing an absorb- 
ance of 0.0004 or a selenium concentration of 0.05 
pg/l. This means that the practical limit of detection 
is about 0.15 pg/l. (3s) and the limit of determination 
about 0.5 pg/l. (10s). For some specimens in this 
investigation these limits were approached. 

Recovery studies 

The recoveries of selenite and selenate added to 
blanks and samples before digestion were determined 
for both destruction procedures. The results are given 

1.0, 
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Fig. 3. Selenium concentration in NBS 1567 wheat flour and Durum 860423 digested with 5 g of 
magnesium nitrate and @I 10 ml of 1: 1 v/v nitric acid, 8 10 ml of 1: 1 v/v nitric acid and 1 ml of 1: 1 
v/v hydrochloric acid; @ 10 ml of concentrated nitric acid, 0 10 ml of concentrated nitric acid and 
1 ml of 1:l v/v hydrochloric acid. The samples were also analysed by l NAA (Studsvik Energiteknik 

AB, Sweden). The ranges are shown. 
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Table 2. Selenium concentration in flour samples 

Method A 

Sample 

Potato flour 
wheat flour 
Buckwheat 
Durum 860318 
Durum 860423 
North Spring 
NBS 1567. 

Amount, Mean, 
g /@g/g 
1.0 <0.003 
0.8 0.011 
0.7 0.034 
0.4 0.615 
0.4 0.635 
0.4 0.509 
0.2 0.951 

RSD, a 
% Pglg n 

12.7 0.007-0.015 3 
10.0 0.031-0.037 9 
0.7 0.606-0.624 3 
1.6 0.625-0.645 7 
1.2 0.494-0.524 3 
1.2 0.933-0.969 4 

Method B NAAt 
Mean, RSD, CI, Result, 
!&?cg/g % /Xl&! n /&I8 

0.012 4.2 0.010-0.014 3 
0.031 4.2 0.029-0.033 8 
0.583 4.0 0.525-0.641 3 
0.544 1.9 0.527-0.561 4 0.6 f 0.1 

0.953 3.5 0.869-1.037 3 0.87 + 0.1 

*Certified 1.1 f 0.2 pg/g. 
tstudsvilc Energiteknik AB, Sweden. 
CI = Confidence interval (95%). 

in Table 1. The specimens digested were blood and 
various kinds of flour. The additions usually ranged 
from 15 to 30 ng of selenium, giving concentrations 
between 0.6 and 1.2 pg/l in the solutions. In method 
B, 20 ml of the three-acid mixture were used and in 
method A conditions varied slightly, but with no 
detectable effect on the recovery. According to the 
data in Table 1 there is no evidence that selenite or 
selenate was lost in the digestions. 

Analytical results 

Flour samples. Methods A and B have earlier been 
used to digest liver samples.” Very satisfactory results 
were obtained with method A, using 10 ml of 100% 
nitric acid together with 5 g of magnesium nitrate 
hexahydrate for a 0.1-0.2 g dry-weight sample. How- 
ever these amounts of reagents may yield blanks too 
high for the accurate determination of selenium in 
samples low in selenium. Therefore, the use of 10 ml 
of 1: 1 concentrated nitric acid (70%) was tested for 
flour samples weighing 0.3-0.8 g, but the results were 
low. It was then found that a small addition of 
hydrochloric acid to the digestion mixture led to 
higher recoveries of selenium. The same increase in 
recovery was obtained when 2-15 mmoles of hydro- 
chloric acid were added. The reason for this behav- 
iour is not known at present. In addition, lOm1 of 
concentrated nitric acid instead of the 1: 1 acid gave 
higher yields, and the presence of a small amount of 
hydrochloric acid further improved the digestion in 
this case also. 

In method B, 20 ml of the three-acid mixture were 
used. This amount is supposed to digest at least 1.6 g 
of organic material. I4 When the reagent volume was 
reduced to 10 ml for samples weighing 0.1-1.0 g, low 
and varying results were observed. This is attributed 
to the small final volume of sulphuric acid remaining 
after digestion. This volume is thought not to be able 
to hold the selenium, but to lose an unpredictable 
fraction of it. 

Figure 2 shows the effect of hydrochloric acid on 
the analytical results for the wheat flours North 
Spring and Durum. Three different size fractions 
were analysed for each grain and method A was 
applied with 10 ml of 1: 1 nitric acid with or without 
addition of 1 ml of 1: 1 hydrochloric acid. It can be 
seen that the addition of hydrochloric acid gave 
enhanced recovery of selenium. If the same volume of 
concentrated nitric acid was used instead of 1: 1 nitric 
acid the effect of added hydrochloric acid was still 
observed although it was not as marked. This can be 
seen in Fig. 3 where results are given from the 
analyses of another grinding of Durum sieved 
through a 60 mesh sieve and from the analysis of 
NBS SRM 1567 wheat flour. These samples were also 
analysed by NAA. It is seen that all digestion re- 
agents chosen yielded selenium concentrations that 
fall within the range reported from the NAA. 

Table 2 summarizes the results from the deter- 
mination of selenium in flours of differing selenium 
content. Ten ml of concentrated nitric acid, 5 g of 
magnesium nitrate hexahydrate and 1 ml of 1: 1 hy- 

Sample 

Table 3. Selenium concentration in blood, serum and urine samples 

Method A Method B NAAt 

Amount, Mean, RSD, CL Mean, RSD, CI, Result, 
R flglg % Nzlg ?I flglg % Pglg n P&Yk 

Whole blood 0.5 0.088 1.1 0.087Xi.089 12 0.082 0.9 0.080-0.084 3 
Whole blood* 0.2 0.424 2.0 0.410-0.438 4 0.4fO.l 
Seronorm 1050 0.5 0.086 2.6 0.084-0.088 7 0.082 4.5 0.078XLO86 6 
Seronorm 108s 1.0 0.049 2.0 0.048XLO50 8 0.047 4.0 0.044-0.050 5 

l Freexe-dried whole blood. The experimentally determined dry weight was 20.9%, giving a selenium concentration of 
0.089 &g in the original sample. 

tstudsvik Energiteknik AB, Sweden. 
#Human urine with certified value 49 pg/l. 
4Human serum with certified value 90 f 6 pg/l. 
CI = Confidence interval (95%). 
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drochloric acid were used for the digestion in method 
A and 20 ml of the three-acid mixture were used in 
method B. These are the amounts of reagent that we 
recommend for seienium determination in flours. The 
sample weight should not exceed 0.8 g for trouble- 
free digestion in method A (“boiling over”, incom- 
plete digestion). In method B the sample weight 
should not exceed 1 g, in order to avoid excessive 
charring when the nitric acid oxidation is complete. 
Charring may lead to losses of selenium,7.‘” and for 
some flours large sample sixes may lead to copper 
~on~nt~tions in the test solution that interfere in the 
HG-AAS step. a From Table 2 it can be seen that 
procedure A is well suited to replace procedure B as 
digestion method when selenium is to be determined, 
Unfortunately the analyses of NBS SRM 1567, wheat 
flour, are not completely satisfactory. In this refer- 
ence material the selenium ~n~ntration found is 
often below the certified mean value,12~13~20~21J3 but 
results in agreement with the certified value have been 
obtained by some workers.****~29 Our result is consis- 
tent with the NAA result but nevertheless we believe 
that our methods fail to some extent to yield quan- 
titatively the selenium in SRM 1567 and possibly in 
flour in general. 

paper give results in close agreement to NAA. 
Method A is recommended since it avoids the use of 
perchloric acid. The digestion is rather time- 
consuming but no supervision is necessary, and it can 
be performed overnight. When method B is used, it 
is advisable to take no less than 20ml of the three- 
acid mixture. 

Acknowledgement-Katarina Lagerstrom is thanked for 
making the blood analyses. 
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2, 

3. 

4. 

Blood and urine samples. It is generally sufficient to 
digest 0.5 g of whole blood, plasma or serum to 
obtain a satisfactory absorption signal when the test 
solution is diluted to 25 ml. For urine, 1 g is often 
required. In these sample types the organic matter is 
only a minor component, and reduced amounts of 
reagents can be used in the destruction procedures. 
For optimal performance, 5 ml of concentrated nitric 
acid, 2 g of ma8tresium nitrate hexahydrate and 1 ml 
of 1: 1 hydrochloric acid were taken for the digestion 
by procedure A. The effect of hydrochloric acid is 
not as pronounced as for flour samples. For pro- 
cedure B, 20 ml of the three-acid mixture are recom- 
mended in order to diminish the risk of losses. Table 
3 gives the results from the determination of selenium 
in whole blood. The results from the analyses of the 
reference materials Serononn human serum batch 
105 and Seronorm human urine batch 108 are also 
included. A portion of freeze-dried blood was subjec- 
ted to NAA and the result is given in Table 3. The 
selenium concentrations found in the reference mate- 
rials as well as the NAA result confirm that pro- 
cedures A and B both give accurate results. It is also 
seen that there was no loss of selenium when the 
blood was freeze-dried. 

5. 
6. 

7. 
8. 
9. 
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Il. 
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15. 

16. 
17. 

18. 

19. 

20. 

21. 
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23. 

24. 
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26. 

CONCLUSION 27. 

For selenium determination in flour, blood and 28. 
urine samples the two methods described in this 29. 

The iron in whole blood results in an iron concen- 
tration of about 10 mg/l. in the test solutions. Inter- 
ference from iron(II1) in determination of 2 fig/l. of 
selenium was separately investigated and found to be 
absent for iron(II1) concentrations up to 50 mg/l. 
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Summary-A fluorimetric determination of gallium, based on the formation of the fluorescent &elate with 
N-oxalylamine(salicylaldehyde hydrasone) (OSH)-Ga(III), is proposed. The complex has excitation and 
emission maxima at 395 and 475 nm, respectively. The detection limit is 3 ng/ml and Ga can be determined 
up to 277 ng/ml. The method has been applied to the determination of gallium in a nickel alloy and 
aluminium. Extraction with n-butyl acetate from 6M hydrochloric acid medium has been used to separate 
Ga from the interfering elcrnents in the alloys. 

Gallium is considered one of the rare elements. It 
occurs to the extent of a few parts per million in most 
silicate rocks and minerals, where, as a result of the 
similar ionic radii and ionization potentials, it tends 
to be camouflaged by aluminium.’ 

The increasing use of gallium compounds in the 
electronics industry and their antitumor activity*+ are 
reasons for needing sensitive analytical methods for 
determining this element. 

Several methods have been used for determination 
of gallium in various samples: neutron-activation 
analysis for pure metals and geological samples,’ coal 
and spinach,6 bauxite,‘,s coal ash,* semiconductors;’ 
polarography for ores and metals;” potentiometric 
stripping analysis for biological materials;” 
differential pulse anodic stripping voltammetry for 
ores;‘* X-ray fluorescence for synthetic mixtures 
of chromium and gallium;” inductively-coupled 
plasma emission for silicon-germanium-gallium14 
and aluminium” alloys; atomic-absorption spec- 
trometry for alloys of iron and nickel,r6 ores,” alumi- 
nium and aluminium alloys,” semiconductors,” and 
orchard leaves, river sediments, soils and rocks.*O 
Spectrophotometric2’-23 and fluorimetric?** methods 
involving the use of organic reagents have also been 
extensively used for determining gallium in different 
kinds of samples. 

It is remarkable that many of these methods in- 
volve prior separation steps, the most usual being the 
extraction of gallium chloride from 6M hydrochloric 
acid** with an appropriate organic solvent, such as 
diethyl ether,r4s25 di-isopropyl ether,26 methyl isobutyl 
ketone,*’ and n-butyl acetate.22 

N-Oxalylamine(salicyladehyde hydrazone) (OSH), 
described previously*s as a fluorimetric reagent for 

*Present address: Department of Bromatology, Toxicology 
and Applied Chemical Analysis, Faculty of Pharmacy, 
University of Seville, 41012Seville, Spain. 

aluminium, yields a fluorescent chelate with gallium. 
In this paper a sensitive method for determining 
gallium with it is described. The content of gallium in 
a nickel alloy and aluminium has been determined by 
the proposed method. 

EXPERIMENTAL 

Apparatus 
Fluorescence measurements were made with a 

Perkin-Elmer LS-5 spectrofluorimeter, equipped with a 
xenon lamp source, l&cm fused-silica cells and a 
Perkin-Elmer 561 recorder. The fluorescence data are given 
without spectral correction. An ultrathermostatic water- 
bath circulator (Colora KS) was used for temperature 
control. A Perkin-Elmer 554 spectrophotometer and a 
Crison-501 digital pH-meter with a combined glass- 
Ag/AgCl electrode were used. 

Reagents 
OSH was synthesized as previously described” and used 

as a 2.0 g/l. solution in dimetbylfotmamide. A stock solution 
of gallium was prepared from the chloride and standardized 
by titration with EDTA. Working solutions were prepared 
by appropriate dilutions. 

A buffer solution @H 2.3) of potassium mono- 
chloroacetate-monochloroacetic acid (0.25M) was used. 

Into a 25-ml standard flask place a sample containing not 
more than 2 pg of gallium, add 0.3 ml of OSH solution and 
12.2 ml of dimethylformamide and adjust the pH with 5 ml 
of buffer solution; dilute to volume with distilled water. 
Measure the fluorescence at 475nm with excitation at 
395 nm, against a reagent blank, at 25”. 

Determination of gallim in aluminium 
Dissolve a l-g sample (accurately weighed) in 30 ml of 6M 

hydrochloric acid. Cool the solution and add 15% titanium 
chloride solution dropwise until the solution becomes per- 
manent light violet. Wait a few minutes. Transfer the 
solution into a 100~ml separating funnel and extract the 
gallium by shaking the solution with 25 ml of n-butyl 
acetate for 1 min. Discard the aqueous layer and wash the 
extract with two 3-ml portions of 6M hydrochloric acid. 
Strip the gallium from the organic phase with two 15-ml 
portions of distilled water. Transfer the aqueous solution 
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Xtnm) 

Fig. 1. Uncorrected excitation (A, A’) and emission (B, B’) 
spectra of complex (A, B) and free l&and (A’, B’), at pH 3.8. 

c, = I.4 x lo-6M; ca = 7.7 x lOi’M. 

to a SO-ml beaker and add 0.1 g of sodium chloride. 
Evaporate the solution to dryness, dissolve the residue in 
water and dilute it to volume in a 25ml standard flask. 
Determine the gabium content by the recommended pro- 
cedure, using fluoride as masking agent. 

Determination of gallium in nickel affoy 
Weigh accurately about 1 g of sample, transfer it into a 

beaker, heat it first with 5 ml of concentrated hydrochloric 
acid and then with 10 ml of concentrated nitric acid and 2 ml 
of bromine, and evaporate the solution nearly to dryness, on 
a sand-bath. After cooling, add 2ml of concentrated sul- 
phuric acid and heat until copious white fumes are evolved. 
Cool again, then take up the residue with about 25 ml of 
1SM hydrochloric acid and filter the solution through a 
Whatman No. 41 filter paper into a lOO-ml standard flask. 
Wash the beaker and filter paper with l.SM hydrochloric 
acid to make up the volume to the mark. Transfer a 50-ml 
aliquot into a beaker and evaporate the solution nearly to 
dryness. Add 30 ml of 6M hydrochloric acid then 15% 
titanium chloride solution dropwise until its colour persists 
in the mixture, and wait several minutes. Transfer the 
solution to a lOO-ml separating funnel and extract the 
aalliurn bv shakinn with 25 ml of n-butvl acetate for 1 min. 
&card the aqueous layer and wash the extract with two 
3-ml portions of 6M hydrochloric acid. Strip the gallium 
with two 15-ml portions of distilled water. Transfer these 
aqueous phases to a beaker, then add 0.1 g of sodium 
chloride and evaporate to dryness. Dissolve the residue in 
water and dilute it to volume in a 25-ml standard flask. 
Determine the gallium content by the recommended pro- 
cedure. 

RESULTS AND DISCUSSION 

Study of the Ga(ZZZ)--OSH complex 

Gallium forms a complex with OSH, the absorp- 
tion spectrum of which has its maximum at 382 nm. 

The complex exhibits an intense yellow-greenish 
fluorescence and the maximal emission occurs at 
475 nm, with excitation at 395 nm. Figure 1 shows the 
uncorrected excitation and emission spectra. 

The maximal emission is reached immediately and 
remains constant for at least 18 hr. The relative 
fluorescence intensity of the complex [l pg/ml 
Ga(III)] is 22 times that of 0.1 pg/ml quinine sulphate 
in 0.05M sulphuric acid. 

Because of the low solubility of the reagent a 
mixture of water and ~methylfo~a~de is used. The 
influence of the dimethylformanu ‘de content on the 
fluorescence intensity was examined, the most suit- 
able concentration being found to be 50% v/v. 

Influence of PH. The effect of pH on the absorbance 
and fluorescence of the chelate was determined (NJ?., 
throughout this paper “pH” is used to denote the 
pH-meter reading). As can be seen in Fig. 2(a), the 
absorbance is not affected by the pH in the range 
5.0-6.5; for this reason an acetic acid-acetate buffer 
solution (pH 4.5) was selected for the preparation of 
samples with a final pH of about 5.5. The 
fluorescence intensity is constant in the pH range 
2.7-3.3 [Fig. 2(b)]. A buffer solution of mono- 
chloroacetic acid-monochloroacetate (PH 2.3) was 
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Fig. 2. Influence of pH on the Ga(III)-GSH complex. 
c, = 4.4 x lo-GM; ca = 9.7 x lo-‘M. (a) Absorbance-pH 
plot, l 382 nm, n 400 nm; (b) relative fluorescence-pH 

plot, & = 395 mn, A, = 475 nm. 
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Table 1. Effect of other species on the determination of 
gallium (29.7 ng/ml) with OSH 

Tolerance, 
Foreign species w/ml 

g;&-, NO,, So’,- 15000 
12000 

Ag(I) 8000 
NkII) 6000 

M&h ‘WI), Hg(II) 
Co(II),Cd(II), Pb(II), BICIN+ 
Pd(II), Y(III), Mn(I1) 
Br-, F-, SCN-, Srq-, tartrate 
Zn(II), Ti(IV), Bi(II1) 
Fe(III), V(V), AsO:-, Cr(III), Mo(VI), 

U(VI), citrate 
Zr(IV) 
FnTIT$ PC:-, Cu(II), Sb(III) 

Sn(I1) 
AwI) 

*CN,N-Bis(2-hydroxyethyl)glycine. 

4ooo 
1000 
480 
300 
200 

100 
50 
30 
20 
15 

<IO 

used to ensure the pH of the samples fell within the 
desired interval. 

Stoichiometry of the complex. The mole-ratio3 and 
continuous variationP methods were used to deter- 
mine the composition of the complex. Both methods 
showed a 1: 3 metal: reagent ratio. 

Calibration range, sensitivity and precision 

The conditions for determining gallium with OSH 
were optimized. The most suitable concentration 
of the reagent was found to be 1.16 x lo-‘A4 (for 
200 ng/ml gallium). There was a linear relationship 
between the gallium concentration and the 
fluorescence intensity over the range 3-277 ng/ml. 
The detection limit” was 3 ng/ml. 

The precision of the method was studied by anal- 
ysing eleven 29.7 pg/ml gallium replicates; the max- 
imum relative error (P = 0.05) was f2%. 

Effect of foreign ions 

To assess the possible analytical applications of the 
method, the effects of other species on the deter- 
mination of gallium with OSH were studied. Table 1 
summarizes the tolerance limits for the ions tested 
(concentrations giving less than fS% error in the 
determination of 29.7 ng/ml gallium). 

Indium and aluminium, which yield fluorescent 
complexes with OSH, give strong interference, but 

Table 3. Determination of gallium in alloys (range of 3 
determinations) 

Sample Present, % Found, % 

Aluminium BCS 195g* 0.009 0.0093; 0.0086; 0.0092 
Nickel BCS-346t 0.005 0.0051; 0.0053; 0.0052 

*Al 99.85, Si 0.03, Fe 0.-08, Cu 0.001, Mn 0.001, Ti 0.002, 
V 0.004, Zn 0.015%. 

tNi 60.2, Co 15, Ti 5, Cr 3, Al 5.5, MO 3, V 1, Pb 0.0021, 
Bi 0.0010, Ag 0.0835, Se 0.0809, Te 0.0012, Sb 0.0047, 
As 0.0050, Cd 0.00004, Sn 0.0091, Zn 0.0029, Mg 0.014, 
Tl 0.0002, Ca 0.0036, In 0.0019%. 

most ions tested can be tolerated at fairly high 
concentrations. 

The influence of several masking agents was tested. 
The results are shown in Table 2. By addition of 
fluoride the tolerance level for Al(II1) and In(II1) can 
be increased and BICIN and tartrate are useful for 
masking Zn(II), Co(I1) and Fe(II1). 

Determination of gallium in alloys 

The proposed method was used for determining 
gallium in two alloys: BCS 195 g and BCS 346. 
Because of the complexity of the samples and their 
low level of gallium a prior separation from inter- 
fering ions was necessary; the method proposed by 
Busev et al.* was used. 

For determining gallium in BCS 195 g, fluoride 
(300 ng/ml) was added to prevent the interference of 
the small amounts of ahuninium that contaminated 
the initial gallium extract. The results are shown in 
Table 3. 

Conclusions 

Several organic reagents have been proposed for 
the fluorimetric determination of gallium. In Table 4, 
OSH is compared with some of the most frequently 
used reagents. OSH compares favourably in sensi- 
tivity with all of them except sulphonaphthol- 
resorcinol. An extraction step is necessary with most 
of these reagents. The method with OSH is performed 
in homogeneous medium and the fluorophore is 
yielded instantaneously; heating is not necessary and 
the complex remains stable for a long time. For 
determining gallium in a complex matrix with OSH 
a prior separation from the interferents cannot be 
avoided, but this applies to most of the methods listed 
in the bibliography. 

Table 2. Elimination of interferences by addition of masking agents 

Amount tolerated, nglml 
Masking 

Without With agent 
Foreign ion masking agent masking agent (ng/mB 

Al(II1) <lO 80 fluoride (300) 
In(II1) 20 100 fluoride (300) 
Zn(I1) 200 500 BICIN (1000) 
Co(B) 1000 2000 BICIN (1000) 
Fe(II1) 100 300 tartrate (300) 
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Table 4. Characteristics of reagents for fluorimetric determination of gallium 

Sensitivity, Experimental 
Reagent nglmi conditions Applications 

L~ogaUion 15 pH 2.2; incubate at biolo&al material 
80” for 20 min; 
extract with 
isoamyl alcohol 

Rbodamine B 10 6M hydrochloric acid; zinc, indium, bauxite 
extract with 
benzene:ether (9: 1) 

8-~ydroxyq~noline 50 pH 3.9-5.5; extract ge~ani~ 
with chloroform 

Sulphonaphtholresorcinol 1 PH 3 semiconductor 
materials 

Solochrome Black 10 pH 4.7 extract 
with amvl alcohol 
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Summary-The uranyl and vanadyl complexes formed with salicylic, phthalic and 3&dihydroxybenzoic 
acids have been studied by potentiometry in order to determine the stability constants of the M, L. species 
formed in solution, and the constants for the hydrolysis and polymeric complexes, at 25.0”, in 0.10, 0.40 
and 0.70M sodium perchlorate. MINIQUAD was used to process the data to find the best models for 
the species in solution, and calculate the formation constants. The uranyl-sahcylic acid system was also 
studied by s~trophotomet~ and the program SQUAD used to process the data obtained. The best 
models for these systems show that co-ordination of the uranyl ion by carboxylate groups is easier than 
for the vanadyl ion, whereas the vanadyi ion seems to form more stable complexes with phenolate groups. 
Both oxo-cations seem to tend to hydrolyse rather than form complexes when the L: M ratios are greater 
than unity. Although the change in the constants with ionic strength is small, the activity coefficients of 
the sahcylate and phthalate species have been calculated at ionic strengths 0.40 and 0.7Okf, along with 
the interaction parameters with Na +, from the stability constants found for the species ML and H,L, 
according to the Br~st~~uggenheim expression. 

A large proportion of soil organic matter consists 
of quite complex polymeric molecules referred to as 
humic matter, with aromatic rings ~ntaining car- 
boxylic and phenolic groups as the principal chelating 
groups. Phthalate, salicylate and dihydroxybenzoate 
are therefore good models for the binding sites of 
fulvic and humic acids.‘T2 EPR studies with vanadyl 
ion and humic matter support this, since in many 
cases there is evidence of ionic co-ordination where 
carboxylate and phenolate groups are involved.’ On 
the other hand, it seems that catechol functional 
groups are probably the structural components of 
humic matter responsible for the reduction of en- 
vironmentally mobile metavanadate VO: to V02+, 
followed by chelation of vanadium.’ Uranyl ion is 
also easily co-ordinated by oxygen-donor ligands 
such as carboxylate or phenolate groups, and the two 
oxo-cations UO:+ and VOz+ have a tendency to form 
hydrolysed complexes in natural water conditions. 

CALCULATIONS 

Stability constants 

The program MINIQUAD3A was used to seek the 
best model to explain the experimental results ob- 
tained by potentiometry. This program yields: (a) the 
formation constants of the complexes, by a non- 
linear least-squares refinement by the ~aus~Newton 
method; (b) statistical information which provides a 
sound basis for deciding which model best fits the 
experimental points. For the models chosen in this 
work the stability constant of each complex will be 
reported together with its standard deviation and the 

agreement factor R defined as:* 

= iJ i: CCL, f et, + CL,) 
[i 1 

l/2 

R 
15, 

where U is the sum of squared residuals for all the 
mass-balance equations, n is the number of experi- 
mental points and C,, C, and Cn represent the 
experimental values for the total ~n~tration of 
metal, ligand and hydrogen ion respectively. A model 
is acceptable if the agreement factor is less than 0.004, 
which is the permitted deviation from a calculated R 
based on the experimental errors.6 The choice of the 
best model depends not only on the statistical data 
but also on chemical knowledge of the system (some 
models that appear to be good statistically might 
not be chemically acceptable) and on comparison 
with similar systems.’ From the models that are 
chemically and statistically allowed, if there is no 
reason to prefer one of them, the model with the 
lowest number of species should be chosen (Occam’s 
razor). If there are still two or more candidate 
models, other techniques besides potentiometry 
should be used to obtain more information about the 
system. 

The formation constants of the species are defined 
as 

where p = b - a, corresponding to the reaction: 

mM + n L + aH,O G= M,L,H,(OH), + (a - b)H 

839 
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For simplicity, charges are omitted and solvation of 
the species is not considered. Each species is defined 
by three numbers-m,n,p-which represent the num- 
ber of metal ions, ligand ions and the difference 
between the numbers of protons (H +) and hydroxide 
ions (OH-) in the complex. 

To determine stability constants from spectro- 
photometric data, the program SQUAD was used.“‘O 
This program refines simultaneously a set of molar 
absorptitivities and stability constants of the species 
in solution, from a non-linear least-squares refine- 
ment of function U, by using the Newton-Raphson 
method, where 

NS NW 

U = c c A, - f C, qb, ’ 
i-l k-l J-1 > 

NS is the number of solutions for which the absorb- 
ance A* has been measured, NW is the number of 
wavelengths selected (2 l), NC is the number of 
species which contribute to the absorption of radi- 
ation, 6jk is the molar absorptivity of species j at 
wavelength k, b, (cm) is the optical path-length 
(b = 1 cm in this work), and C, is the concentration 
of species j in solution i. 

The activity coefficients fM and fH have been calcu- 
lated at the different ionic strengths from equation (1) 
with B values determined from equation (2) and 
tabulated values for B(0) and B(a). Since the activ- 
ity coefficient fu_ could not be determined from 
equation (1) at Z.I = O.lOM because the B(Z) values 
are not known, the Davies expression was used 
instead: 

logf,_ = -AL&l* JI - - 0.31 
l+JI > 

Activity coeficients 

As the Bronsted-Guggenheim expression is valid 
for the determination of the activity coefficients of 
charged species for ionic strengths less than l.OM,*i 
this equation has been used: 

Figure 1 shows logs values obtained from the 
Bronsted~uggenheim, Davies and Debye-Htickel 
[log fe = - A 1 Zal’fi/(l + fi)] expressions for the 
hydrogen, uranyl and vanadyl ions. From com- 
parison of the curves it can be concluded that, for 

JI logy,= -A[ZJ* - 
( > 

+ 42-,VY (1) 
09 

1+Jr t 

where A is N 0.5 11 at 25”, Za the charge of the species 
E, Z the molal ionic strength, and B the summation 
of the interaction parameters between the species E 
and the counter-ions in solution. In the presence of 
a supporting electrolyte, the counter-ion comes from 
the electrolyte and will be represented by X. BE _ x can 
be related to the ionic strength through the Pitxer 
expression:‘* 

B,_,(Z) = &x(03) + &-x(O) -BE-,(~llW) (2) 

where 

F(Z) = [l - (1 + 2JI - 2Z)exp(-2&(4Z) (3) 

with F(0) = 1 and F(co) = 0. 
Interaction parameters determined experimentally 

for inorganic cations and anions have been re- 
ported, I2 but there is very little information for ions 
of organic molecules. 

0.1 

In this work the interaction parameters at ionic 
strengths 0 and co, B(0) and B(a), were calculated 
for the anions salicylate and phthalate from the 
interaction parameters with Na+ given by the 
Bronsted-Guggenheim expression for 0.4 and 0.7M 
sodium perchlorate medium. In this expression the 
fu- value was obtained at these ionic strengths from 

i 

(H+l ‘. 

Fig. 1. Curves of logarithm of activity coefficients us, ionic 
strength for H+, VO*+ and UOz+ cations, calculated by 
means of the Debye-Htickel (-), Davies (---) and 

Brcmsted-Guggenheim expressions (- . -. -). 

the ratio of /?ML (or fin,,) values at ZJ = 0.1 M and the 
molar ionic strength considered (p = 0.4M or 0.7M): 

alLhIa4L)o.I = c.hdfL),/&f‘)0.l (4) 

(B"2Lhmi*L)O.I = CfhfL),l(fffLlo.* (5) 

Molar values (p, M) are converted into molal (Z, m) 
by using a factor f extrapolated for the ionic strengths 
0.10, 0.40 and 0.7OA4 from the values presented in 
Table 11.1 of reference 12: 

O.lOOM +O.lOlm; 

0.400M + 0.409m; 

0.7OOM + 0.725m 

I I I I I I 

0.2 0.4 0.6 0.6 1.0 1.2 
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each cation, the activity coefficients tend to the same 
value for low ionic strengths, as expected, and at 
p = O.lM the activity coefficients obtained by the 
Davies and Brsnsted~uggenheim theories are in 
quite good agreement, so that calculation offL2- by 
the Davies expression at p = O.lM should be satis- 
factory. Equations (4) and (5) also require that the 
activity coefficients of neutral species should be ap- 
proximately unity, which is only valid if formation of 
dipoles can be neglected. For the ligands considered, 
this approximation is probably valid because they are 
small, with very little charge separation. 

Hydrolysis constants 

The hydrolysis constants &, of the reaction 
xM + yH,Oe M,(OH), + yH+ at a given ionic 
strength were calculated from values of the thermo- 
dynamic constants-/3~Y-and the activity coefficients 
of the species calculated from equation (1) at the 
relevant ionic strength. 

log,9;Y=log/31;,+0.511AZ2 + bl (6) 

AZ*=(Zr -y)*+y -4x (7) 

b =xB,-x-yB,_x-BxY_x (8) 

where X represents ClOi, M the metal ion (vanadyl 
or uranyl), H the proton and xy the hydrolysed 
species M,(OH), 

For the hydrolysis of the vanadyl ion, b is calcu- 
lated at each ionic strength from equation (8), taking 
values for B(0) and B(w) from the literature.‘* 

For the hydrolysis of uranyl ion, b is extrapolated 
from the b values given at other ionic strengths in 
perchlorate medium.12 

EXPERIMENTAL 

Reagents 
All the reagents were commercial products of analytical 

grade and used without further purification. The purity of 
the ligands was confirmed by potentiometric titration. 

The uranyl nitrate stock solution was standardized gravi- 
metrically.‘3 Vanadyl perchlorate stock solutions, approxi- 
mately O.lM, were prepared under a nitrogen atmosphere 
from vanadyl sulphate and barium perchlorate, and the 
solution obtained was acidified with perchloric acid to 
pH 1 .O to avoid the oxidation of V(W) to V(V). The vanadyl 
stock solution was standardized by titration with per- 
manganate, and the perchloric acid concentration was 
checked by titration with a strong base, with interpretation 
by Gran’s methodI for the acid pH range. 

The titrations were performed with use of a double-walled 
titration cell under nitrogen, at a temperature controlled at 
25.0 f 0.1” by circulation of water. The t&rant was added 
from a Metrohm 655 Dosimat automatic burette, provided 
with soda-lime guard-tubes. Oxygen must be rigorously 
excluded during the vanadyl titration to prevent the oxi- 
dation of VOz+ to VO$, which becomes easier as the pH 
increases. 

Spectrophotometric measurements 
All the measurements were made at 25” in O.lM sodium 

perchlorate medium. A Perkin Elmer 15 spectrophotometer 
was used, and the spectra of the uranyl ion in the absence 
and presence of ligand were recorded in the visible range 
(350-800 mn), with a halogen-lamp source, a bandwidth 
of 1 nm, and glass l-cm cells. In the wavelength range 
considered, salicylic acid does not absorb. 

The potassium hydroxide titrant solutions were prepared 
under nitrogen from Merck “Titrisol” concentrates, and 
CO,-free demineralized water. The concentrations of these 
solutions and the absence of carbonate was checked regu- 
larly by potentiometric titration with standard hydrochloric 
acid. 

The absorbance was measured at 374 nm because at this 
wavelength and at pH 3-6.5 the uranyl ion absorbs very 
little, and uranyl ion in the presence of salicylic acid shows 
a plateau with an absorbance that changes significantly 
with pH. 

Potentiometric measurements 

The molar absorptivity of the hydrolysed uranyl-ion 
species was determined from measurements of the absorb- 
a&e of 20 many1 solutions with concentrations in the range 
0.5 x lo-‘-lo-“M, at pH 3-5.5. At 374 nm only M,(OH), 
absorbs [eM,(oWIS = 57 f 51. __l\___,l 

All the measurements were made at 25” in sodium In the study of the system uranyl ion + salicylic acid, 40 
perchlorate medium. A Corning-Eel 112 digital poten- solutions were prepared with high C,: C, ratios (10-20) in 
tiometer was used with Corning electrodes (pH triple pur- order to minimize the amounts of hydrolysis products 
pose, Ag/AgCl internal, and calomel reference electrodes, present, and to increase formation of organic complexes. 
both No. 476022). The reference electrode was filled with The metal concentration range was varied in the range 

sodium chloride solution, to avoid precipitation of potas- 
sium perchorate. 

The potential readings were converted into log[H+] 
values according to the expression E = Q + K log[H+] + 

ju[H] + joHIO)Il. This assumes a linear variation of the 
liquid-junction potential with [H] at acidic pH values and 
with [OH] at alkaline pH values. In the pH range 2.5-11, 
jJ-I] + j,,[OH] can be considered as equal to zero. The Q 
value which is constant in the experimental conditions used, 
was calculated from a previous titration of hydrochloric 
acid in the appropriate medium, with potassium hydroxide, 
by Gran’s method.“*r5 The calibration was repeated before 
and after each series of titrations at regular intervals during 
the day. The jot., value necessary for the determination of pH 
values higher than 11 was obtained at each ionic strength 
from a previous titration of potassium hydroxide in the 
appropriate medium with hydrochloric acid, for the pH 
range 12.0-12.8.1S 

The ionic product of water was determined at each ionic 
strength from the titration of hydrochloric acid, in the 
appropriate medium, with sodium hydroxide, with use in the 
basic pH range (pH _ 10.5) of the Q value determined for 
the acidic pH range (pH - 3). It should be pointed out that 
this is valid only if the asymmetry potential of the glass 
electrode and the liquid-junction potential do not change 
significantly in the pH range 2.5-l 1. The & values obtained 
at 25” are in good agreement with those reported previously 
for the same ionic strength.16 

For the determination of the stability constants of pheno- 
lit groups wrth KHmL > 11, experimental conditions were 
chosen such that (a) the ligand and titrant concentrations 
were sufficiently high to yield significant variations of pH 
between consecutive experimental points (ApH > 0.05), 
(b) the ionic strength was kept constant, (c) the concen- 
trations of HL and L were not negligible [C, and 
C,,, 2 0.05 (C, + C,,)], and (d) alkaline error was avoided 
(pH 2 12.5). Basic solutions of the ligands were used imme- 
diately after their preparation in the dark, to prevent 
decomposition. The ligand and metal concentrations ranged 
between 0.25 x 10e3 and 4 x lo-‘M, with a metal:ligand 
ratio ranging from 0.25 to 2. 
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0.25 x 10-3-10-‘it4. The pH (potentiometrically measured) 
was adjusted with sodium hydroxide to between 3.8 and 6.5. 

a high concentation for all the systems studied at 
pH >4.0, as can be seen from the distribution curves 
presented later in the text. 

RESULTS AND DISCUSSION 
Phthalate complex systems 

In the study of complex formation between uranyl 
or vanadyl ions and salicylic, phthalic and 3,4- 

For the uranyl and vanadyl systems with phthalic 

dihydroxybenzoic acids, the stability constants con- 
acid the same types of species were obtained (Table 3), 

sidered to have fixed values were: (a) the ionization 
with the exception of MHL, which seems to be 

constants of the ligands and the ionic product of 
formed with vanadyl ion for pH ~4.5, but not with 

water, listed in Table 1 and determined from experi- 
uranyl ion for pH >3.0. This might be due to the 

mental values, (b) the hydrolysis constants for the 
higher affinity of uranyl ion for carboxylate groups 

oxo-cations, given in Table 2. 
and to the stereochemistry of these groups in vicinal 

It should be pointed out that the pH range used in 
positions in the molecule. From the distribution 

the study of the vanadyl systems is restricted by the 
curves (Fig. 2) it can be seen that the dominant 

precipitation of VO(OH)I, beginning at pH -4.5 at 
species is ML at practically all the pH values studied. 

the concentration used. To prevent this precipitation, 
The ML, species always has a low concentration, and 

the CL: C, ratio should be increased to >20, but 
the hydrolysis dimer M, L*(OH)* becomes important 

in these conditions potentiometry is not a good 
at pH values higher than 4.5, which seems to indicate 
that both oxo-cations form hydrolysis species rather 

technique for studying the system. 
The precipitation of hydrolysed uranyl species is 

than species with L: M > 1. The monomer MLOH is 
always rejected when included in the model with its 

detected at pH -6.0, the M,(OH),, species having dimer. 

Table 1. Stability constants of the proton complexes of the 
ligands and the ionic product of the water at three different 

ionic strengths---0.10, 0.40, 0.70M in NaClO,. T = 25” 

Acid O.lOM 0.4OM 0.70M 

Phthalic log&, 4.90 4.74 4.70 
log /&*I. 7.65 7.43 7.39 

Salicylic log bHL 13.0 13.0 13.0 
log &*I. 15.82 15.73 15.84 

3,4-DHB log BHL 12.5 12.5 12.5 
log B&L 21.19 21.09 21.12 
log B&L 25.50 25.36 25.40 
K, 1.70 x lo-l4 1.80 x lo-l4 1.86 x IO-l4 

Salicylate complex systems 

Table 2. Hydrolysis constants of the uranyl and vanadyl 
ions at three different ionic strengths-O.lO, 0.40 and 0.70M 

(NaClO,); T = 25” 

O.lOM 0.40M 0.70M 

Vanadyl &_, 1.72 x 10e6 2.69 x 10e6 4.50 x 10m6 
g2o_2 1.72 x lo-’ 2.69 x lo-’ 4.50 x lo-’ 

Uranyl &_, 1.11 x 10m6 1.17 x 10e6 1.35 x lOA 
&_* 1.61 x 1O-6 1.46 x 1O-6 1.40 x 1O-6 
/?j0_5 7.11 x lo- ” 4.85 x 10-l’ 4.30 x lo-l7 

For both oxo-cations, the ML species seems to be 
the dominant organic complex (Fig. 3), MHL having 
some importance for pH ~4, mainly for the uranyl 
system. This is in accordance with the higher affinity 
of the uranyl ion for carboxylate groups. For higher 
pH values the vanadyl system forms MLOH but for 
the uranyl system there is some ambiguity in the 
species formed (Table 4). Indeed, a distinction be- 
tween ML, and MLOH is not possible statistically or 
in terms of concentration, since for the models in- 
cluding ML + MLOH or ML + ML2 the species 
MLOH or ML, exist in similar percentage in the 
experimental conditions used (pH <6 and ligand 
to metal ratio from 1 to 2). On the other hand, 
the co-existence of both species is rejected by the 
program. 

In order to obtain more information spectrophoto- 
metric experiments have been done. The data have 
been analysed by program SQUAD with pi,,‘ intro- 

Table 3. Stability constants for vanadyl and uranyl systems with phthalic acid for the best model obtained 
with MINIQUAD (T = 25”; fl = 0.10, 0.40 and 0.70M in NaClO,) 

44 logh 108 B, 10 108 Bno 108 822 - 2 R 

vo*+ 0.10 6.28 k 0.08 3.97 f 0.01 6.39 + 0.06 1.75 * 0.03 0.0002 
0.40 6.10 f 0.07 3.68 f 0.01 5.85 + 0.06 0.27 f 0.03 0.0002 
0.70 6.97 rf: 0.09 3.61 f 0.02 6.48 k 0.07 0.74 f 0.04 0.0002 

uo:+ 0.10 4.742 & 0.008 7.73 + 0.03 2.37 + 0.006 0.0022 
0.40 4.464 k 0.006 7.38 If: 0.02 1.93 f 0.05 0.0010 
0.70 - 4.43 f 0.001 6.97 f 0.04 1.58 f 0.08 0.0032 

Table 4. Stability constants for the uranyl system with salicylic acid for the best 
models obtained with MINIQUAD ( T = 25”; p = O.lOM NaClO,) 

lwh log BllO h38,,-I 1% 8120 R 

14.68 + 0.04 12.041 f 0.003 6.10 f 0.02 - 0.0010 
14.61 f 0.04 12.041 f 0.003 22.07 + 0.03 0.0013 
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duced as a fixed value (given by potentiometry) and 

B MLOH or jIhlLl as a constant to be refined. 
Comparing the values obtained by spectrophoto- 

metry (A) and by potentiometry (B): 

(A) log &LO,, = 6.25 f 0.04 log /IMulL = 21.3 + 0.1 

(B) log &OH = 6.10 + 0.02 log /&* = 22.0 + 0.03 

it can be seen that the agreement in the results is 
better when the species MLOH is considered, and so 
it seems that ML + MLOH represents a better model 
than ML + ML*. 

However, it is worthwhile to emphasize that from 
a chemical point of view it is not possible to dis- 
tinguish between the MLOH or ML, species, since at 
pH >4.0 the uranyl ion has a high tendency to be 
hydrolysed but on the other hand, owing to the high 
affinity of the uranyl ion for the carboxylate groups, 
the ML2 species is also possible. 

The stability constants for the vanadyl and uranyl 

(A) 

systems with salicylic acid are reported in Table 5 for 
the three different ionic strengths. 

3,4_Dihydroxybenzoate complex systems 

This ligand, with three co-ordinating groups (one 
carboxylate and two phenolate), presents a higher 
number of possible species in solution. However, for 
the vanadyl system and in the pH range studied, only 
two species are detected-M,L and ML (Table 6)--- 
where one of the two metal ions is bound to the 
carboxylate group and the other to two phenolate 
groups in the M,L species and one metal ion is bound 
to two phenolate groups in the ML species. In 
practically all of the pH range studied, M,L is the 
dominant species (Fig. 4), which confirms the high 
affinity of vanadyl ion for carboxylate and phenolate 
groups. For the highest pH values used it is possible 
that other species such as ML, or hydrolysis products 
such as MLOH are also formed. In fact these species 

t 
% L 

I 

-pH - 

(B) 

3 4 5 6 3 4 5 6 

-pH - 

Fig. 2. Distribution curves for the concentration of metal or ligand of the speck in solution, as a function 
of pH, for the vanadyl (A) and nranyl (B) systems with phthalic acid (JI = 0.70M NaClO, ). 
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tA) 

-pH-- 

Fig. 3. Distribution curves for the oonc@ration of metal or Iigand of the sp&es in soIutionnl. w a fimctian 
of pH, for the vanadyl (A) and uranyl (B) systems with salicylic acid 01 = 0.7OM NaClO,). 

3 4 5 
-QH-, 

i 
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3013 
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t %L 
t I 

3 4 5 

Fig_ 4, Distribution curves for the concentration of metal or ligand crf the species in solution, BS 8 function 
of pH, for the vanadyl system with 3,~~yd~~~n~~c acid & = 0.ZM Nacio,). 
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Table 5. Stability constants for the vanadyl and uranyl systems with salicylic acid 
for the best model obtained with MINIQUAD, T = 25”; c = 0.10,0.40 and 0.70M 

(NaClOJ 

Ihi log&,, log ho log&,-, R 

vo2+ 0.10 14.68 f 0.06 12.683 f 0.004 6.54 f 0.02 0.0009 
0.40 14.88 f 0.05 12.518 f 0.002 6.07 f 0.01 0.0003 
0.70 15.25 f 0.05 12.562 f 0.003 6.62 & 0.01 o.ooo3 

Uq+ 0.10 14.68 f 0.04 12.041 f 0.003 6.10 f 0.02 0.0010 
0.40 15.56 f 0.05 1 I.969 f 0.004 5.58 f 0.04 0.0017 
0.70 15.41 f 0.06 12.004 f 0.004 6.32 f 0.03 0.0021 

Table 6. Stability constants for the vanadyl system with 3,4 are not rejected by the program MINIQUAD but 
dihydroxybenzok acid for the best modei obtained by 
MINIQUAD; T = 25”; p = 0.10,0.40 and 0.70M (NaClO,) 

their con&ntratio& are l&s than 2%, so there is no 
certainty about their presence 

IH lw BllO log BZlO R Although for the uranyl system the M,L species 

0.10 16.632 f 0.008 20.827 f 0.006 0.0015 still occurs, there is some ambiguity, from poten- 
0.40 16.342 f 0.004 20.651 f 0.005 0.0009 
0.70 16.241 f 0.006 20.763 f 0.003 0.0009 

tiometric results, about the other species present in 
solution (Table 7). For pH ~4.5, ML*H, or MLH2 

\ \ ,*-*\ v ' i \ l 

3 4 5 6 

-\ 
\ (B) 

\ 

t ‘\\” 60 

% M 

I ‘\, 
I 

60 

-pH* 
3 4 5 6 

Fig. 5. Distribution curves for the species assumed to be in solution, as a function of pH, of two models 
(A and B) for the uranyl system with 3,edihydroxybcnzoic acid (c = 0.70M NaClO,). A-model 
assuming the complex species 124, 210, 21-2; B-model assuming the complex species 124, 210, 110. 
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Table 7. Stability constants of the uranyl system with 34dihydroxybenzoic acid for the best models 
obtained by MINIQUAD (T = 25”; p = 0.70M NaClO,) 

log 81% b&,2 ~ogB,,o log82,o b38*,-* R 

48.41 j: 0.09 14.95 * 0.04 0.0043 
24.02 f 0.09 15.20 + 0.04 0.0043 

48.35 rf: 0.08 14.92 + 0.02 17.88 f 0.08 0.0030 
48.36 rf: 0.07 18.23 f 0.03 9.16 f 0.03 0.0030 

23.89 f 0.08 18.51 f 0.02 9.22 + 0.04 0.0035 _ 
23.95 f 0.08 16.04 f 0.03 18.02 ; 0.05 0.9028 

Table 8. Activity coefficients for salicylate and uhthalate ions calculated 
for 0.40 and O.?‘OM NaClO, media,-from /I,,, or jut_ (M = UO$+ or 

V@+k T = 25” 

Medium p = 0.4OM /I = 0.70M JJ = O&M ,u = 0.70M 

NaClO,(H +) 0.33 0.40 0.25 0.21 
NaClO, (V02+) 0.36 0.27 0.25 
NaClO, (UO:+) 0.35 

(Z) 
0.22 0.18 

Mean value 0.35 f 0.02 0.42 & 0.02 0.25 f 0.03 0.21 + 0.03 

could exist as well as M,L. In the first two complexes 
the metal ion is bound to the carboxylate group, the 
phenolic groups undergoing no dissociation. Micera 
et a1.l7 verified from solid-state studies with the uranyl 
ion and 2,6-dihydroxybenzoic acid that the metal ion 
is co-ordinated to two carboxylate groups, which 
might suggest that with 3,4-dihydroxy~nzoic acid 
the species MLZH,, would be the one present in 
solution. The existence of this species, not found in 
the vanadyl system, can be explained by the higher 
athnity of the uranyl ion for carboxylate groups and 
the lower affinity for phenolate groups, compared 
with the vanadyl ion. It should be pointed out that 
in all models considered and for pH ~4.5, the 
organic complex concentrations are minor relative to 
those of the hydrolysis products of the cation (Fig. 5). 

For pH >4.5, the potentiometric data can be. 
explained by the formation of one of the species ML 
or M,L(OH),. When both are introduced simulta- 
neously in the same model, one of them is rejected, 
depending on the experimental conditions used. The 
models including M,L(OH), or ML have similar R 
factors, so the statistical data are not helpful. How- 
ever, from a chemical point of view, the existence of 
ML seems most probable, though further informa- 
tion from other methods should be obtained. 

The results obtained suggest that for the systems 
studied, (a) the uranyl ion is more easily bound than 
the vanadyl ion to carboxylate groups, but the vana- 
dyl ion is more easily bound to phenolate, (b) the 
complexes of both cations hydrolyse rather than form 
complexes when the ligand : metal ratio is > 1. 

Dependence of the stabiiity constants on ionic strength 

Since the stability constants do not vary much with 
change in the ionic strength, speciation studies for 
sea-water and estuarine conditions can he done with 
the same set of constants. 

However, more accurate results for a given ionic 
strength could be obtained if it were possible to know 
the activity coefficients of the species present in 
solution. 

In this work it was possible to determine the 
activity coefficient of the deprotonated species Lz- 
(&-) for salicylic and phthalic acid at ionic strength 
0.4 and 0.7A&, from experimental values for @nzL or 
JhnL determined at the three ionic strengths, 0.1, 0.4 
and 0.7M. 

The results presented in Table 8 show quite good 
agreement for the values obtained with the different 
cations (H+, UO:+ and VO’+), except for the value 
for ionic strength 0.7OM for the uranyl ion-salicylic 
acid system. From the average values for ftiqlats and 

f ph,hdatc at p = 0.40 and 0.7OA4, BL_Nn values were 
calculated at these ionic strengths for each ligand, 
from equation (1). From these values and equation 
(2), B(0) and B(co) can be determined (Table 9). 

It is now possible to calculate BL_na for any ionic 
strength from equation (2) and therefore the activity 
coefficient from equation (1). This is very important 
in speciation studies because it allows good estimates 
to be made of &, or /IMvlL at any ionic strength, 
and of the stability constants of other salicylate or 
ph~alate neutral complexes with metal ions of 
known activity coefficients. 

Table 9. Interaction parameters Bt,_na for 
salicylate and phtbalate ions at 0.40&f, 
O.?OM, 0 and GO ionic strengths (T= 25”; 

NaClO, medium) 

Sakylate Phtbalate 

&na (0.4W 0.83 0.48 
$N;$7W 0.78 . 0.37 

1.16 1.06 
gL&k (co) 0.64 0.12 
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The determination of log fL at ~1 = O.lM from 
equation (1) with values for B(0) and B(co) from 
Table 9 gives -0.429 for phthalate ion (which agrees 
with the Davies value within f l%), and -0.397 for 
salicylate (which agrees with the Davies value within 
f4%). The bigger difference observed for salicylate 
might be due to the error in /?uL (which affects /I&, 
calculated at high pH (which is unfavourable for 
potentiometric determination). It should also be 
pointed out that calculation of B(co) and/or B(0) 
might involve large errors arising from the quotient 
of small quantities in the expression: 

B(co) = LB(O.4) F(0.7) - W0.7) F(O.4)1 
[F(0.7) - F(O.4)] 

Finally it should be emphasized that, in order to 
obtain reliable interaction parameters &_ us, very 
accurate values of stability constants should be used. 
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Summar-The development of an electrothermal vaporization and direct-current argon-plasma emission 
speetrometric system which allowed the determination of metals in microlitre volumes and milligram 
masses is described. For the five metals investigated, the concentration detection limits were comparable 
to those for conventional pneumatic nebulixation of solutions, and the mass detection limits were superior. 
The use of an ashing stage was found to reduce enhancement by sodium in the determination of copper 
and manganese by the plasma method. The system was shown to give accurate results for complex 
biological, nutritional, water and geological samples. 

The direct-current argon plasma (DCP) has become 
widely used and accepted as an excitation source for 
ultratrace and trace metal determination in a variety 
of materials by emission spectrometry. This is due, in 
part, to its availability, ease of operation and inherent 
multi-element capability, and the long linear dynamic 
range, low detection limits, high sample throughput, 
good accuracy and acceptable precision attainable 
with it.lVS However, a limitation is that the sample is 
almost always introduced as a solution by a pneu- 
matic nebulizer. Pneumatic nebulization of solutions 
has a rather low efficiency (N 1 5%)6 and a relatively 
high sample requirement (uptake rate N 1.0 ml/min). 
However, the use of an organic solvent to improve 
the efficiency can perturb the plasma and reduce the 
accuracy. The decomposition of solid samples for 
trace metal analysis often results in a solution that is 
too dilute for the metal concentrations to be within 
the analytical capability of the DCP and may intro- 
duce error through contamination. Any concentration 
steps thus necessitated will lengthen the analysis. 

In recent years, the separation of the vapori- 
zation-excitation step has been shown to give im- 
provement in signal and accuracy, particularly for 
direct analysis of solid samples, which can have a 
high background continuum and weak analyte signal 
owing to incomplete atomization and scattering from 
particles. Sample introduction into the inductively- 
coupled plasma (ICP) has been achieved by means of 
an electrothermal vaporizer7-9 and laser ablation,‘“” 

*Present address, Department of Cell Biology, Vanderbilt 
University, Nashville, Tennessee 37232 U.S.A. 

TAuthor to whom correspondence should be addressed. 

and into the microwave-induced plasma (MIP) by 
using a spark discharge.” Introduction of solid 
samples into the DCP has been achieved by laser 
ablation.‘4*‘5 This paper describes the development 
and use of an electrothermal vaporizer (ETV) for the 
introduction of microlitre volumes and milligram 
masses of sample into the DCP for emission spec- 
trometric determination of copper and manganese in 
complex biological, nutritional, water and geological 
samples. The ETV-DCP emission system has been 
shown to give good results for the determination of 
goldI and mercury” in solid algal cells. 

EXPERIMENTAL 

Apparatus 
A Spectraspan V direct-current plasma emission spec- 

trometer was used. A detailed description and operating 
conditions of this system are available elsewhere.‘*z’4*‘5 
Sample introduction was achieved by using an Allied Instru- 
mentation Laboratories 455 temperature-controlled furnace 
with the modifications described below. 

Reagents 
All chemicals were of analytical reagent grade. High- 

purity demineralii water was used in the preparation of 
all solutions. Glassware was washed with dilute nitric acid 
and before use was rinsed with demineralixed water. Surface 
water was collected from the Rio Grande River, Las Cruccs, 
New Mexico in an acid-washed l-l&e plastic bottle, made 
0.04M in hydrochloric acid and stored at -4” until 
required. The caudal epididymis was cut from bovine testes 
and the sperm flushed out with a 0.9% sodium chloride 
solution by retrograde flushing of the vas deferens. The 
sperm cells were washed twice with 0.9% sodium chloride 
solution and finally suspended in 0.9% sodium chloride 
solution and stored at -4” until required. A detailed 
description of this procedure is given elsewhere.‘* Dried 
powdered milk, “Infamil” (Mead Johnson, Evansville, IN) 
was digested in a Teflon-lined metal acid-digestion bowl 
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(Parr, Moline, IL). Two ml of concentrated nitric acid, 1 ml 
of milk and 1 ml of 30% hydrogen peroxide were heated in 
the bowl at 145” for 2 hr. This process resulted in complete 
decomwsition of all milk solids.19 Five U.S. Geoloaical 
Survey (USGS) solid standards were obtained for man- 
ganese determination. These standards had been analysed 
for 42 metals at Los Alamos National Laboratories by 
nuclear and atomic-absorption spectrometry methodsm 

Procedure 
The DCP emission spectrometer was set at the analyte 

emission line with pneumatic nebuliiation of an aqueous 
sample containing the analyte of interest. The nebulizer was 
then removed and the plasma sample-introduction tube 
connected to the electrothermal vaporizer by 20 cm of; 
l/4-in. bore Tygon tubing. The argon flow-rate, ETV power 
programme, detector voltage and chart recorder variables 
were set. The required volume or mass of sample was placed 
in a micro-boat which was then inserted in the ETV cuvette. 
The ETV programme was initiated and the peak height 
recorded digitally and on a chart recorder. 

RESULTS AND DISCUSSION 

Design criteria 

The main objective in modifying the electrothermal 
vaporizer for sample introduction was to achieve 
efficient transfer of the transient population of free 
analyte atomic species in the vapour phase into the 
DCP. Ideally, this modification would limit diffusion 
and condensation of the analyte. Several authors 
have described modifications to commercial electro- 
thermal vaporizers (Allied Instrumentation Labora- 
tory,21J2 P&kin-Elmer HGA 74,23 and HGA 500%) 
for- introduction into an ICP. Initial experiments 
involved removing the quartz windows on each side 
of the electrothermal vaporizer and directly con- 
necting one window port to the chimney of the DCP 
by means of a glass or tygon connector and the other 
to the argon supply. However, when a sample was 
vaporized, the glass or tygon would melt or become 
distorted after several trials, owing to the heat trans- 
ferred from the vaporizer. To overcome this problem, 
the quartz windows of the atomizer were replaced by 
inserts made of boron nitride, chosen because of its 
high thermal stability (up to ~3000”) mechanical 
strength, chemical inertness and machinability. The 
boron nitride inserts were machined to fit tightly in 

the electrothermal vaporizer, and had a 0.0!93-in. 
diameter hole drilled along the long axis, to allow 
passage of the argon flow. The dimensions are shown 
in Fig. 1. The exit hole of the connector to the DCP 
was periodically.checked and cleaned to ensure that 
no sample condensation occurred in it. 

Initially, experiments were performed with a rela- 
tively low flow of argon (0.1-0.2 l./min) through the 
vaporizer. This argon flow was joined by a Y- 
connection to the higher flow of argon (1 l./min) used 
to sustain the plasma. The signals from this system 
were poor, however, possibly because of back- 
pressure from the plasma argon-flow not allowing 
entrance of the slow flow from the vaporizer, or more 
likely because of dilution of the sample vapour with 
the support gas. The Y-connector was, therefore, 
connected directly to the plasma. At low argon 
flow-rates of < 0.4 I./mm, the plasma image was weak 
and diffuse. The flow through the vaporizer was next 
raised to 0.6 l./min to sustain a well defined plasma. 
This system produced very sharp emission signals at 
the 324.7 nm emission line from ~1 copper samples. 
However, it was found that if the sample was dried 
and immediately vaporized, the graphite tube of the 
vaporizer would oxidize easily and require frequent 
replacement. This was because there were still appre- 
ciable amounts of oxygen in the vaporizer. Delaying 
the drying/vaporization steps by at least 3Osec was 
found to purge the sample chamber of oxygen and 
minimize this problem. 

The system was further simplified by replacing one 
of the inserts by the original quartz window and using 
the purge-gas entrance port for entry of the argon. 
The purge-gas relief valve was completely closed, and 
the argon passed through the electrothermal vapor- 
izer tube and then through the boron nitride insert, 
to the DCP. 

A constant flow of argon was critical for re- 
producible results to be obtained with the DCP, since 
flow variations changed the position of the plasma 
image with respect to the entrance slit. A flow 

regulator (Dwyer Instruments, Inc., Houston, Tex.) 
was therefore introduced between the electrothermal 
vaporizer control module and the sample chamber. 

drilled through 

Fig. 1. Dimensions (inches) of insert for ETV and DCP interface 
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Table 1. Selected detection limits for pneumatic nebulization-DCP* and ETV-DCP spectrometryt 

Pneumatic Absolute pneumatic 
Emission nebuhsation nebuhzation EW-DCP Absolute ETV-DCP 

wavelength, detection limit, detection limit, detection limit, detection limit, 
Element nm @Ill. ng &?/l. ag 

Copper 324.7 2 ; 6 0.1 
Gold 267.6 8 30 0.7 
Magnesium 279.6 2 2 20 0.4 
Manganese 257.6 3 3 25 0.5 
zinc 213.9 10 10 30 0.7 

*Based on a nebuhzed vohnne of 1.0 ml. 
iBased on a 20 ~1 volume. 

Detection limits 

Detection limits were estimated by analysing a 
blank (20 ~1 of de~nerali~ water) ten times and 
calculating the standard deviation of the peak height. 
The detection limit was defined as the analyte concen- 
tration equal to three times the standard deviation, the 
concentration being extrapolated from a calibration 
graph. Table 1 gives the detection limits found for 
copper, gold, magnesium, manganese and zinc with 
the ETV-DCP system and, for comparison purposes, 
those for conventional pneumatic nebulization-DCP 
spectrometry. The concentration detection limits for 
the ETV-DCP system were poorer by a factor of 
2-10 than those for pneumatic nebulization-DCP 
spectrometry, but the mass detection limits were 
superior by a factor of 5-Bo. The poorer concen- 
tration detection limits could be due to excessive 
dilution of the sample vapour by the plasma-support 
argon flow. In Table 2, the mass detection limits 
obtained by ETV-DCP spectrometry for copper, 
gold, magnesium, manganese and zinc are compared 
with published detection limits for ETV-ICP and 
ET%-MIP. To compare the systems directly, the 
published detection limits were normalized to 20-pl 
volumes (the actual volumes ranged from 5 to 50 ~1, 
depending on the system). The DCP and MIP abso- 
lute detection limits are similar within an order of 
magnitude, but the ICP absolute detection limits are 
generally superior by l-2 orders of magnitude. This 
correlates with the detection limits obtained with 
pneumatic nebulization of solutions into an ICP 
being generally superior to those obtained with a 
DCP. It is worth noting that detection limits for 
different ETV-plasma spectrometry systems cannot 
be directly compared, on account of the different 

operating conditions. The object of Table 2 is to show 
trends rather than absolute values. Of course, the 
detection limits for ETV sample introduction can 
always be improved at the expense of analysis time 
by successive additions and drying of aliquots of 
analyte. The apparent detection limit will be lowered, 
but the matrix will be concomitantly concentrated, 
which could affect the analysis. 

E#ect of sodium on copper and cheese emission 
signals 

When a solution containing an analyte in the 
presence of an easily ionized element (EIE) is directly 
introduced into the DCP, an enhancement often 
occurs.1~2~32~33 At present, this is not fully understood, 
although Miller et al.” have proposed a model for 
this enhancement. The enhancement of emission by 
an EIE can be beneficial if it is reproducible and/or 
can be allowed for by standard techniques such as 
matrix-matching or standard additions, but other- 
wise is a disadvantageous interference. To find which 
was the case when the sample was introduced into the 
DCP by electrothermal vaporization, the effect of 
increasing amounts of sodium from 0.1 to 25 ,ug on 
the signal from 20 ng of copper, at the 324.7 nm 
emission line, was examined as shown in Fig. 2. When 
the sample was dried and vaporized, pronounced 
enhancement of the copper emission signal was ob- 
tained. However, when an ashing step of heating at 
800” for 120 set was introduced between the drying 
and vaporizing steps, the enhancement did not occur. 
An examination of the peaks obtained for 20 ng of 
copper in the presence of increasing amounts of 
sodium is shown in Fig. 3. The copper emission signal 
appeared approxi~tely 7 see after the el~trothe~l 

Table 2. Selected absolute detection limits* for ETC-DCP, ETV-ICP and ETV-MIP spectrometry 

Emission ETV-MIP ETV-ICP 
wavelength, ETV-DCP, 

Element nm This work Ref. 25 Ref. 26 Ref. 23 Ref. 25 Ref. 27 Ref. 28 Ref. 29 Ref. 30 Ref. 31 

Copper 324.7 0.1 0.33 - - 0.02 0.004 - 0.1 - 
Gold 267.6 iL; 

z 
- - 

1 1 z _. 
0.002 0.02 

Magnesium 279.6 0.048 0.02 0.0002 
Manganese 257.6 
Zinc 213.9 X:: 0;3 1 0.12 

- 0.002 0.04 - 0.002 0.002 
0.01 0.02 0.40 0.2 0.004 0.04 

*Volumes normalized to 20 ~1. 
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Fig. 2. Enhancement by sodium for 20 ng of copper 
introduced into the DCP by ETV, @-without ashing and 

+ -with ashing. 

vaporization was started. However, there was a sep- 
arate peak at an appearance time of approximately 5 
set, which grew in intensity with increasing amount 
of sodium, and for 50 pg of sodium overlapped the 
copper peak. The ashing temperature was held con- 
stant at 800” and the ashing time and the power 
applied at the vaporization stage were both varied, 
for 50 ng of copper in the presence of 50 pg of 
sodium, with the results shown in Fig. 4. The max- 
imum power available and applied to the ETV was 
35%, which gives a temperature increase of about 
8OO”/sec, whereas an applied power of 26% gives 
about 4OO”/sec temperature increase. With ashing at 
maximum power for 45 set, a signal consisting of 
three unresolved peaks occurs. Ashing for 90 set at 
maximum power separates one of the peaks from the 
other two; ashing for 90 set at 26% power still 
separates this peak but not quite so well. To separate 
or isolate the copper emission peak, a high power and 
long ashing time are required, otherwise an enhance- 
ment of the copper signal by sodium can occur. 

The use of the ETV for introduction of sample 
vapour into the DCP thus involves an additional 
variable (the ashing step) which can be used to 
separate the copper emission signal from an inter- 
ference signal. The nature of the interference peak is 
unknown but its cause is undoubtedly due to sodium 
or sodium chloride. Blank runs with sodium but no 
copper (Figs. 3 and 4) gave a small peak at the same 
appearance time as the interferent peaks, and this 
could be due to a structured background as reported 
elsewhere.34 The peak cannot be due to emission from 
sodium or sodium chloride, which do not give an 
emission signal at 324.7 nm. A similar series of 
experiments to that illustrated in Fig. 3, with mon- 
itoring of the sodium emission line at 589.0 nm, 
confirmed that the first peak was not due to sodium 
or sodium chloride. A possible cause of the inter- 
ferent peak may be the formation of copper(I) chlo- 
ride (b.p. 1490”) by decomposition of copper(I1) 
chloride (at 993”). A copper(I) chloride peak should 
occur before the copper emission peak because of the 
difference in boiling point (b.p. for copper 2336”). 
The supply of solid may be exhausted by the increase 

in vapour pressure before the boiling point is reached. 
This effect has been noted previously with halide 
salts.” A possible explanation of the double inter- 
ferent peak would be concomitant formation of a 
mixed halide salt e.g., CuNaCl,, which should have 
a lower boiling point than copper(I1) chloride. 

When increasing amounts of sodium up to 50 pg 
were added to 100 ng of manganese, a similar en- 
hancement to that for copper was obtained, as 

(A) 

A 1 

50 

c-/u0 

(Bl 1 50 

A-l 0 

(Cl 150 

Ll 0 
I I I 
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I I I 
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Time (set) 

Fig. 3. Effect of increasing sodium concentration on 20 ng 
of copper. A-20 ng Cu, El-20 ng Cu + 0.5 pg Na, C-20 
ng Cu + 2.5 pg Na, D-20 ng Cu + 5 pg Na, E-20 ng Cu 

+ 10 pg Na, F-20 ng Cu + 50 pg Na, G-50 Pg Na. 
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Fig. 4. Effect of ashing time and applied power on peak 
shape and appearance time for 50 ng of copper + 50 cg of 
sodium (A-C). A-45 sac ash and 35% power B-90 sac 
ash and 35% power, C-90 set ash and 26% power, S50 

pg Na at 90 set ash and 26% power. 

shown in Fig. 5. With up to 5 pg of sodium present, 
no peaks appeared before the manganese peak, but 
with 44 pg of sodium present, the signal consisted of 
three peaks, as shown in Fig. 6. The same amount of 
sodium in a blank run gave no comparable signal 
(Fig. 6). When ashing at 800” for 120 set was 
introduced, up to 50 pg of sodium did not 
significantly affect the manganese emission signal 
(Fig. 5). 

The nature of the three peaks produced by 44 pg 
of sodium and 100 ng of manganese when the ashing 
step is not used, is not clear. One of the peaks will be 
due to manganese and the other two may be due to 
manganese(I1) chloride and a double halide salt, 
analogously to the proposed mechanism for the three 

0 10 20 30 40 50 

Mass of sodium (pg) 

Fig. 5. Enhancement by sodium for 20 ng of manganese 
introduced into the DCP by ETV, +-without ashing and 

a-with ashing. 

peaks observed for copper, but it is not clear which 
is which. Work on solving this problem is continuing. 

Application of ETV-DCP to samples 

To evaluate the use of the ETV-DCP system, a 
series of copper and manganese determinations was 
performed on a variety of samples. 

NBS SRM 2670 urine. The urine standard consists 
of two different samples: for normal levels and clin- 
ically elevated levels of copper, respectively. The 
direct analysis of urine by conventional pneumatic 
nebulization into a flame or plasma results in poor 
precision owing to build up of salts, dissolved solids 
and organic matrix in the nebulizer orifices. Analysis 
by conventional electrothermal atomization AAS of 
undiluted urine is difficult owing to molecular and 
particulate interferences. To test the ETV-DCP emis- 
sion system, the standard urine was dissolved in 
2.0 ml of demineralized water instead of the recom- 
mended 20.0ml. This resulted in a final sodium 
chloride concentration of 2.6%. Copper standards in 
the 1.0-5.0 pg/ml range were therefore prepared in 
2.6% sodium chloride medium. The high salt concen- 
tration caused significant enhancement of the copper 
emission signal, making it large enough for the 
integration mode of the plasma computer module to 
be used instead of measurement of peak heights from 
the start of vaporization in the ETV. Integration for 
6 set was used. A linear calibration graph was 
obtained and triplicate determinations of copper in 
the standard urine gave the results shown in Table 3, 
which were in good agreement with the certified 
values. 

Rio Grade water. One litre of Rio Grande water 
was collected, acidified, and filtered to remove sus- 
pended material. It was found that without an ashing 
stage, the signal for a given manganese concentration 
was substantially higher for the river water than for 
an aqueous standard. Use of an optimized ashing 
programme gave a relatively broad peak for both 
aqueous standards and water samples, before a 
sharper peak which was used for measurement. Sig- 
nal vs. concentration plots of 5, 10, 15 and 20 ~1 of 
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Fig. 6. Effect of increasing sodium concentration on 100 ng 
of manganese. A-100 ng Mn, B-100 ng Mn + 0.4 pg Na, 
C-100 ng Mn + 2.4 pg Na, D-100 ng Mn + 5.1 fig Na, 

E-100 ng Mn + 44 pg Na, and F-44 pg Na. 

IO-pg/ml manganese solution [as manganese(I1) chlo- 
ride] added to 40 ~1 of the water sample and to 40 ~1 
of demineralized water and diluted with 15, 10,5 and 
0 ~1 of demineralized water, respectively, had similar 
slopes (0.62 and 0.58 mm/rig, respectively). Extrapo- 
lation analysis gave a manganese concentration of 0.6 
pg/ml in the river water. Analysis by conventional 
flame AAS at 279.5 mu, with aqueous standards, 
gave a manganese concentration of 0.5 pg/ml. 

Canned infant -milk. If no ashing step was used, the 
milk matrix caused signal enhancement. When ashing 
was used and the power was increased by 5% 
increments, it was found that the peak height of the 
copper signals from 20 ~1 of IO-pg/ml aqueous 
copper standard [copper nitrate] did not decline 
significantly until the ashing power exceeded 30%, as 
shown in Fig. 7. Over the same power range, the 
copper signal from 20 ~1 of milk decreased signifi- 
cantly, but the signal for copper in the milk matrix 
was still enhanced relative to that for the correspond- 
ing aqueous standard. To match the enhancement 
effect, an ionization buffer (5 ~1 of 10 mg/ml caesium 
solution) was added to each 20-~1 injection and a 
lower ashing power of 26% was used to prevent loss 
of caesium before completion of ashing of the organic 

‘*-. 
1 I I I I 
10 15 20 25 30 34 

% Power 

Fig. 7. Emission intensity of copper as a function of power 
applied to the ETV, l ---;inmatrix and +-aqueous 

Table 3. Comparison of ETV-DCP emission spectrometry with certified values 

ETV-DCP emission 
spectrometry 

Element Sample Certified value value 

Cu, pgiml 

Cu, pgglml 

Mn, pglg 

Mn, pglg 

Mn, prig 

Mn, pglg 

Mn, mglg 

NBS-SRM 2670 1.3kO.2 1.2kO.1 
normal urine 
NBS-SRM 2670 3.7 f 0.3 3.5 f 0.1 
elevated urine 
USGS Geological 140+20 140 * 20 
Standard, Number 4 
USGS Geological 250 + 40 280 + 20 
Standard, Number 5 
USGS Geological 930 + 70 96OklOO 
Standard, Number 2 
USGS Geological 1010*40 1000*50 
Standard, Number 6 
USGS Geological 22.1 + 1.0 22.3 f 2.0 
Standard, Number 3 
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matrix. The vaporization temperature was increased 
to a maximum of 2800” because at lower power 
settings for the ashing the copper peak for the milk 
matrix was broader than that for the aqueous stan- 
dards. With this temperature programme, a cali- 
bration plot for 10 ~1 of milk spiked with 1,2,4 and 
6 ~1 of 5+g/ml copper solution (nitrate) gave a slope 
of 2.00 mm/ng, that for the corresponding aqueous 
standards being 1.90 mm/ng. This analysis gave the 
copper concentration in the milk as 1.7 pg/ml. Flame 
AAS analysis of an acid digest of the milk gave a 
concentration of 1.8 JJ g/ml.19 

Bull sperm. fi has been shown for several tissues 
that manganese is a modulator of adenylate cy- 
clase,“,3s which is implicated in several different 
sperm cell processes, including energy metabolism 
and maturation. Casillas and Hoskinsls have dem- 
onstrated stimulation of spermatozoa1 adenylate cy- 
clase by manganese. Changes in manganese concen- 
tration during the course of sperm maturation have 
not been reported. Attempts were made to determine 
manganese in bull sperm by electrothermal atom- 
ization AAS, but were unsuccessful, mainly because 
of the presence of high salt concentrations and molec- 
ular absorption. As already mentioned, the 
ETV-DCP system can be applied to complex matri- 
ces containing high salt concentrations. A sperm 
sample from the caudal epididymis of bovine testes 
was suspended in 0.9% sodium chloride solution and 
analysed by addition of 0, 5, 10 and 15 ~1 of 
616+g/ml manganese (nitrate) solution to 20-~1 por- 
tions of the suspension and diluted to the same 
volume with 20, 15, 10 and 5 ~1 of demineralized 
water, followed by ETV-DCP analysis. The concen- 
tration found was 1.5 &U in the suspended sperm 
(equivalent to 0.32 nmole/lO’ cells). 

United States Geological Survey standards. The 
determination of manganese was first attempted by 
adding some of the powdered standard directly to a 
micro-boat and applying maximum power. This pro- 
cedure left a round ball of unvolatilized material in 
the micro-boat and caused some instability of the 
plasma. Samples were therefore diluted 1:20 with 
powdered cellulose in a ball mill. Direct volatilization 
of about 5 mg of these diluted samples appeared to 
leave very little residue, and decreased the plasma 
instability. Analysis of the five USGS standards for 
manganese in this way gave the results shown in 
Table 3; these were in good agreement with the 
certified values. A blank containing only cellulose 
gave no manganese signal. 

CONCLUSION 

The use of an electrothermal vaporizer for intro- 
duction of microlitre volumes or microgram masses 
of samples for determination of copper and man- 
ganese by DCP emission spectrometry has been 
shown to give good results. For certain deter-, 
minations, matrix matching or addition of an 

ionization-suppression buffer to the standards im- 
proves the accuracy. It is possible to remove enhance- 
ment of the copper and manganese signal by sodium 
by means of an ashing step. Detection limits are 
comparable to those for pneumatic nebulization of 
the sample but have the advantage that microlitre 
volumes or microgram samples may be used. 
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Summar-A simple, rapid and sensitive fluorimetric method has been developed for the micro- 
determination of isonicotinic acid hydrazide, based on its formation of a hydrazone with 
Zhydroxy-1-naphthaldehyde in acidic medium, in the presence of excess of scandium ions, and the 
consequent formation of a strongly fluorescent complex (& 430 mn, &,,, 510 nm) between the hydrazone 
and scandium in weakly acidic medium. Kinetic and equilibrium procedures for isonicotinic acid 
hydrazide determination are proposed. A calibration graph linear up to 5.00 fig/ml is obtained by both 
procedures, with a mean relative error of about 2.0%. The detection limit for the kinetic procedure is 0.4 
ng/ml and for the equilibrium prccedure about 0.2 ng/ml. 

Hydrazones are a very significant class of organic 
compounds with several applications in analytical 
chemistry. L* Their most important property is the 
ability to form stable chelates with transition metals; 
some of the products are coloured or strongly 
fluorescent, and have been used for the spectro- 
photometric and fluorimetric determination of the 
corresponding metal ions. These products may also 
be used for determination of the compounds that can 
react to form hydrazones (e.g., carbonyl compounds, 
hydrazides). Many hydrazones and hydrazides are 
physiologically active and are used for the treatment 
of disease such as tuberculosis, leprosy and mental 
disorder. The development of simple, sensitive and 
rapid methods for their determination is of im- 
portance. One of the most important hydrazides, 
which is used for the treatment of tuberculosis and 
has drastically reduced the morbidity and mortality 
of the disease, is isonicotinic acid hydrazide (INH). 
Various analytical techniques have been applied for 
its determination in biological fluids and drugs. 
Fluorimetry is one of the most sensitive and simple 
techniques for INH determination. Most fluorimetric 
methods for INHS5 have been based on its reaction 
with aldehydes to produce hydrazones which 
fluoresce under particular conditions, e.g., in the 
presence of reducing agents or metal ions. The 
fluorimetric methods reported are sensitive but time- 
consuming, and require some preliminary treatment. 

The present work describes a fluorimetric method 
for determination of INH, based on its reaction with 
2-hydroxy-1-naphthaldehyde (HNA) in the presence 
of excess of scandium, and the consequent formation 
of the strongly fluorescent HNAINH-Sc complex. 
The method developed is simple, rapid, selective, and 
more sensitive than the other fluorimetric methods. 

EXPERIMENTAL 

Apparatus 
A model 512 Perkin-Elmer double-beam 5uorescence 

spectrophotometer with a 150-W xenon lamp was used in 
the ratio mode to compensate for variations in the light- 
source intensity. The instrument settings were: dynode 
voltage 750 V, excitation wavelength 430 nm with a band- 
width of 20 nm; emission wavelength 510 mn with a band- 
width of 20nm. Finpipette microsyringes were used for 
transfer of small sample and reagent volumes. 

Reagents 
All solutions were prepared in demineralized distilled 

water from reagent grade materials, unless otherwise stated. 
Standard INHsolution, IMWppm, in water. Prepared from 

INH obtained from Sigma. When stored at 4”, the stock 
solution was stable for several weeks. Working solutions 
were prepared daily by appropriate dilution with water. 

HNA solution, O.OIM, in acetonitrile. Prepared from 
HNA obtained from Fluka. This solution was stable at 
room temperature for several weeks. 

Scandium solution, 0.02X “Specpure” scandium oxide 
(Johnson Matthey, 0.2758 g) was dissolved by warming in 
a minimal volume of concentrated hydrochloric acid with 
addition of several drops of concentrated nitric acid, and the 
solution was diluted to volume in a 100~ml standard Bask 
with water. A O.OlM working solution with pH 1.1-1.2 was 
prepared by appropriate dilution with water and a few drops 
of saturated sodium hydroxide solution. 

Stock acetate buffer solution, O.Ih4, pH 5.10-5.20. Pre- 
pared by dissolving 2.06 g of anhydrous sodium acetate in 
100 ml of water, adjusting to pH 5.10-5.20 with 1M 
hydrochloric acid and diluting with water to 250 ml. 

Working buffer solution, apparentpH 6.00-6.10. Prepared 
by mixing one volume of the stock acetate buffer solution 
with one volume of a&on&rile. 

Procedures 
Kinetic procedure. Transfer 20 ~1 of the INH sample or 

standard solution into the cuvette. Add 100 pl of scandium 
working solution, then 50 ~1 of HNA solution, and start the 
stirrer. After exactly 60 set, rapidly inject 2.00 ml of working 
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buffer solution to stop the reaction, and measure the 
fluorescence intensity. 

Equilibrium procedure. Transfer 20 ~1 of the INH sample 
or standard solution into a M-ml test-tube. Add 100 ~1 of 
scandium working solution, then 50 ~1 of HNA solution, 
and agitate the tube vigorously in an ultrasonic bath for 10 
min. Then add 2.00 ml of the working buffer solution, stir 
the mixture and measure the fluorescence intensity. 

RESULTS AND DISCUSSION 

In acidic water-acetonitrile solution INH forms 
with excess of HNA the weakly fluorescent 
2-hydroxy-1-naphthaldehyde isonicotinoyl hy- 
drazone (HNAINH), which gives a strong yellowish 
green fluorescence in weakly acidic solution in the 
presence of scandium (A, 430 run, 1, 510 nm). The 
excitation and emission spectra of the complex are 
shown in Fig. 1. Under the same conditions INH-SC, 
HNA-Sc, and HNAINH do not exhibit fluorescence. 
The effect of various parameters on the formation of 
HNAINH and the HNAINH-Sc complex have been 
studied and the reaction conditions optimized. 

Standing time (mini 

Fig. 2. Effect of standing time in the absence (@) and 
in the presence (0) of scandium. [INH] = 7.0 x lo-‘M, 

[SC] = 4.6 x lo-‘M, [HNA] = 2.3 x IO-‘M. 

Optimum conditions for HNAINH formation 

Effect of hydrochloric acid concentration. Because 
of the catalytic effect of hydrogen ions on hydrazone 
formation the influence of acidity on the reaction 
between INH and HNA was examined. The reaction 
was performed at different hydrochloric acid concen- 
trations in the presence of scandium. After the reac- 
tion was completed, the working buffer solution was 
added, the pH was adjusted to 5.9-6.1, if necessary, 
and the fluorescence intensity of the HNAINH-SC 
complex was measured. 

and HNA is completed in about 10 min with stirring 
(about 30 min without stirring), but the HNAINH 
then begins to decompose. The presence of scandium 
does not affect the reaction time but stabilizes the 
hydrazone by complexation and the complex has 
much stronger fluorescence, which permits mea- 
surement at a flxed time, before the condensation step 
is complete. 

Eflect of scandium concentration. The fluorescence 
intensity for 7.0 x lo-‘M INH increases with in- 
crease in scandium concentration up to 2.5 x 10e4M 
and becomes constant at higher scandium concen- 
trations. Use of 100 ~1 of a 1.0 x lo-*M scandium 
solution with a pH of about 1. l-l .2 gives the desired 
acidity in the condensation step and a final scandium 
concentration of about 5.0 x 10V4M. 

From the results obtained, it was concluded that a 
hydrochloric acid concentration of at least 0.06M in 
the INH-Sc-HNA mixture is necessary for complete 
condensation. Increasing the acid concentration to 
0.28M does not affect the yield of the reaction 
product. 

Effect of standing time. Figure 2 shows that in the 
absence of scandium the condensation between INH 

Efict of HNA concentration. Because of the large 
excess of HNA needed and the possibility of a high 
blank signal in the measurement of low INH concen- 
trations, the effect of HNA excess at three INH 
concentrations was examined. As expected, the effect 
of HNA excess is more significant at low INH 
concentration. A concentration of 2.5 x 10d4h4 HNA 
was chosen as the best compromise because it gives 
practically maximum fluorescence at all three INH 
concentrations (Fig. 3). 

X (nm) 

Fig. 1. Excitation (A) and emission (B) spectra of 
H%lAINH-Sc complex ’ solution (uncorrected):- [INH] = 
3.4 x 10-6M, [SC] = 4.6 x lo-‘M, [HNA] = 2.3 x lo-‘M, 
pH = 6.0, standing time 15 min. Other conditions as in 

HNA concentration (l@Y 1 
Fig. 3. Effect of HNA concentration. [INH], 10-6M: (a) 
0.07, (A) 0.7, (0) 7.0. [SC] = 5.0 x lo-‘M. Other conditions 

procedure. as in the procedure. 
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PH 

Fig. 4. Effect of “pH” on the fluorescence intensity of the 
HNAINH-Sc complex in the absence (0) and in the 
presence (a) of acetate buffer solution (O.OSM). PNH] = 
4.6 x lO-%f, [Se] = 4.6 x IO-‘&#, WNA] = 2.3 x 1O-4M. 

Optimum conditions for the HNAINH-ScJluorescence 
measurements 

E’ect of the appurent pH (“pH”). The effect of 

,,pW’ on the tluorescence intensity of the 
HNAINH-SC complex in the absence and presence of 
acetate buffer was studied (Fig. 4). To the 
INH-SC-HNA solution, after complete reaction (10 
min time, with stirring), 10 ~1 of l.OM sodium 
hydroxide were added to neutralize the mixture, then 
2.0 ml of water-a~tonit~le solution (1: 1, v/v) at 
different “pH” values were added and the 
fluorescence intensity was measured. The study was 
repeated with acetate present by addition of the stock 
buffer solution instead of the water-acetonitrile mix- 
ture, and without neutralization with sodium hydrox- 
ide. The optimum “pH” range in the absence of 
acetate buffer solution was found to be 4.3-4.9. In the 
presence of acetate buffer the optimum “PI-I” in- 
creased to 5.6-6.2, but the fluorescence intensity did 
not change. An aqueous 0.1 M acetate buffer solution 

of pH 5.0-5.2 was found to be satisfactory to estab- 
lish a “pH” value of 5.9-6.1 after dilution with an 
equal volume of aoetonitrile. 

Effkct of acetonitriie concentration. Becwse of the 
low solubility of HNAINH and its scandium complex 
in water, a mixed aqueous-organic solvent is re- 
quired. Acetonitrile was chosen as the best of the 
common solvents (acetone, ethanol, dimethyl- 
formamide) because of its higher enhancement of 
the fluorescence intensity, its lower toxicity, higher 
purity and stability (in comparison with dimethyl- 
formamide), its excellent extractive power for INH 
and the low solubility in it of interfering metal ions. 
The fluorescence intensity of the complex was max- 
imal at an acetonitrile concentration of about 50% 
v/v. 

~t~i~ity of the complex. The fluorescence intensity 
of the complex, measured after the buffer solution 
had been added, decreased by 15% in the first 2 min, 
and then remained stable for at least 48 hr. 

Analytical applications 

The ~lations~p between the fluorescence intensity 
and INH concentration was studied under the opti- 
mum conditions established for the kinetic and equi- 
librium procedures. A linear calibration graph was 
obtained for the range up to 5.00 pg/ml. Results for 
the determination of INH in pure aqueous solutions 
are given in Table 1. They indicate that in the range 
0.~2~5.~ &ml INH can be determined by the 
two procedures with a mean relative error of about 
2.0%. Three replicate determinations at each of the 
0.0025, 0.025, 0.250, 2.50 pg/ml INH levels had 
relative standard deviations of 4.5,2.4,2.0 and 1.5% 
respectively, for the kinetic procedure and 4.0, 1.7, 
1.7 and 1.2%, respectively for the equilibrium pro- 
cedure. As Table 1 shows, there is no significant 
difference in the accuracy and reproducibility of the 
results obtained by the two procedures. Use of the 

Table 1. Analytical results for INH aqueous solutions 

Found (range)*, pg/ml Relative error, % 

Taken, Equilibrium Kinetic Equilibrium Kinetic 
&ml procedure procedure procedure procedure 

0.0025 0.0025 (0.0001) 0.0024 (0.0093) 0.0 -4.0 
0.0050 0.0049 (0.0001) 0.0051(0.0005) -2.0 2.0 
0.0075 0.0077 (0.~1) 0.0076 (0.9004) 2.6 1.3 
0.0100 0.0099 (0.~1) 0.0999 (0.0003) 1.0 1.0 
0.0250 0.0240 (0.0006) 0.0245 (0.0010) -4.0 -2.0 
0.0500 0.0513 (0.0008) 0.051 (0.004) 2.4 
0.0750 0.0757 (0.0008) 0.074 (0.002) f f -1.0 
0.1000 0.0997 (0.0002) O.looo (0.0910) 0.3 0 
0.250 0.239 (0.007) 0.248 (0.010) -4.4 -0.8 
0.500 0.514 (0.014) 0.505 (0.018) 2.8 1.0 
0.750 0.753 (0.010) 0.745 (0.007) 0.4 -0.7 

2:50 tz6 

0.993 (0.010) 1.001(0.010) -0.7 0.1 

2.54 1.20 (0.03) (0.03) 2.59 l.i9(0.03) (0.07) -4.0 1.6 -4.8 3.5 
3.75 3.86 (0.07) 3.76 (0.03) 2.9 0.3 
5.00 4.91 (0.10) 4.96 (0.06) -1.8 0.7 

*Average of 3 measurements on single sample. 
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Table 2. Interference study for INH determination at a 
concentration of 0.100 pg/ml (7.0 x lo-‘M) 

Tolerance molar ratio, 
Foreian soecies [interferentl/llNHl 

Fe(III) 
CuOI) 
N&II) 
Co$!I) 

MSZ’ 
Air+ 
F- 
CN- 
Pq- 
Hydrazine 
Creatinine 
Urea 
Glucose 
Galactose 
P)‘NViC acid 
Lactic acid 
t.-Alanine 
Formaldehyde 

10 
1 

1000 
1000 

>lOOO 
>I000 

1000 
100 
100 
100 
500 

>lOOO 
>lOOO 
>lOOo 
>lOOO 

25 
>lOOO 
>lOOO 

10 

equilibrium procedure removes the need for precise 
timing control. On the other hand, the kinetic pro- 
cedure is less time-consuming, with fewer manipu- 
lation steps. The detection limits (defined as three 
times the standard deviation of the mean blank) are 
0.4 ng/ml for the kinetic method and 0.2 ng/ml for the 
equilibrium procedure. 

Interferences 

As the proposed fluorimetric method for INH 
determination is very sensitive and could be applied 
in clinical analysis, an interference study of organic 
compounds likely to be present in biological fluids 
was made. The effect of interfering ions on the 
determination of INH at 0.1 pg/ml concentration was 
also examined. The tolerance limit was taken as the 
concentration that did not cause more than +5% 
change in the fluorescence intensity. The results sum- 

marized in Table 2 show that most of the metals and 
organic compounds tested do not interfere. Cop- 
per(I1) and iron(II1) decrease the fluorescence of the 
complex and are tolerated only at 1: 1 and 10: 1 molar 
ratio to INH, respectively. Aluminium, which also 
forms a fluorescent complex with HNAINH, does 
not interfere, because scandium reacts much faster 
and is used in excess. Carbonyl compounds, such as 
pyruvic acid and formaldehyde, decrease the 
fluorescence intensity because of their interaction 
with INH and are tolerated to a limited extent (25- 
and lo-fold molar ratio to INH, respectively). Acetyl- 
isoniazide, which is the main metabolite of INH in 
blood serum, did not react under the recommended 
conditions. 

Conclusions 

The method is fairly simple, rapid and highly 
sensitive, and the measurements can be performed 
with very small samples. A feature of the method 
is that the condensation of INH with HNA, catalysed 
by hydrogen ions, is more complete in the presence 
of scandium, and the hydrazone formed is stable for 
a long time. Another advantage of the proposed 
method is the accuracy and reproducibility obtained 
with both the procedures. The method is suitable for 
routine measurements of INH in biological fluids. Its 
application for INH determination in blood serum 
and for the determination of acetylator phenotype is 
being examined. 

1. 
2. 
3. 

4. 

5. 

6. 
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HYDROXIDE COMPLEXES OF LANTHANIDES-VIII* 

LANTHANUM(II1) IN PERCHLORATE MEDIUM 
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1018 WV Amsterdam, The Netherlands 

(Receiued 17 Mu& 1987. Accepted 10 May 1987) 

Summary-From the precipitation borderline in the pLa’-PC, diagram the stability constants for 
(mononuclear) lanthanum-hydroxide species have been established. The presence of polynuclear species 
could not be demonstrated and seems unlikely. The values found were log */3, = -8.6, log *& = - 17.9, 
log *B, = -27.3 and log *& = 22.8. The data refer to precipitates prepared under CO,-free conditions 
at room temperature (21.5 It 0.5”) in sodium perchlorate medium with an ionic strength of 1. 

Hydroxide-complex formation by lanthanum has 
been studied by many workers and therefore was not 
examined earlier in our series. However, it became 
apparent during our work that the earlier lanthanum 
data were questionable, especially with reference to 
polycomplexes. 

Most investigators started with concentrated lan- 
thanum solutions and restricted their studies to small 
areas in the pM’-pH diagram where the LaOH*+-ion 
is present only as a minor species and where the 
evidence for higher forms and polyhydroxides ap- 
pears to be rather speculative, coming mainly from 
better fits of curves. 

Similarly to other lanthanides, lanthanum has a 
great affinity for carbonate ions and the tendency for 
carbonate precipitation seems to be stronger than for 
hydroxide precipitation. Even after prolonged purg- 
ing with nitrogen gas the formation of minor 
amounts of La-carbonate ions cannot be excluded, 
and allowance for this can serve as well as postulation 
of polycomplexes in obtaining better fits of curves. 

Consequently there is a fair diversity in the litera- 
ture values of the first constant log *&.‘” The values 
of the solubility product log *Kf19-i6 (Table 1) agree 
better, although some relate to the formation of 
lanthanum carbonate rather than lanthanum hydrox- 
ide.” In other cases the concentration of the counter- 
ion is not negligible; correction is difficult because of 
lack of reliable side-reaction coefficients. 

The formation of polycomplexes has been men- 
tioned but the data are not consistent.’ Reuben and 
Fiat’* investigated with “0-NMR the hydration of 
lanthanum ions in the concentration region O.Ol-2M 
and concluded that no polyhydroxides are formed. 

We believe that the formation of carbonate com- 
plexes has been mistaken for polynuclear hydroxide 
complex formation and that this has led to sug- 

*Part VII: Talanm, 1984, 31, 731. 

gestions of minor amounts of La,(OH),, La,(OH),, 
Lar(OH), and/or Lq(OH),, . 

Our current conclusion is that if polycomplexes are 
formed their concentration is so small that their 
presence can be neglected for practical analytical 
applications. 

Values for log *&, log *jl, and log *#14 have not 
been found in the literature, although it has been 
recognized that formation of soluble hydroxides 
takes place extensively at higher pH values.” Ivanov- 
Emin et af.19 investigated the formation of ampho- 
teric complexes but could not demonstrate their 
presence. 

Our experiments were designed to cover a wide 
range of concentration and pH (Fig. 1) and were 
done in sodium perchlorate medium (I = 1.0 at 
21.5 + 0.5”) in a nitrogen atmosphere in a glove-box. 
All manipulations were standardized for reasons 
discussed before. M23 The precipitate was formed as 
described for ytterbium. 2324 The pCu values were 
determined with a pH-meter calibrated in PC, units.u 

RESULTS AND CONCLUSIONS 

The ascending branch of the borderline of the 
precipitation region for La (Fig. 1) consists of a 
slightly bent line connected by a curve from pCu 9 to 
pCn 10 with a straight horizontal part at higher pCu 
values. According to the theory”” in which straight- 
line segments determine the borderline of precipi- 
tation, we can assign equation (4) (see Table 2) to the 
horizontal part of the borderline. The best fit corre- 
sponds to pLa’ = 4.49 f 0.05. The ascending branch 
can be represented by a straight line. From regression 
analysis a slope of 2.5 can be deduced for pCu c 9.4. 
Polycomplexes, if formed at all, will be present as 
only minor components at lanthanum levels of 0.1 M 
or lower, because the slope is lower than 3. 

As the slope of the ascending branch (2.5 f 0.1) 
differs significantly from the integer values 3 and 2 
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Table 2 

Equation 

1 
2 
3 
4 

Slope Equation for the 
4 (V-q) borderline segment 

0 3 pLa’ = 3pca - log *J& 
1 2 pLa’ = 2pc, - log 2% - log ‘8, 
2 1 pW = PC” - log ‘x;, - log */?* 
3 0 pLa’ = -log l K* - log ‘/3, 

6 

5 

&a 4 

2 

1 

0 
6 7 6 9’ 10 11 12 13 14 

pcH 

Fig. 1. The solid curve-the borderline of precipitation of 
Ia(Owas constructed with the values given in Table 3. 
The numbers 0, 1, 2, 3 correspond to the slopes of the 
straight-line segments (equations l-4, Table 2) approxi- 
mating the exact envelope curve. The circles denote the 

experimental results. 

Table 3 

log ‘K, = -8.6 (-8.55) log l /!?, = -8.6 (-8.55) 
log l & = -9.4 (-9.38) log *p* = -17.9 (- 17.93) 
log ‘K, = -9.4 (-9.38) log l a = -27.3 (-27.31) 

log *I&, = 22.8 

corresponding to the straight-line segments [equa- 
tions (1) and (2) in Table 21, it can be concluded that 
in this region both La’+ and LaOH2+ are in equi- 
librium with the precipitate. It implies that the verti- 
cal line separating the predominance regions must 
end somewhere in the middle of the ascending 
branch. 

From the sharp bend near pCu 9.5 it follows that 
the La(OH): ion is present only in minor amounts. 
This implies that the corresponding straight-line seg- 
ment with slope of 1 should not contribute to the real 
curve. Its most likely locus passes through the inter- 
section point of the segments with slopes 0 and 2. A 
higher position would reverse the sequence of log l K, 
values (the pCu values of the intersection points 
correspond to the log *K, values). At a lower position 
the line would push down the (real) precipitation line. 

For the best fit to the experimental points it is 
necessary to take into account that the experimental 

errors are different for the horizontal branch where 
the error is dominant in the vertical direction, and 
the ascending branch where the error is oriented 
horizontally. 

The best fit was found with the equation 

[La’]_ = 1 ()-VPCH - 22.80) 

+ ~O-‘~PCH - 14.25) + lo-‘PCH-4.87) + 10-4.93~ 

The separate terms correspond to the equations in 
Table 2, from which the corresponding equilibrium 
constants can be deduced (Table 3). 

It is difficult to discuss the accuracy of the individ- 
ual constants, but we can make the following state- 
ment from our experiments. The position of the 
envelope curve is uncertain within 0.1 log unit in the 
X-direction in the ascending branch and in the 
Y-direction in the horizontal branch. 

The log l K values given in Table 3 lead to the 
best fit to our experimental results assuming “fresh 
precipitate” (30-min equilibration) and C02-free 
conditions. 

The log *K,-values are independent of each other, 
but log *& is not, because it is strongly dependent 
on the height of the horizontal part and log *jr, the 
sum of the log *K-values. The error in log *K, is 
estimated to be 0.2, the errors in log *K2 and log *K, 
to be 0.1, and in log *& to be 0.2. 

The different values of the equilibrium constants 
log */I are correlated. It has to be emphasized, 
however, that whatever set is taken it is the position 
of the precipitation borderline which determines the 
combination of values. The set in Table 3 gives the 
best fit to our data. At PC, G 13 no amphoteric 
character could be found. 

Our results for log *K, agree well with literature 
data in Table 1 in cases of similar ionic strengths, the 
absence of complexing ions such as sulphate, and 
determination under strictly CO,-free conditions. The 
same holds for log *&. The low slope of the 
ascending branch is evidence that polycomplex for- 
mation can be rejected. 
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PIEZOELECTRIC DETECTORS COATED WITH 
LIQUID-CRYSTAL MATERIALS 

ADAM MERZWINSKI and ZYGFRYD WITKIEWICZ 
Institute of Chemistry, Military Technical Academy, 01 489 Warsaw 49, Poland 

{Received 9 June 1986. Revised 9 March 1987. Accepted 9 April 1987) 

Summary-The usefulness of liquid crystals as coating materials for quartz resonators in piezoelectric 
detectors of air-pollution has been tested. The concentration characteristics of the detector with respect 
to benzene, toluene, chlorobenzene, o- and m-dichlorobenzene, nitrobenzene, and o-, m- and p- 
diethylbenzene have been determined with the use of 4+entyl_4’-cyanodiphenyl, 4-pentyl-4’-propylazo- 
benzene, ~propyl-~-me~yl~xy&~ne, and cholesteryl oleylcarbonate as coating materials. The effects 
of the quantity of coating material and of tem~rat~ on the sensitivity of the piezoelectric detector have 
been tested. The inffuence of the ordered structure of the liquid-crystal coating materials on the selectivity 
of the detector is discussed. Experiments have been performed to test the usefulness of the detector with 
liquid-crystal coating for detecting organophosphorus pesticides (DDVP and Phosdrin). 

Monito~ng of gaseous pollutants in atmospheric air 
is one of the most important problems of protection 
of the natural environment. However, despite their 
many advantages, the analytical instruments avail- 
able still do not meet all requirements, so research 
continues for design of simple, cheap, sensitive and 
reliable detectors of air pollution. In recent years 
much attention has been paid to piezoelectric de- 
tectors,’ which allow the detection of many chemical 
substances, including ammonia, nitrogen oxides, sul- 
phur dioxide, aromatic and aliphatic hydrocarbons, 
and organophosphorus pesticides. 

It has been estimated’ that the theoretical detection 
limit with piezoelectric detectors is in the pg range. In 
practice it is lower, however, and depends on the 
relationship between the variation of the quartz 
resonator vibration frequency (Af) and the mass 
(Am) of substance deposited on its surface3 

Af = aAm (1) 

where c1 is a constant for given conditions of mea- 
surement. 

To increase the sensitivity and selectivity of piezo- 
electric detectors the resonators are coated with 
substances that interact physically or chemically with 
the substances to be detected, High-boi~ng liquids 
and solids may be used as these coating materials. 
The former are commonly the substances used as 
stationary phases in gas chromatography and usually 
interact physically, and hence less selectively, with the 
pollutants to be detected. The solid coating materials 
usually react chemically with one of the substances 
present in the air tested and thus produce high 
selectivity. However, these materials have the dis- 
advantage that detectors coated with them have very 
long recovery (desorption) times. 

At present, research concentrates on finding coat- 
ing materials that give good selectivity together with 

rapid response and recovery. It is therefore of interest 
to examine liquid crystals as coating materials. 

Liquid crystals are liquids with molecules which 
interact to yield ordered systems exhibiting the 
anisotropy associated with crystals. There are two 
principal types of liquid crystal: lyotropic and 
thermotropic. Lyotropic liquid crystals exist only in 
solution and arise from interaction of the solvent and : 
solute. Thermotropic liquid crystals are meso- 
morphous phases, the existence or decay of which 
depends on changes in temperature. The liquid- 
crystal structure, known also as the mesophase, exists 
in a certain temperature range above the melting 
point but below the clearing point, i.e., the transition 
to the isotropic liquid. 

The properties of liquid crystals are due to the 
structure of their molecules. Depending on this struc- 
ture and the character of the intermolecular inter- 
actions, three principal mesomorphous structures 
may be formed: smectic, nematic and cholesteric. 
There are several types of the smectic structure, and 
the cholesteric is a modification of the nematic.4 
Figure 1 shows schematically the types of structural 
ordering in liquid crystals. In nematics (b) there is no 
ordering apart from the parallel orientation of the 
molecules. In smectics (a) besides the parallel orien- 
tation of the long axes of molecules there is 
stratification, with the long axes oriented vertically or 
at a certain angle to the plane of the layers. In the 
cholesterics (c) the molecules have their long axes 
plane parallel within a layer, but successive layers are 
rotated with respect to the axis orientation. 

~e~o~opic liquid crystals have found wide ap 
plication in display devices, and are also used as 
stationary phases in gas chromatography,’ where 
they exhibit high selectivity for positional and geo- 
metric isomers, since their ordered structure dissolves 
molecules of different shape in different ways. It 

865 



ADAM MIERZWINSKI and ZYGFR~KJ WITKIEW~ 

I- _---_- 1 

4 7 I 
-l 

I I t 

3 I 5 f 8 I 

L -_---- _: 
Fig. 2. Block diagram for instrument lay-out: l-generator 

(u) (6) (c) for standard gaseous mixtures, 2-detector cell,, 
3-thermostat, 4-quartz generator, S-power supply, 

Fig. I. Mesomorphic structures of liquid crystals: (a) smec- G-frequency counter, P-digital-to-analogue converter, 
tic, fb) nematic, (c) cholesteric. &recorder. 

Fig. 3. Block diagram for generator of standard gaseous mixtures (static method): J-membrane pump, 
S-drying tube, 3-mixer motor, 4-electrically heated injector, S-thermometer, bmixer, 7-quartz 

crystal resonator sensor of the piezoelectric detector. 

7 40 44 

To detector 
Cell 

Fig. 4. Block diagram for generator of standard gaseous mixtures (dynamic method): J-gas cylinder of 
carrier gas, 2,8-needle valves, 3-flowmeters, 4-thermostat, S-evaporation device, 6-active-carbon 

filter, 7, J&-valves, 9-mixer, J J-air thermostat. 
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Fig. 5. Circuit diagram for quartz generator. 

might therefore be expected that liquid crystals would 

prove to be good coating materials for piezoelectric 

detectors of air pollution. The studies made so far6 

have shown that piezoelectric detectors coated with 

liquid crystals are stable, sufficiently sensitive and 

give a wide range of linear response. 

EXPERIMENTAL 

The measuring system 
The tests were done with the set-up presented in Fig. 2. 

Both static and dynamic methods were used for preparation 
of the standard gas mixtures. 

In the static method a precisely determined volume of 
analyte was injected into a 500~ml flask provided with a 
high-speed stirrer and electric heater. The heater ensured 
rapid evaporation, and the agitator accurate mixing of the 
substance with the diluent gas. The concentration (c) of the 
analyte was found from the formula c = V,p.JV, where V, 
is the volume and px the density of the analyte, and V, the 
volume of the flask. The temperature of the flask was kept 
constant within 0.1”. After each measurement the analyte 
was removed from the apparatus by passage of large 
amounts of pure gas until the detector response returned to 
its initial value. 

In the dynamic method the analyte was removed from an 
evaporator equipped with a ceramic fiit, by passage of 
carrier gas at a flow-rate of 5 l./hr. The desired concen- 
tration (c) was obtained by diluting the initial stream of gas 

mixture with pure gas: 

c- coQl 
Q,+Q, 

where co is the concentration in the initial stream, corre- 
sponding to saturation at the temperature used, Q, is the 
flow-rate of the carrier gas through the evaporator and Q2 
the flow-rate of the diluent gas. The evaporator was placed 
in a thermostat controlled to 0.1”. The gas ducts and the 
dilution system were in an air thermostat controlled to 0.5”. 

The static sample-preparation procedure (Fig. 3) was used 
to determine the partition coeflicients of the test substances 
between the coating material and the gas phase, this 
coefficient being taken aa the measure of the coating- 
material efficiency. The remaining tests were performed with 
the dynamic system of preparing the gas mixtures (Fig. 4). 
The sorptiondesorption kinetics will be reported in a 
subsequent paper. 

The quartz resonator, the probe of the detector, was 
operated as the frequency-determining element in the circuit 
shown in Fig. 5. The quartz resonators used (OMIG, 
Warsaw) were AT-cut and characterized by a basic fre- 
quency of 8.273 MHz. The frequency was measured to 
f 1 Hz with a PFL-22 frequency meter (ZOPAN, Warsaw). 

Coating materials and test substances 

The liquid crystals used gave the mesophase at normal 
temperatures. Their properties are given in Table 1. Three 
were nematics (PCB, PPAB, PMAOB) and the fourth 
cholesteric (OLWCh). 

Table 1. Characteristics of the liquid-crystal coating materials 

Coating material Chemical foxmula 

Temperature 
of phase 

Molecular Density, transition,? 
weight g/cm’ K 

4-cyano-4’~n-pentyldiphenyl 
(PCB) 

N+-@H,, 249 1.03* K 295.5 N 310 I 

4-n-penty1-4’-propylazobenzene .,H,,@=N+~H, 290 1.06* K 290 N 317 I 

PPAB) 

4-propyl-4’-methylazoxybenzene CSH+N+Hj 254 1.04* K 273 N 323 I 
(PMAOB) 

cholesteryl oleylcarbonate 
(OLWCh) H3c-(cHz)? 

Ch-O-C -O-(CH,),-CH 

J 

702 0.91 K 293 Ch 309 I 

*Values obtained by interpolation. 
tTransition temperature from crystalline state (K) to liquid crystal state (N or Ch) and then to isotropic liquid (I). 
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Table 2. Characteristics of the compounds detected 

Compound 
Molecular 

weight 

Boiling 
point, 

K 

Vapour 
pressure at 

293 K, 
Pa Abbreviation 

benzene 
toluene 
chlorobenzene 
o-dichlorobenzene 
m-dichlorobenzene 
nitrobenzene 
o-diethylbenzene 
m-diethylbenzene 
p-diethylbenzene 
DDVP 
Phosdrin 

78.12 353 1.013 x 104 B 
92.14 384 2.933 x 10’ T 

112.56 405 1.173 x 10’ ChB 
147.01 453 133.3 o -DChB 
147.01 446 145.3 m-DChB 
123.12 484 20.0 NB 
134.21 457 139.0 o-DEB 
134.21 454 151.0 m-DEB 
134.21 457 140.0 p-DEB 
220.98 343 (at 133 Pa) 1.59 DDVP 
224.15 380 (at 13.3 Pa) 0.29 Phosdrin 

The liquid crystals were dissolved in n-hexane to give 1 .O 
rg/ml concentration. The solution was applied to the centre 
of the quartz resonator with a microsyringe, and the coated 
resonator was placed flat in an oven (at 323 K) and left there 
for 30 min. The amount of coating material on the resonator 
surface was expressed in terms of the change of frequency 
(Af) of its vibration: 

AL =f -L (2) 
where f and f, are the vibration frequencies (Hz) of the 
resonator before and after coating. It has been found that 
the operation of the detector is stable and the results are 
reproducible if the coating material completely covers both 
electrodes of the resonator. If this condition is not fullilled, 
there is high drift of the base-line because spreading of the 
coating material over the resonator surface increases f (and 
hence decreases AfX). If the quartz resonator electrodes are 
only 50% covered, the drift is about 10 Hz/hr, depending on 
the distribution of the coating, but not more than 1 Hz/hr 
for the completely covered electrodes. 

The test substances used are listed, along with their major 
properties, in Table 2. 

40 

1 

0 0.2 0.4 0.6 0.6 1.0 1.2 

Concentration of test compounds c CmW.3 

Fig. 6. Plots of frequency response VS. concentration of teat 
compounds. Coating material PMAOB, AfX = 1800 Hz, 
carrier gas dry air, T = 293 K, A-benzene, 
V-toluene, A-chlorobenzene, O-o-dichlorobenzene, 

a---m-dichlorobenzene, v-nitrobenzene. 

RESULTS AND DISCUSSION 

The static method of preparing gas mixtures was 
used in determining the detector response Af = 4 (c) 
to benzene and its derivatives, for all the coating 
materials used. The response was linear over the 
concentration ranges tested. Equilibrium between the 
coating material and the gas phase was established in 
2-3 min, depending on the coating and test sub- 
stance. Figure 6 shows the response to benzene and 
its derivatives for the detector coated with PMAOB. 

After removal of the test vapours from the flask 
and desorption of the analyte from the coating, the 
detector returned to its original frequency. No drift 
of the base-line was observed. At this stage we did 
not investigate the desorption kinetics, since the 
concentration of test substance in the flask varied in 
accordance with the exponential dilution law. The 
desorption processes were investigated with the 
dynamic method of preparing the gas mixture, and 
will be described in a subsequent paper. 

The sensitivity (S) of the detector was measured as 
the slope of the response graph: 

&f 
C 

The formula: 

was used for calculating the partition coefficient of 
the test substance between the coating material and 
the gas phase; this equation is applicable only if the 
mass sensitivity of the system is identical for the 
analyte and the coating. In the frequency range used, 
this appeared to be the case. 

Table 3 summarizes the partition coefficients 
found. They increase with the boiling point of the test 
substance, which is in accordance with the results of 
Karasek and co-workers.‘,’ 

Interesting results were obtained for the diethyl- 
benzene positional isomers, which differ only slightly 
in boiling point and vapour pressure. Some liquid- 
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Table 3. Partition coefficients of test compounds between coating material and air at 293 K (confidence limits 
for P = 0.95) 

Test 
compound 

B 

&B 
o-DChB 
m-DChB 
NB 
o-DEB 
m-DEB 
p-DEB 

Coating material 

PCB PPAB PMAOB OLWCh 

(5.6 f 0.8) x 102 (5.8Ifr 1.1) x 1oZ (5.9 * 1.0) x lot (2.9 f 0.6) x 102 
(1.81 f 0.25) x IO3 (1.61 f 0.28) x lo’ (1.72 f 0.27) x ICY 
(5.55 f 0.66) x l@ (4.49 f 0.63) x lo) 

(9.5 f 1.6) x 102 
(4.67 f 0.64) x lo) 

(3.69 f 0.29) x 10’ 
(2.33 f 0.34) x 1tY 

(2.99 f 0.24) x IO’ (3.32 Lf: 0.25) x 10’ 
(2.55 f 0.19) x 10 

(1.59 f 0.17) x 10’ 
(2.34 * 0.18) x 10’ (2.60 f 0.23) x 10’ (1.23 f 0.14) x 10’ 

(9.55 f 0.53) x l@ (7.52 f 0.42) x l(r (7.84 & 0.42) x 10’ (2.88 f 0.19) x 10’ 
(3.44 f 0.27) x l@ (2.84 It 0.23) x ltr (3.07 & 0.21) x ltr 
(2.72 f 0.22) x lo’ 

(2.27 f 0.18) x lo” 
(2.28 f 0.18) x l@ (2.59 f 0.22) x 10 (1.91 f 0.15) x l@ 

(4.18f0.32) x IO’ (3.11 kO.24) x 10’ (3.11 kO.21) x 10’ (2.46f0.19) x 10 

r 

m 

P 

,” 
a 
I 30 

i! 

5 L 

p 20 

8 
n! 

tL 

10 

0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 

Concentration of diethylbenzanes c [mg/i.l 

Fig. 7. Plots of frequency response VS. concentration of 
diethylbenzenes. Coating material PCB, Ly; = 900 Hz, 
T = 298 K, A---o-DEB, 0-m - DEB, O-p-DEB. Coat- 
ing material PMAOB, 4x=!300 HZ, T=298 K, 

A--o-DEB, m--m-DEB, .--p-DEB. 

crystal coatings gave different sensitivities for these 
isomers, whereas other coating materials gave almost 
identical responses. For instance, Carbowax 400 
{fo = 8.265 MHz, ALIS, = 500 Hz) gave Af= 9 Hz for 
all the diethyI~~ne isomers at a con~n~tion of 
0.69 pg/ml. With a PCB coating Af, = 900 Hz; how- 
ever, the Afvalues were 20 Hz for o-DEB, 17 Hz for 
m-DEB and 24 Hz for p-DEB (see also Table 3 and 
Fig. 7). This points to the effect of liquid-crystal 
structure on the process of dissolution of the test 
substance in the coating material. These effects are 
most manifest when the detector is operated at a 
temperature slightly above the melting point of the 
mesogenic substance. The use of PCB as coating 
material gave a sensitivity lJ% higher for p- 
diethylbenzene than for o -diethylbenzene although 
the boiling points of these compounds differ by only 

0.3 K. However, PMAOB as coating material gave 
the same sensitivity for m- and o-diethylbenzene 
though the boiling point of the former is 2.3 K Iower 
than that of the latter. This suggests that the shape 
of the anaiyte molecule determines the sensitivity of 
the detector with a liquid-crystal coating and sup- 
ports the supposition that the liquid crystal preserves 
the extensive ordering of its molecules when it forms 
a coating on the resonator surface. 

When the concentration of the analyte in the gas 
phase in contact with the coated resonator exceeds a 
certain level, the ordering of the coating molecules 
decreases. This is shown by the curvature of the 
calibration graphs for p- and m-diethylbenzene 
(Fig. 71, in qualitative agreement with the results 
obtained by Oweimreen’ and with the general 
behaviour of liquid crystals, which cease to have an 
ordered structure when the quantity of a non- 
mesomorphic component exceeds a certain level. 

The effect of the shape of the analyte molecule on 
the sensitivity of the detector decreases with the 
operating temperature of the detector (Fig. S), proba- 
bly because of lowering of the ordering parameter 
with temperature. lo Lowering of the separability of 
isomers, as a result of the decreased ordering of the 
liquid-crystal structure, is also observed in gas chro- 
matography.“*** 

According to equation (4) the sensitivity of the 
piezoelectric detector for a given substance can be 

Tempemture T IKI 

Fig. 8. Temperature effect on sensitivity of detector for 
diethylbenmne isomers. Coating material PCB, Ah = 1800 

Hz, &--o-DEB, U-m-DEB, O-p-DEB. 
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cn 0’ ’ 8 I i 1 1 I I 

208 293 299 303 309 313 

Temperature T CK3 

Fig. 9. Variation of detector sensitivity with temperature for 
liquid crystals as coating materials. Test substance- 
nitrobenzene (0.2 mg/l.) in dry air as carrier gas, dynamic 

method (Q = 0.5 l./min). 

raised by increasing the quantity of coating material 
applied, viz. 

iJ _ KrlAfn -- (5) 

and this has been shown to hold over a wide range. 
This indicates that there is no surface effect such as 
formation of adsorption layers of the analyte on the 
surface of the coating material. 

It has been found that piezoelectric detectors can 
be used for detecting organophospho~s pesticides in 
air even in the presence of high concentrations of 
other substances commonly present in atmospheric 
air, as shown in Table 4, which lists the sensitivities 
of the PCB-coated detector for various compounds. 

On the basis of the results obtained we have 
designed a th~hold-stalling device. The device 
uses a ~~-fr~uency generator and a quartz res- 
onator. At a preselected concentration of the analyte 
the vibration decays in the generator system, and this 
decay activates the light or sound signalling block. 
Selectivity is achieved primarily by varying the quan- 
tity of coating material on the resonator. The max- 
imum quantity of the coating material that may be 
deposited on the resonator surface depends largely 
on the mind of quartz generator used, and on its 

physicochemical properties. The change in the mass 
of substance deposited on the resonator surface 
should not change the frequency by more than 1%, 
or the relation of vibration frequency to mass will 
cease to be linear; non-linearity may also be caused 
by the oscillator electronics however. 

If the quantity of coating increases the vibration 
frequency by more than about 3000 Hz the dynamic 
characteristics of the dectector deteriorate, because a 
longer time is needed to establish ~uilib~um be- 
tween the gas phase and the coating material. 

The dynamic characteristics of the detector are also 
influenced by the temperature of operation. The mass 
transport processes are accelerated by increase in 
temperature, which leads to faster response and 
recovery of the detector. For example, raising the 
tem~rature from 293 to 298 K halves the response 
and recovery time, e.g., from 60 to 30 set for PPAB. 
On the other hand, increasing the temperature de- 
creases the sensitivity of the detector, because of the 
dependence of the partition coefficient on tem- 
perature, as described by the Littlewood formu1a13 

&=$g 
Y x 

where pX is the density of the coating material, R the 
universal gas constant, T the absolute temperature of 
operation of the detector, XX the molecular weight of 
the coating material, pz the vapour pressure of the 
analyte and y the activity coefficient of the analyte in 
the coating material. 

The temperature dependence of the sensitivity of 
different liquid-crystal coatings with respect to nitro- 
benzene is presented in Fig. 9. 

If the resonator cell in the sizzling device is not 
kept at constant temperature, the variation of the 
detector sensitivity with temperature must be com- 
pensated for in the measuring system. 

One of the principal problems in use of liquid 
crystals as coating materials for quartz resonators is 
the effect of the acoustic wave on their structure. The 
experiments described in the present work have 
shown that in the systems used the liquid-crystal 

Table 4. Sensitivity of the PCB-coated detector for various test compounds 
(AC = 2400 Hz; T = 298 K) 

Compound 

benzene 
toluene 
chlorobenzene 
ethanol 
ethyl acetate 
nitrobenxene 
sulphur dioxide 
ammonia 
Petrol 
DDVP 
Phosdrin 

Concentration, 
!Wgll. 

5000 
5000 
1000 
5000 
5000 
240 

5000 
5000 
5000 

25 
25 

Change in 
frequency (Af), 

Hz Sensitivity, (S) 

6 
26 
16 
11 
10 
38 

4 
0 
7 

83 
141 

0.0012 
0.0052 
0.016 
0.0022 
0.0820 
0.1583 
0.0008 

- 
0.0014 
3.32 
5.64 
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ordering is at least partly preserved. More detailed REFERENCES 
studies are necessary, however, to allow the deter- 
mination of the effect of the acoustic wave. 1. I. F. Alder and I. I. McCallum, An&r, 1983, 108, 

1169. 
CONCLUSIONS 

The use of liquid crystals as coating materials for 
piezoelectric detectors provides: 

(1) detection of many chemical substances down to 
p g/l. levels; 

(2) detection with sensitivities which depend only 
on the shape of the analyte molecules; 

(3) linear response characteristics over a wide range 
of analyte concentration; 

(4) optimization of the detector sensitivity by vari- 
ation of the quantity of coating material. However, 
compensation of the variation of sensitivity with 
resonator operation temperature is a problem still to 
be solved. 
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Smm~~ary-Use of excitation by powerful monochromatic light sources (including lasers) and of selective 
quasilinear radiation spectra of organoluminophores in metal complexes in non-aqueous media is 
proposed for more efficient luminescence analysis of inorganic substances. 

The practical use of luminescence analysis started in 
the middle of this century. Only about 70 fluorescent 
reactions were known in 1957, but the last two 
decades have seen a rapid advance in this field.‘” 

Besides having low detection limits and bigb sensi- 
tivity, chemical luminescence analysis is relatively 
simple and requires only inexpensive equipment,6 and 
fluorescence reactions are now available for almost 
all tbe elements.5*7 

The current development of the technique is largely 
due to the demands of analysis of high-purity sub- 
stances, semiconductor materials and environmental 
samples. 

Here we outline some possibilities for improving 
luminescence analysis for some metal ions with or- 
ganic reagents (Fig. 1). 

1. Azometbines 

2. Flavanols 

EXPERIMENTAL 

Reagents 

Standard solutions of the metal ions (1 rg/ml) were 
prepared by dissolving the 99.9% pure metals (Ga, In, Al, 
Zr, Hf and Mg) in dilute hydrochloric acid. Acetate bulfer 
solutions (pH 3-4.5) were prepared by adding 0.2M sodium 
acetate to 100 ml of O.lM acetic acid. Demineralized 
doubly-distilled water was used for all solution. 

Hydroxytlavonols and nitrogenous bases were extracted 
from plants, .8,9 hydroxyaxomethines were synthesized by the 
literature procedures.‘0 The other hydroxyaxo compounds 
used were commercially available (Merck and Chemapol). 
All reagents were purified by recrystallixation and their 
purity was checked. Standard solutions of the organic 
reagents (0.1%) were prepared in acetone or dimethyl- 
formamide that had been purified by the standard tech- 
niques and showed no fluorescence. 

Apparatus 

All the measurements were made with a Hitachi-512 
spectrophotofluorimeter equipped with a high-pressure xe- 
non tube, and with a Russian ISP-51 luminescence spcc 
trometer with an FEP-1 photomultiplier and a DRSh-250 or 
SVDSh-120 mercury lamp. For measurements at room 
temperature standard l-cm “suprasil” silica cells were used. 
For measurements at liquid-nitrogen temperatures (77 IC) 
the sample was placed in a 3-mm diameter silica test-tube 
capped with a silica window and inserted in an ultraviolet- 
transparent silica Dewar flask. 

Low-temperature laser-excited luminescence spectra were 
obtained with an LGP-21 nitrogen laser and an ISP-51 
spectrograph equipped with an FEP-1 photomultiplier. La- 
ser radiation at 337.1 nm with an average power of 4 mW, 
in the form of pulses with a duration of 10 nsec and a 
frequency of 100 Hz, was reflected by a mirror downwards 
along the axis of the silica test-tube in the silica Dewar flask. 
The emitted radiation was directed into the entrance slit of 
the ISP-51 and detected by an FEU-39 photomultiplier with 
correction for its spectral sensitivity. 

0 1 

@Igp-Q 
3,5,3’,4’,-OH,7glucose: quercetin-7glucoside 
3,5,7,3’,4’,5’-OH: myricetin 

3 5’ 3,5,7,4’,5’-OH, 3’glucose: myricetin-3’glucoside 
3,5,7,4’-OH: kaempferol 
3-OH,5,7,4’-OCH,: trimethoxykaempferol 

0 

Fig. 1. Organic luminescence reagents. 
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Table 1. Comparison of various methods of fluorometric determination of Al, SC, Zr, Hf 

Detection limits, ng/ml 

Element Reagents 

Zr Quercetin-3-glucoside 
Quercetin-7-glucoside 

Hf Myricetin 
Myricetin-3-glucoside 

sc Myricetin 
Trimethoxykaempferol 

Al Kaemoferol 

Room Glassy media*, Solid 
temperature 77 K adsorbent@ 

8.0 0.5 2.0 
3.3 0.1 0.5 
8.0 0.5 3.0 
2.0 0.1 0.4 
5.4 - 1.0 
0.66 - 0.2 
3.0 - 1.0 

Polymer 
film.97 

2.0 
0.5 
2.0 
0.5 
2.0 
0.2 
1.0 

Trimeihoxykaempferol 0.1 0.55 0.6 0.2 

*Concentration by freezing the solvent. 
tconcentration by extraction. 

RESULTS AND DISCUSSION 

The excitation and radiation spectra of organic 
metal-complex luminophores are similar in properties 
(e.g., for Ga, Al and In, Zr and Hf and others), and 
usually consist of broad, shallow overlapping bands, 
which is why they are non-selective.“*‘2 The method 
of low-temperature luminescence (LL) and the use of 
solid supports (polymer films and solid adsorbents) 
improve the resolution of the radiation spectra and 
increase the luminescence intensity (Table 1). Con- 
ventional methods of low-temperature luminescence 
excitation by polychromatic radiation sources (mer- 
cury or deuterium lamps) use low radiation power 
and hence the LL signal is also weak. What is more, 
the spectral range available from the line spectra of 
mercury sources does not always coincide with the 
optimum excitation region of the metal complexes. 
Above all, it is not possible to use the small 
differences that exist in the relative efficiency of 
excitation of complexes of inorganic ions that are 
similar in structure and properties. The poly- 
chromatic excitation sources do not provide 
sufficiently selective excitation. The advantages of 
laser excitation for the analysis of organic com- 
pounds are well understood’*1s but are not so clear- 
cut for the determination of inorganic ions.16 How- 
ever, the high stability and monochromaticity of the 
radiation, the possibility of temporal resolution of 

the spectra according to the duration of the lumi- 
nescence, and the concentration of the excitation light 
on a small area should provide high efficiency and 
selectivity of both excitation and radiation. 

Examination of the relative efficiency of LL ex- 
citation of some groups of organic metal complexes 
(Table 2) shows that the highest efficiency with 
minimum interference from the other complexes is 
observed for excitation of the salicylal-4- 
aminoantipyrine complexes of Al at 337 nm, Ga at 
416 nm and In at 452 nm, and of the quercetin-7- 
glucoside complexes of Zr at 337 nm and Hf at 416 
nm. The excitation efficiency of xenon and halogen 
sources is roughly equal. With excitation by poly- 
chromatic mercury sources the difference in ex- 
citation efficiency of the luminophores is too small for 
exploitation. 

Laser excitation ensures high efficiency of ex- 
citation and radiation and also increases the select- 
ivity (Table 2). By using the virtually line-source 
radiation typical of laser excitation we obtained a 
specific quasi-line spectrum of the Zr complex 
differing from that of the Hf complex, and a similar 
effect for the Al-Ga-In system (Fig. 2). 

When frozen sample solutions were exposed to 
laser illumination, even for several hours, under the 
chosen analytical conditions, no new quasi-lines and 
radiation intensity changes appeared, as the laser- 
induced destruction or photochemical processes 

Table 2. Effectiveness of the excitation of organic luminophores, by various excitation sources on the basis of their metal 
complexes with Al, Ga, In, Zr, Hf 

Effectiveness of excitation, % 

Xenon lamp Halogen lamp Hg lamp N la@ 
Complex 337 nm 416 nm 452 nm 337 nm 416 nm 452 nm 366 nm 436 nm 337.1 nm 

RI-Al* 18.2 4.2 0.7 76.3 5.4 3.9 12.0 7.4 100.0 
R&a* 5.4 76.0 4.8 5.2 74.9 4.4 10.2 11.8 6.5 
R,-In* 3.2 5.2 74.0 2.8 6.3 77.4 8.0 13.7 4.1 
R,Zrt 75.8 32.1 5.8 74.2 29.5 4.2 15.2 5.7 100.0 
RiHft 3.2 73.9 42.3 2.8 72.5 40.2 0.9 22.1 12.5 

l LL of complexes of Al at 345 nm was taken as 100%. 
tLL of complexes of Zr at 330 nm was taken as 100%. 
conventional; differs from other sources of excitation. 
R,-salicylidene_4_aminoantipyrine; R,-quercetin-7-glucoside. 
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X,nm 

Fig. 2. The low-temperature luminescence spectra of 
complex compounds of Al, Ga, Zr, and Hf with laser 
excitation. CR = 1 x lo-“M, C,, = 1 x 10m6M, pH = 0, 

DMF 60% v/v. 

expected I7 for organic compounds did not occur. 
Thus, the use of monochromatic excitation sources, 
especially lasers, significantly increases the selectivity 
and efficiency of excitation and hence radiation of the 
complexes examined. Table 3 shows that in this way 
detection limits for Al, Ga and In with azomethines 
and azo-reagents and for Zr and Hf with quercetin- 
7-glucoside are lowered by a factor of lo-100 and 
that the selectivity is much better than with poly- 
chromatic excitation. 

The Shpol’skii effect has already gained general 
recognition in organic analysis.18 This interesting 
phenomenon is not clearly understood for organo- 
luminophores in metal complexes and is hardly 
used in the determination of inorganic ions, though 
it offers strong possibilities for improving the per- 
formance characteristics of inorganic luminescence 
analysis. It is known that discrete spectra are ob- 
tained for aromatic molecules in a crystalline organic 
matrix. In choosing such a matrix for complexes we 
have taken into account both the nature of the 
complex molecule and of the matrix, the solvating 

Table 4. Analytical use of the Shpol’skii spectra of the Zr 
and Hf complexes with polyhydroxyllavanols 

Metal Detection limits, Tolerance levels 
ions &ml (concentration ratio), w/w 

Zr* 0.1-I SC, Th (100); Hf (500); 
Al, Fe, Cu (2500) 

HP l-3 Zr (600); Ni, Co (1000); 
Al, Fe, Cu (2500) 

At 10 Ga (300); MO, W, Zn, Mg 
(3000); In (3500) 

Gat 1 Al (500); Mg, W, Zn, Mg 
(2000); In (3000) 

*With quercetin-7-glucoside. 
tWith salicylidene4aminoantipyrine. 

action of the solvent and its influence on the complex 
structure, i.e., its activating effect on the radiation of 
organoluminophores. The system consists of crys- 
talline frozen solvent and a radiating molecule or 
complex compound. 

Convenient solvents as matrices for Al, Ga and In 
complexes with hydroxyazomethines include a mix- 
ture of acetic acid and propyl alcohol (3 : 1 for Al and 
1: 3 for Ga) in the presence of 20% v/v dimethyl- 
formamide (DMF), and a 20% v/v mixture of 
n-butane with 1: 3 n-octan*DMFA mixture for Zr 
and Hf complexes with polyhydroxyflavonols. 

Intense lines (at 480 nm for Al, 505 mn for Ga, 
550 mn for Zr and 510 run for Hf) appear when these 
media are used (Fig. 2). The high solvating ability of 
DMF, propyl alcohol and acetic acid are likely to 
favour further localization of the n,p-electrons of 
quenching groups by increasing the hydrogen-bond 
strength in the photo-excited state in non-aqueous 
media. Fluorimetric measurement of the narrow lines 
typical of these ions decreases the detection limit and 
improves the selectivity (Tables 1,3,4). Some charac- 
teristic features of the luminescence methods devel- 
oped on the basis of low-temperature luminescence 
and quasi-linear Shpol’skii spectra are given in Table 
5. The results show promise for the use of powerful 
monochromatic sources of excitation (including 
lasers), solid matrices made by freezing non-aqueous 

Table 3. Improvement of the determination characteristics for Al, Ga, In, Zr, Hf by use of various 
excitation sources 

Metal ion 

Al* 

Detection limits, % 
(wavelengths, nm) 

Xenon lamp Hg lamp N laser 

5 x 10-d 1 x 10-S 5 x 10-S 

Selectivity factor 

Xenon lamp Hg lamp N laser 

Ga (1500) Ga. In (100) Ga (2000) 

Ga* 

In* 

Zrt 

Hft 

(345) (336) 
5 x IO-6 1 x 10-e 

(416) (436) 
3 x IO-6 1 x 10-d 

(460) (436) 
1.2 x IO-4 1 x IO-3 

(370) (436) 

1 x 1o-4 1 x 10-j 
(416) (436) 

(337) In (800). In @500j 
- Al (looo) Al,In(lOO) - 

In (800) 
- Al(l500) Ga,Al(lOO) - 

Ga (1000) 
2 x 10-e Hf (300) Hf (50); Fe, Hf (1500); Fe, 

(337) Fe, Ti, Ti, Cu (100) Ti, Cu (800) 
Cu (5@x 

- Zr (500); Fe, Zr (100); Fe, - 
Ti, Cu (800) Ti, Cu (150) 

*With resorcylidene4aminoantipyrene. 
tWith quexetin-7-glucoside. 
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Table 5. Basic characteristics of luminescence methods for determination of elements 

Minerals 

Mineral water 

Ga 
In 
SC 
Al 
ZC 
Hf 
Be 
Al 
Ga 

Reagent 

R3 

% 

5 

RI 

Excitation Detection 
sources Fluorometric method 

Hg lamp 
xenon lamp 

xenon lamp 
Hg lamp 

xenon lamp 
Hg lamp 

laser 
xenon lamp 
xenon lamr, 

LL* in C,H,OH; CH,COOH 
LL in C,H,OH; DMF 
LL in DMSO 
LL in C,H,OH; CH,COOH; HCl 
LLSt in DMF, n-octane 
LL in DMF 
LLL§ in DMF 
LL in C,H,OH; CH@OH; HCl 
LL in C,H,OH; CHCOOH 

limits, ng/mf 

0.1 
0.01 
0.06 
0.01 
0.001 

o.ooo1 
0.004 
0.01 

Zr 
$ 

laser * LLL in DMF; n-octane O.ooO8 
Semiconductors Ga 5 laser LLL in C,H,OH; CH,COOH; DMF o.ooo5 
(high-purity In 

? 

xenon lamp LL in DMF 0.006 
substances) Zr laser LLL in DMF, n-octane; TBF 0.0008 

Hf xenon lamp LLS in DMF; n-octane 0.001 
Be 

2 
laser LLL in DMSO o.ooo3 

SC xenon lamp LL in DMSO 0.03 

*LL-low-temperature luminescence. 
tLLS-low-temperature luminescence in matrix by Shpol’skii. 
gLLL-laser-induced low-temperature luminescence. 

solutions, and selective Shpol’skii spectroscopy as 8. S. P. Pakidina. A. S. Sadikov and P. Denliev. Dokf. 
applied to organoluminophores in metal complexes, 
to improve the characteristics of the luminescence 9, 
analysis method. 10. 

Akad. Nat& U&SR, 1962, No. 8, 34. ’ 
A. S. Sadikov, Chemistry of anabasis aphylla Alkaloids, 
p. 56. Tashkent, 1956. 
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Summary-Measurements of the kinetic isotope effects of heavy atoms are discussed from an analytical 
point of view. The discussion includes the choice of isotope, the procedure for measurement, and methods 
for increasing the kinetic isotope effect. The procedures most commonly used and newly developed 
techniques are presented and their advantages and disadvantages considered. 

Heavy-atom kinetic isotope effects have become a 
very useful tool for studying mechanisms of chem- 
ical’” and biochemical@ reactions. The development 
of this technique has been stimulated by the progress 
made in analysis of stable and radioactive isotopes, 
because the effects are very small and require a high 
precision of measurement. A review of kinetic iso- 
tope effects was published earlier by Melander and 
Saunders.” 

The purpose of this article is to describe the 
analytical aspects of the measurement of heavy-atom 
kinetic isotope effects. No attempt has been made to 
cover the literature on kinetic isotope effects of heavy 
atoms, and references are given only to articles 
reviewing a particular problem. 

in the literature. If neither approach is possible there 
is still the chance that alternative models can be 
distinguished intuitively, e.g., it may be predicted that 
for one model the isotope effect will be small (second- 
ary), whereas for the other it will be large (primary). 
In such cases it is considered best to follow the kinetic 
isotope effects due to two different atoms involved in 
the reaction centre (successive labelling procedure).12 
This is best achieved when these atoms have opposite 
kinetic isotope effects for different reaction models. 
As an example consider the kinetic isotope effects of 
oxygen and sulphur on the Michalski rearrange- 
ment.‘3~‘4 It was known from kinetic studiesI that 
the reaction is complex and that the first, irrevers- 
ible, unimolecular step is rate-determining. Two 
alternative structures for the transition state were 
considered: 

S- 

l- 

I 

1 \,/s\pk 
/I~““.o..~ \ 

\ / 

I 
/i-O-;\ 

*/ 0 
(1) 

S 

1 J-0 

2 

Values of isotope effects are meaningful only when 
they can be compared with the theoretical predictions 
for different mechanisms. To make such theoretical 
predictions” it is usually necessary to know some of 
the properties of the reacting molecules and to as- 
sume a transition state structure. Sometimes it is 
possible to use data for analogous reactions available 

-1 

If the reaction proceeds through transition state 1 
then the sulphur kinetic isotope effect will be large, 
and the phosphoryl-oxygen atoms will exhibit small, 
secondary, isotope effects. If it proceeds through 
transition state 2 the sulphur isotope effect will be 
small and the oxygen isotope effect will be dominant. 
Thus the two heavy atom kinetic isotope effects can 
be used for differentiation of the two possible struc- 
tures for the transition state. 
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CHOICE OF STABLE OR RADIOACTIVE 
ISOTOPES 

In studying kinetic isotope effects of carbon, sul- 
phur and chlorine we can choose whether to work 
with stable (i’C, “S, )%I) or radioactive (‘C, )?$ 36Cl) 
isotopes. There are several factors which favour using 
stable isotopes. The first is the necessity to synthesize 
labelled substrates when using radioactive material, 
whereas the natural abundance (Table 1) of heavy 
isotopes frequently allows the measurement of iso- 
tope effects by means of natural polyisotopic re- 
agents. The higher precision of mass spectrometry 
compared with radiochemical measurement is often 
used as an argument for using stable isotopes, but is 
less decisive nowadays, as a precision of 0.2-0.3% 
can easily be reached with liquid scintillation tech- 
niques.16 

In radioisotope work, special care should be taken 
with samples which can be contaminated with natural 
polyisotopic material before analysis. For example 
contamination of ‘“CO, with the natural abundance 
COr present in the atmosphere can cause a large 
change in the specific activity of the sample. The same 
is true for 13Cenriched CO,. In contrast, natural 
abundance samples are much less sensitive to con- 
tamination, 

CHOICE OF ISOTOPIC COMPOSM’ION 

The choice of isotopic composition is not an 
independent problem because the method of mea- 
surement and the type of isotope may determine the 
level of enrichment needed. Radioactive isotopes are 
normally studied at trace levels, but the method of 
two independent kinetic runs requires highly enriched 
material. The method of isotopic ~m~tition, with 
stable isotopes, gives greater freedom in the choice of 
isotopic levels. When measurements are performed 
by means of routine mass spectrometry it can be 
found from simple statistical analysis that the error 
is minimal at an enrichment of 50%. From results 
obtained by Capriolli e# al.” it can be concluded that 
the range IO-90% is still acceptable. The application 
of isotopically substituted compounds is sometimes 
the only way to measure isotope effects with a mass 
spectrometer. The procedure called remote labelling 
was introduced for stable isotopes by O’Leary and 
Marlier.” Its advantages are presented by using the 
example of the hydrolysis of methyl benzoate: 
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Table 1. Isotopic composition” of some ele- 
ments commonly used in studies of heavy 

atom kinetic isotope effects 

Element 

C 

N 

0 

Si 

S 

Cl 

Bf 

Mass composition, 
number aionr % 

12 98.90 
13 1.10 
14 99.634 
15 0.366 
16 99.762 
17 0.038 
18 0.200 
28 92.23 
29 4.67 
30 3.10 
32 95.02 
33 0.75 
34 4.21 
36 0.02 
35 75.77 
37 24.23 
79 50.69 
81 49.31 

other hand, is simple. The isotope effect calcuiated 
from the isotopic composition of methanol after a 
high and low fraction of conversion represents the 
methyl-carbon kinetic isotope effect (k12/k13) and can 
easily be measured. If a doubly labelled compound 
such as that presented below (3) is synthesized and 
the same isotopic compositions are measured, then 
the isotope effect obtained (k12,16/k13,18) reflects both 
the methyl-carbon and carbonyl-oxygen kinetic iso- 
tope effects. 

II 
PhCO - ‘3Cif, 

3 

From the rule of geometric means it follows that? 

and k16/k,* can be calculated from the two measured 
isotope effects. The method has been applied to 
radioactive isotopes. 21 The rule of geometric means 
holds for reactions with complex mechanisms22 when 

0 

PhCOMe t -OH 
f , I % II 

- PhCOMc - PhCO- + McOH (2) 
k2 

I 
OH 

It is not easy to measure the carbonyl-oxygen isotope 
effect because of the difficulties of its conversion into 
carbon dioxide for both substrate and product. The 
procedure involving conversion into methanol, on the 

I 

both isotopic positions are occupied by heavy atoms, 
but can fail if one position is occupied by a hydrogen 
atornF3 
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ISOTOPIC COMPETITION AND INDEPENDENT 
KINETIC RUNS 

Traditionally, methods of measuring kinetic iso- 
tope effects are divided into two groups. When both 
isotopic species react in the same solution, the iso- 
topic composition of the reagents is constantly 
changing because of their different reaction rates. 
Comparison of isotopic ratios during the course of 
reaction is the basis of the commonly used method 
called isotopic competition. Alternatively, when the 
isotopes are not mixed (are in different solutions) the 
specific rates can be compared directly from separate 
(independent) kinetic runs. The distinction is some- 
what artificial as we can deal with the kinetics of two 
isotopes in one solution. The easiest way is to use 
material doubly labelled with radioisotopes. Two 
separate solutions containing different isotopes can, 
on the other hand, be compared directly, e.g., spec- 
trophotometrically. No reports of these possibilities 
have previously been published.* The latter, however, 
provides the basis for the so-called equilibrium per- 
turbation method.” If the difference (Af) between 
the extents of reaction for isotopically different sub- 
stances (Af-fL -fu) is directly measured, then a 
plot of the type shown in Fig. 1 can be constructed. 
The maximum difference, which corresponds to a 
value off around 0.63 for the heavy atom, depends 
only on the magnitude of the isotope effect a: 

&-_ = tl l/(1 -a) _ &(I -d. (4) 

Equation (4) is identical with that obtained by 

il 
ii o CNH2 k, _ 

uecou + u - 
N kc2 

At 

,...L vJ!d 
Fig. 1. Dependence. of the difference A/- =JL -fa on the 

extent of reaction. 

isotope effects, 0.975-l .075, the maximum differences 
are not greater than 0.025 (Fig. 1), which is of the 
order of magnitude of the precision usually obtained 
in measuring the extent of reaction. 

In spite of these problems this method has been 
used2S27 from time to time since Mitton and 
Schowen2* first applied it in 1968 to the measurement 
of the oxygen isotope effect. Up to the present the 
only analytical method giving suIIlcient precision for 
the purpose is spectrophotometry. 

The papers published by Rosenberg and Kirsch26*29 
are interesting from an analytical point of view. They 
dealt with the reaction of nicotinamide with 2,4-di- 
nitrophenyl acetate 

0- 0 

I II 
uec - OR k3 e kc- 

I 
(5) 

C(O)NH, 

Cleland% for apparent kinetic isotope effects in 
enzymic reactions. The method of isotopic com- 
petition suffers from the necessity for isotopic syn- 
thesis. The heavy-atom kinetic isotope effects are very 
small and the differences between the extents of 
reaction for isotopically different species are also very 
small. For a typical range of heavy-atom kinetic 

*The first report of such direct spectrophotometric com- 
parison of two solutions containing different isotopic 
species seems to be that for the 15N/“N kinetic isotope 
effect, by J. W. Burgner and W. J. Ray,” at the 
Steenback Symposium on Enzyme Stereochemistry. 
1-3 July 1985, Madison, WI, U.S.A. 

and measured the kinetic isotope effect of the ether- 
oxygen atom by two methods: isotopic competition 
and independent runs. The values obtained, 1.043 f 
0.007 and 1.040 + 0.002, respectively, are in good 
agreement and can be used as an argument for the 
applicability of the method of independent kinetic 
runs to the measurement of heavy-atom kinetic iso- 
tope effects. 

As substituted or highly enriched isotopic material 
is frequently unavailable, the papers of Rosenberg 
and Kirsch can serve as an example of the application 
of labelled material in the method of independent 
measurements. They performed their studies at two 
isotopic levels: xH = 0.38 and 0.77 (x,, is the isotopic 
mole fraction of the heavy species) and corrected the 
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results by means of the equation: 

Wr,* = W,L&,s)cX - 1 + ~“I/-%. (6) 
It should be noted that equation (6) is exactly correct 
for reciprocals of isotope effects, but the values of 
heavy-atom kinetic isotope effects are close enough to 
unity for the isotope effects to be used instead of their 
reciprocals without great change in the results. 

MEASUREMENT OF THE CONCENTRATION OF 
RADIOACTIVE ISOTOPES 

Early radiochemical studies of kinetic isotope 
effects used ionization chambersJo for measurements 
of the activity of gases containing a radioisotope 
(e.g., “COr). Nowadays, liquid scintillation counting 
is in common use and two different techniques have 
been developed. In the first, two radioisotopes are 
present in one sample and these isotopes must have 
distinctive /I- emission spectra. It is possible, for 
example, to measure the content of 3H @_ = 
0.018 MeV) and 14C (EB_ = 0.159 MeV) in the same 
sample provided that the tritium is used in so large 
an excess that the contribution of i4C in the channel 
corresponding to 3H may be neglected. It is not 
possible, on the other hand, to measure 3?S 
(E1- = 0.167 MeV) and i4C together as the spectra are 
too similar. This technique suffers from poor pre- 
cision,3’s32 but positive results have been reported.21 
Calculation of the activity ratio from the kinetics of 
radioactive decay’) rather than from multiple count- 
ing of a sample seems to be promising. 

The second technique is the application of liquid 
scintillation counting for measurement of the specific 
activity of one radioisotope. Specific activity corre- 
sponds to the ratio of radioisotope to stable isotopes 
if the radioisotope is present at trace level, which is 
usually the case. Counting rates in the range 
10S-106/min are used in order to obtain high pre- 
cision. The resulting errors in kinetic isotope effects 
are 0.003-0.004. There are two different ways of 
making such measurements: in the fnst,X an external 
standard is used, and in the second,16 an internal 
standard is employed. The first method is in more 
frequent use. 

SELECTION OF THE APPROPRIATE 
MASS SPECTROMETER 

Once the decision to work with stable isotopes and 
the isotopic competition method (the most frequent 
choice) has been taken there remains a further prob- 
lem, the type of mass spectrometer to be used. The 
costs of isotope-ratio and routine mass spectrometers 
are similar nowadays. Isotope-ratio mass spec- 
trometers give high precision of the order of 0.01%. 
The early models were equipped with two detectors 
arranged in the following way: one receives a signal 
corresponding to one isotope, usually the heavier, 
and the other receives all signals in the vicinity. This 

arrangement is subject to error if there are other ions 
in this part of the spectrum. Newer spectrometers 
have two or three (or even more) detectors placed 
exactly on the path of the designated ions. The 
natural abundance of heavy isotopes is usually too 
low for measurements to be made with routine mass 
spectrometers. Methods of conversion3s into suitable 
gaseous forms, first developed in the 195Os, are still 
being investigated. The conversion itself can be a 
considerable source of error, so isotope-ratio mass 
spectrometers are especially useful when one of the 
reagents (preferably the product) is itself gaseous. 
Furthermore, isotope-ratio spectrometers are de- 
signed for measurement of one particular gas. The 
change to another gas is usually expensive if the 
appropriate collector is bought, or very inconvenient 
if the geometry of one collector is to be changed. 

An attractive alternative is a recently developed 
method of measurement with a routine mass spec- 
trometer. The main problem with such measurements 
is the selection of an appropriate time for the col- 
lection of ions with the given mass number and the 
provision of a computer which is sufficiently fast to 
collect the data. Routine spectrometers, unlike 
isotope-ratio spectrometers, are equipped with only 
one detector. Ion beams of different mass-to-charge 
ratio are focused on this detector in turn. When too 
little time is devoted to the collection of ions with the 
appropriate m/z value the total charge collected is 
low and subject to large statistical error. Good results 
have been obtained when the ion currents for any 
number of scans from a few hundred36 to a few 
hundred thousand3’ have been accumulated in a 
computer. The greater the difference between isotopic 
abundances the larger the number of scans required. 
Kwart, who developed this method, reported374 
errors of about 0.002 for kinetic isotope effects. The 
currents due to molecular ions are usually measured. 
Problems connected with instability and background 
are more serious with this method than with mea- 
surements by means of isotope-ratio mass spec- 
trometers. 

DETERMINATION OF THE COURSE 
OF REACTION 

If we denote the isotopic ratio of the substrate by 
S and that of the product by R and the extent of 
reaction by f, the kinetic isotope effect is given by the 
equation: 

Wku = ln(1 -f,)llnKl -fLPPol 

= ln(1 -f,)/ln(l -fL R/S,). (7) 

To evaluate the kinetic isotope effect from this equa- 
tion we must measure the isotopic ratio of the 
substrate at the beginning of the reactions, So (S at 
time t = 0), and at least one pair of values offL and 
R, or fL and S, where R and S correspond to the 
extent of reaction fL. These equations are based on 
the extent of reaction for the light isotope. It is equal 
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00025 - 

fL 

Fig. 2. Dependence of the error in kL/kH on the extent of 
reaction. 

to the chemical extent of reaction, f, (i.e., for both 
isotopes) only when the heavier species is present at 
trace level. The relation between different extents of 
reaction is presented in the equation: 

f =fG% +fHx” (8) 

where x represents the isotopic mole fraction. 
Sometimes it is more convenient to follow the 

course of reaction of the heavier isotope, e.g., radio- 
chemically. In this case: 

k& = ln(1 -.&&lR)lln(l -fn). (9) 

If both isotopic species are present in comparable 
amounts, the appropriate form of equation (7) is: 

k, W -f) -= 
kt, ln[l -f R(1 + &J&(1 + R)]’ 

(10) 

It is not usually necessary, however, to rewrite equa- 
tion (7) in the form of (9) or (10). Figure 2 illustrates 
the error in the kinetic isotope effect caused by the use 
of fL instead of fH and oice versa (f always lies 
between the two). As can be seen, up to an extent of 
reaction of 0.4, the shift of the calculated value is 
within experimental error. 

Furthermore, the difference fL -fH is always 
smaller than the precision of determination of f 
(Fig. 1) and isotope effects are not very sensitive to 
the value of the extent of reaction. It is sometimes 
not possible to measure the extent of reaction with 
reasonable precision. In such a situation we can use 
the approximation which results from the first form 
of equation (7) or from equation (9) for A-0: 

k,/k, = So/R. (11) 

From this equation the kinetic isotope effect can be 
calculated on the basis of the isotope ratios of the 
substrate at the beginning of the reaction and of the 
product formed immediately after initiation of the 
reaction. This method of evaluating kinetic isotope 
effects has often been used but because the substrate 
and the product are different chemical substances, 
care must be taken in comparing S, with R (especiall: 

when a routine mass spectrometer is used). If there 
are no side-reactions it can be calculated from an 
isotope balance that S,-, = R, where R, is the isotopic 
ratio of the product after the completion of reaction 
(1; = 1). Whenever this is the case it is much safer to 
compare R with R,. 

HOW TO INCREASE KINETIC 
ISOTOPE EFFECTS 

When measuring heavy atom kinetic isotope 
effects, more especially the secondary effect, an in- 
crease in this small effect is desirable in order to make 
its value (in terms of deviation from unity) larger 
than its standard deviation. One possibility is to 
decrease the temperature of reaction. From the typi- 
cal dependence of kinetic isotope effects on 
temperature4’ it can be predicted that their values 
increase with decrease of temperature (secondary 
isotope effects can, however, exhibit an atypical 
dependence).4’@ If the mechanism of reaction, rather 
than the particular reactant, is of interest (few sub- 
strates are studied with different substituents), then 
the substrate for which the reaction has the largest 
activation energy should be chosen. 

Whenever possible, the heaviest of the isotopes of 
an element should be used, for instance r4C instead of 
“C or % instead of %I. The relation that holds for 
kinetic isotope effects for different isotopes of the 
same element is defined by the equation: 

r = ln(k,lk,,)lln(k,lk,,) 

%(k- l)/(Z- 1). (12) 

It has been predicted theoretically”*” and confirmed 
experimentally 14,15 that the r-value is usually smaller 
than the ratio (H2 - L)/(Hl - L), where Hl, H2 and 
L are the mass numbers of the three isotopes, H2 
being the heaviest and L the lightest, so for equally 
spaced isotopes (H2 - HI = Hl - L) the isotope 
effect can be doubled. 

CONCLUSIONS 

The scheme presented overleaf summarizes com- 
monly used procedures. The wider the line the more 
frequent the use of the combination. 

The complications caused by the complexity of a 
reaction& are illustrated by considering a reaction of 
the type 

S-AI”-P (13) 
and treating it as an elemental reaction 

S&P. (14) 

This becomes the case when the concentration of the 
intermediate I is sufficiently low (k,<.k,). We can 
then evaluate the kinetic isotope effect by using 
equation (11). This gives good results up to an f value 
of about 0.1 (e.g., for f = 0.1 and kL/kH = 1.05 



882 PIOTR PANErEt 

Isotoi~e 

Method of 

measurement 

STABLE 

Isotopic level 
SUBSTITUTED or ENRICHED 

HIGHLY ENRICHED COMPOUNDS 

COMPOUNDS (IO-90 atom%) 
I 
I t 

I - ----- * . . . . . . . . . . . . . . . 
IINDEPENDENT~ [ROUTINE I ISOTOPE RATIO 1 LIOUID 

I 

I 
I 

I 
I I 

I ISOTOPIC COMPETITION 
I 

f The only reference is No.47. 

m.s. = mass spectrometer. 

the error caused by the use of this approximation is 
0.0026). When the true reaction scheme is represented 
by (13) the kinetic isotope effect obtained from So/R 
is equal to 

kL lkn = 

( > t-t kf- 1 +(l -Ml 

(x _ ‘$1 - (1 -y”‘lx _ [l - W~f)““‘l} 

(15) 

Fig. 3. Dependence of an experimental kinetic isotope effect 
on the extent of reaction calculated by means of equation 
(11) for consecutive reactions, a, = 1, a2 = 1.05. The dotted 
line illustrates the change in the value caused by adopting 
the assumptions inherent in equation (11); x = 30 and 100 
correspond to a relative accumulation of the intermediate 
(at its maximum concentration) equal to 3 and l%, re- 

spectively. 

where a, = k,,/k,,; u2 = k,,/k,,; x = kZL/klL; f = 
1 _ e-u 

If the first reaction step is isotopically insensitive 
(a, = 1) and the second step has a large isotope effect 
then the experimental kinetic isotope effect estimated 
by using equation (11) is incorrect. An example of 
such a case is illustrated in Fig. 3. As can be seen, the 
lower the concentration of the intermediate 1, the 
larger the difference. In such cases the comparison of 
values measured for different (but still small) degrees 
of conversion f can indicate whether the reaction is 
complex or simple. 

The complication introduced by the complexity of 
a reaction has certain advantages. The presence of 
unsuspected intermediates may be detected by using 
the dependence of the kinetic isotope effect on the 
extent of reaction at small degrees of conversion. 

The possibility of isotopic exchange between sub- 
strates and products must be examined as its inter- 
vention can result in lowering or even masking the 
isotope effect. 
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SHORT COMMUNICATIONS 

IODIMETRIC DETERMINATION OF ORGANOLEAD 
COMPOUNDS 

D. AMIN and TALAL A. K. AL-ALL& 
Department of Chemistry, College of science, University of Mosul, Mosul, Iraq 

(Received 30 October 1985. Revised 25 April 1986. Accepted 27 May 1987) 

Summar-A sensitive, rapid and accurate titrimetric method has been developed for the determination 
of 50-5000 pg of ethyl-lead or phenyl-lead compounds, based on their oxidation with a chloroform 
solution of iodine, removal of the excess of iodine, oxidation of the resulting iodide with bromine, and 
iodometric titration of the iodate formed. The coefficient of variation does not exceed 1.2% for amounts 
> 1000 pg of the organolead compound, but increases to 2.8% for the 50-pg level. The ethyl- and 
phenyl-lead compounds can be determined independently in mixtures. 

Organolead compounds have been determined 
by polarographic,’ atomic-absorption,* colorimetric,3 
X-ray spectrophotometric,4 potentiomet& and’ 
titrimet& methods, but some of these methods have 
various drawbacks, including lack of selectivity and 
sensitivity. The method described here is simple and 
rapid, needs no complicated apparatus, and can be 
applied to the determination of alkyl and phenyl 
compounds in mixtures, independently. It is based on 
the reaction of the organolead compounds with a 
chloroform solution of iodine: 

R4Pb + I, -+ R,PbI + RI (1) 

2R,PbCl+ I, + ZR,PbClI + R - R (2) 

4R,PbCl, + I, -. 2RPbC1,I + 3R - R + 2PbC1, (3) 

Ph,Pb + I, + Ph,PbI + Phi (4) 

Ph,PbCl + I2 + Ph,PbClI + Phi (5) 

Ph,PbCl, + I, -B PhPbCl,I + Phi (6) 

where 

R = C2H, and Ph = C,H,. 

The method continues with removal of the excess 
of iodine, oxidation of the resulting iodide (in the 
aqueous or organic phase) by bromine water to 
iodate and iodometric titration:’ 

RI or Phi-% 10;z312. 

It should be noted that the alkyl iodide products 
are transferred to the aqueous layer and then oxi- 
dized with bromine to iodate. However, the phenyl 
iodide products remain in the organic layer, where 
they are oxidized with bromine, the iodate formed 
being transferred into the aqueous layer. 

*Author to whom correspondence should be addressed. 

Reagents 
EXPERIMENTAL 

Tetraphenyl-lead was prepared as described by Gilman et 
al.* and converted into triphenyl-lead chloride and diphenyl- 
lead dichloride by passing dry hydrogen chloride into 
its refluxing solution in chloroform.9 Tetraethyl-lead 
(kindly supplied by the Petroleum Authorities at Kirkuk 
Establishments, Iraq) was distilled under reduced pressure 
(78”/10 mmHg) and converted into triethyl-lead chloride 
and diethyl-lead dichloride as described by Heap and 
Saunders.‘o Triethyl-lead acetate was prepared by heating 
tetraethyl-lead and glacial acetic acid under reflux.” 

Stock solutions, 1 mg/ml, of the ethyl-lead and phenyl- 
lead compounds were prepared in ethanol and chloroform 
respectively, and diluted as required. Sodium thiosulphate 
solutions, 0.001 and O.OlM, were standardized against 
0.0002 and 0.002M potassium iodate solutions. The iodine 
solution was prepared by dissolving 0.600 g of pure iodine 
in 500 ml of dry chloroform. Solutions of bromine water 
(saturated), formic acid (80%), sodium sulphite (1%) and 
starch (l%), were also prepared. 

Procedures 

Determination ofethyl-lead compounds. In a 100~ml separ- 
ating funnel, place a suitable volume (OS-5 ml) of sample 
solu ‘on containing 0.05-5.0 mg of tetraethyl-lead, triethyl- 
lead e c&ate, triethyl-lead chloride or diethyl-lead dichloride, 
and 10 ml of iodine solution. Stopper the funnel and shake 
it for 2 min. Add 40 ml of distilled water, mix well and 
separate the organic layer. Remove the last traces of iodine 
from the aqueous layer by extraction with 10 ml of chloro- 
form. Transfer the aqueous phase (containing iodide) quan- 
titatively to a 100~ml conical flask. Add 2 ml of bromine 
water and stir for 2 min. Destroy the excess of bromine by 
addition of 2 ml of formic acid solution, add about 0.5 g of 
potassium iodide, and titrate the liberated iodine with 
O.OlM thiosulphate (for less than 1.0 mg of the ethyl-lead 
compound, use 0.001 M thiosulphate), using starch as indi- 
cator. Run a blank determination (the average blank value 
is 0.05 ml of O.OlM thiosulphate). One ml of O.OlM 
thiosulphate is equivalent to 269.5 pg of tetraethyl-lead, 
549 pg of triethyl-lead chloride, 588 pg of triethyl-lead 
acetate or 1120 ,ug of diethyl-lead dichloride. 

Determination of phenyl-lead compounak Transfer a suit- 
able volume (0.5-5 ml) of sample solution containing 
0.05-5.0 mg of tetraphenyl-lead, triphenyl-lead chloride or 
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Table I. Accuracy and precision of the method (5 replicates) 

Amount Coeff. of 
taken, Recover;, variation, 

Compound &r % % 

50 100.2 1.3 
Tetraphenyl-lead 1000 99.9 0.2 

5000 PP.2 0.4 

50 98.3 1.1 
Triphenyl-lead chloride 1000 100.0 0.0 

SOOO 99.4 0.3 

50 98.5 1.4 
Diphenyl-lead dichloride 1000 100.0 0.3 

5000 99.6 0.5 

50 99.0 1.0 
Tetraethyl-lead 1000 100.0 0.1 

5000 99.3 0.3 

50 
Triethyl-lead chloride 1000 

50@0 

50 
Triethyl-lead acetate 1000 

5000 

50 
methyl-lead dichloride 1000 

5000 

98.0 
PP.1 
98.5 

97.8 
99.3 
97.0 

98.1 

ZZi 

2.1 
0.9 
1.2 

1.8 
1.1 
1.0 

2.8 
1.0 
0.7 

diphenyl-lead dichloride, to a IOO-ml separating funnel, add 
10 ml of iodine solution and shake the mixture for 2 min. 
Add 10 ml of distilled water and 1 ml of sodium sulphite 
solution and shake until the mixture is colourless. Drain 
the organic layer into another separating funnel, add 10 ml 
of water and 2 ml of bromine water to it and shake the 
mixture for 2 min. Discard the organic layer and transfer 
the aqueous phase quantitatively to a RIO-ml conical Bask. 
Complete the determination as for ethyl-lead compounds. 
One ml of O.OlM thiosulphate is equivalent to 429 /lg 
of tetraphenyl-lead, 394.6 fig of triphenyl-lead chloride or 
360 pg of diphenyl-lead dichloride. 

RESULTS AND DISCUSSION 

Preliminary investigations showed that the 
tetraethyl-lead and phenyl-lead compounds react 
with iodine in 1~2 molar ratio [equations (1, 4-611, 

whereas the methyl-lid compounds react in 1: 1 
ratio [equation (2)] and diethyl-lead dichloride in 2: 1 
ratio [equation (3)]. 

The solutions of the organolead compounds react 
quantitatively with a chloroform solution of iodine 
within 2 min, and a reaction time of up to 30 min has, 
no effect on the results. It was found that 10 ml of 
0.12% iodine solution can oxidize up to 5 mg of 
organolead compound. 

In determination of the ethyl-lead compounds, the 
reaction products containing iodine were extracted 
quantitatively into the aqueous phase when the ratio 
of organic to aqueous phase was 1: 4. However, low 
results were obtained when the organic to aqueous 
phase volume-ratios were 1: 3, 1:2 and 1: 1, the 
recoveries being 92, 55 and 32%, respectively. 

The phenyl-lead reaction products were extracted 
quantitatively into the organic layer, and the phase- 

The method has been applied successfully to the 
determination of 1 mg of an ethyl-lead compound in 
the presence of 10 mg of a phenyl-lead compound 
with an error of less than 1.5%. Similarly, 1 mg of a 
phenyl-lead compound can be determined in the 
presence of 10 mg of an ethyl-lead compound with a 
similar error. The results in Table 1 indicate the 
reliability of the method. 

The ethyl-lead procedure can be used to analyse 
gasoline for tetraethyl-lead and gives results com- 
parable to those obtained by the standard method of 
Hein et aL6 Five replicate analyses of a gasoline gave 
a mean tetraethyl-lead concentration of 768 ,ug/ml, 
compared with 762 pg/ml by the standard method 
and 778 pg/ml reported by the manufacturer. The 
coefficient of variation was 0.6%. 
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Summary-The conditions for the determination of broxyquinoline and brobenxoxaldine, the active 
components of “Intestopan”, by use of ion-selective membrane electrodes are described. Broxyquinoline 
is determined directly through precipitation with CuSO,, and brobenxoxaldine is first hydrolysed in 
alkaline solution and the product precipitated with CuSO,. In both cases the C&O., in excess is 
determined by potentiometric titration at pH 5.6 with EDTA, a Cu*+-selective electrode being used for 
end-point detection. 

8-Hydroxyquinoline and its halogenated derivatives 
have found many applications in pharmaceutical 
practice, because of their antibacterial and antiseptic 
properties. A 5: 1 w/w mixture of broxyquinoline (I) 

and brobenzoxaldine (II) is the active principle of 
the drug “Intestopan”, an intestinal antiseptic with 
potent antibacterial and amoebicidal activity which 
does not upset the balance of the normal intestinal 

flora. 

BI 

co 

’ I’ 
Br \ 

N’ 

OH 

Broxyquinoline @) 
(5,7-dibromo-8-hydroxyquinoline) 

BI 

+ 

’ ’ ’ Br \ 
N’ 

CHJ 

OCOC,H, 

Brobenxoxaldine (II) 
(2-methyl-5,7-dibromo-8-hydroxyquinolyl benxoate) 

These two compounds have been determined in 
pharmaceutical formulations (tablets, ointments, 
etc.) by thin-layer chromatography13 or spec- 
trophotometrically.’ Copper(selective membrane 
electrodes have been used in potentiometric titration 
of 8-hydroxyquinoline derivatives with cupric salts.M 

The method proposed in this paper involves 
chelation of broxyquinoline with Cu*+, followed 

by potentiometric titration of excess of Cu2+ with 
EDTA. Brobenzoxaldine is hydrolysed to 2-methyl- 
5,7dibromo-8-hydroxyquinoline which is then simi- 
larly determined. 

EXPERIMENTAL. 

Apparatus 
A Radiometer ABU 12 autoburette, TTT 2 tit&or and 

SBR 2e recorder were used with an Orion 94-29 
Cu2+-selective membrane electrode as indicator electrode 
and a Radiometer K401 saturated calomel electrode as 
reference. For pH measurement a Radiometer glass-calomel 
electrode system (G202C and K401 electrodes) was used. 

Reagents 
All reagents were of analytical grade, and I and II were 

synthesized and purified by us. 

Determination of broxyquinoline (in pure form) 

The broxyquinoline (0.15-0.20 mmole) is dissolved in 30 
ml of acetone and 15 ml of distilled water and 5.00 ml of 
0.05M copper(E) sulphate are added. The pH is adjusted to 
5.6 with 30 ml of 0.05M acetate buffer and excess of copper 
is potentiometrically titrated with 0.05M EDTA. 

1 ml of 0.05M CuSO, i 30.3 mg of I 

Determination of brobenzoxaldine (in pure form) 
The brobenxoxaldine (0.20-0.25 mmole) is dissolved in 30 

ml of acetone, 10 ml of O.lM sodium hydroxide are added 
and the sample is hydrolysed by refluxing on a hot water- 
bath for 30 min. After cooling to room temperature, the 
sample is quantitatively transferred to a lOO-ml beaker with 
25 ml of 2: 1 v/v acetone-water mixture, the pH is adjusted 
to 6.0 with O.lM hydrochloric acid and then to 5.6 with 15 
ml of 0.05M acetate buffer @H 5.6). At least 7 ml of 0.05M 
copper sulphate. (accurately measured) are added, the mix- 
ture is mechanically stirred for a few minutes and the excess 
of copper is potentiometrically titrated with EDTA, as 
described above. 

1 ml of 0.05M CuSO, = 42.2 mg of II 

Analysis of “Intestopan” tablets 
At least five tablets of the sample batch are fmely 

powdered and a portion of the mixed powder equivalent to 
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about 100 mg of I and 20 mg of II is accurately weighed and 
dissolved in 30 ml of acetone. The mixture is hydrolysed and 
titrated as described for brobenzoxaldine assay to yield the 
volume of copper solution equivalent to the sum of I and 
II. 

Another portion of the powder equivalent to about 100 
mg of I is accurately weighed and analysed as described for 
determination of pure broxyquinoline, to yield the amount 
of I present. The content of II is then calculated by 
difference. 

RESULTS AND DISCUSSION 

8Hydroxyquinoline and its derivatives form cop 
per complexes which have stability constants related 
to the basicity of the chelating molecule and any 
steric effects caused by substituents, The di- 
brominated compotmds are more acidic than the 
parent compound,7S so their copper complexes 
should be less stable than the parent 8-hydroxy- 
quinoline complex (log /I2 = 2464 for broxyquin- 
oline, 26.22 for oxine). However, because of the much 
greater basicity of the EDTA anion, at pH 5-6 the 
side-bastion coefficient for protonation of EDTA is 
very much greater than that for protonation of the 
substituted &hydroxyquinolines, and the conditional 
stability of the Cu-EDTA complex is consequently 
lower than that of the substituted 8-hydroxyquinoline 
complexes (otherwise the method would not work). 
The possible interaction of excess of EDTA with the 
precipitate will be very slow because of the two-phase 
reaction system, and would not affect location of the 
end-point. The results obtained are presented in 
Table 1. The relative standard deviation was 1.0%. 
All determinations were performed in acetone-water 
(2:l v/v) mixture. Other organic solvents (e.g., di- 
oxan, methanol) were tested but in these solvents the 
copper chelates are produced as a gel which is 
deposited on the Cu2+-electrode surface and affects 
the electrode response. The presence of water in the 
reaction medium is essential, since the Cu*+-selective 
electrode does not work properly in completely non- 
aqueous medium. 

For choosing the pH for the potentiometric 
titration, we took into account the effect of pH on the 
potential jump at the equivalence point. Although 
the jump increases with pH, the hydrolysis of the 
benzoate ester in alkaline medium starts even at 
room t~~rature, which causes interference in the 
determination of broxyquinoline in presence of 
brobenzoxaldine. As a compromise we chose pH 5.6, 
adjusted with acetate buffer. 

2-Methyl-5,7-dibromo-8-hydroxyquinoline benzo- 
ate is hydrolysed in alkaline medium to Zmethyl- . _ 
S,?-dibromo-8-hy~oxyquinoline by heating with 

Table 1. Determination of broxyquinoline in pure 
foml 

Weight, mg 
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Taken Found Recovery, % 

59.9 
60.7 
62.6 

::9 
66.4 
67.9 
68.7 
69.2 
73.5 

60.8 101.5 
61.6 101.5 
62.7 100.1 
63.3 98.9 
64.8 100.9 
65.9 99.2 
67.1 98.8 
68.8 100.1 
68.8 99.4 
73.0 99.3 

Table 2. Determination of brobenzoxaldine in 
pure form 

Weight, mg 

Taken Found 

g 
655 

44.0 40.6 
65.0 

92.8 91.8 
118.7 119.0 
145.0 144.2 
154.0 153.1 
163.2 163.0 
173.4 171.9 
180.3 181.0 

Recovery, % 

100.5 98.7 
99.2 
98.9 

100.3 
99.4 
99.4 
99.9 
99.1 

100.4 

O.lM sodium hydroxide on a boiling water-bath for 
30 min. The results obtained for pure brobenzox- 
aldine are given in Table 2. The relative standard 
deviation (rsd) was 0.7%. 

Some of the excipients and diluents commonly 
used in preparation of tablets (rna~~i~ stearate, 
stearic acid, gelatine, talc, lactose, corn starch) were 
investigated and found not to affect the deter- 
mination. Replicate analysis of Intestopan tablets 
(Sandoz Ltd., Basle) gave a mean recovery of 99.6% 
for broxyquinoline (rsd 1.1%) and 99.8% for bro- 
benzoxaldine (rsd 1.6%). 

REFERENCES 

1. M. Amin and U. Jakobs, Z. Anal. Chem., 1974,268,119. 
2. A. Gyeresi and E. Man, Rev. Med. (Tar@ Mwes), 

1978, 24, 176. 
3. N. Nin’o, Tr. Nuuchn-Zssied, k%im. Farm. Ins, 1972,7, 

417. ._.. 
4. D. J. Stoever, Pharm. Week& 1972, 107, 201. 
5. G. J. Van Rassum and G. den Boef, An&. Chim. Acta, 

1972, 61, 144. 
6. E. Vinkler, F. Klivenyi and S. M. Gati, Acta Pharm. 

Hung., 1972, 42, 141. 
7. A. N. Sevastyanov and N. P. Rudenko, Vestn. Mask. 

Univ.. Ser. II. 1967. 22. 110. 
8. D. A: Knyas&, Zi A&iii. K&n., 1964, 19, 273. 



Tahta, Vol. 34, No. 10, pp. 889-891, 1987 0039-9140/87 $3.00 + 0.00 
Printed in Great Britain. All rights rtscrved Copyright 0 1987 Pcrgamon Journals Ltd 

SPECTROPHOTOMETRIC DETERMINATION 
OF TITANIUM WITH N-m-TOLYL-N- 
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Summary-iV-m-Tolyl-N-phenylhydroxylamine is proposed for the spectrophotometric determination 
of titanium. The reagent forms a yellow chloroform-soluble complex with titanium in media with 
a hydrochloric acid concentration of at least 91M. The apparent molar absorptivity at 380 mn is 
7.4 x 10’ l.mole-*.cm-‘. The optimum final concentration range is O-54 pg of titanium in 10 ml of 
chloroform. The complex contains the metal and rea8ent in 1:2 ratio. The proposed method has been 
successfully applied to the determination of titanium in coal, coal fly-ash, pond sediment and asphalt. 

~-~~oyl-N-phenylhydroxylamine is well known 
as a specific reagent for the s~trophotomet~~ 
determination of vanadium in 4-&U hydrochloric 
acid, and many of its derivatives, such as N- 
cirmamoyl-N-phenylhydroxylamine’ and N-benzoyl- 
N-o-tolylhydroxylamine,Z have also been used 
for the determination of vanadium. Furthermore, 
N-~nzoyl-N-phenylhydroxylamine reacts with 
titanium in strongly acidic media to form a yellow 
complex which can be extracted with chloroform, and 
has been used for the spectrophotometric deter- 
mination of titanium. 3-S Some other hydroxylamines 
such as the N-benzoyl-N-methyl-,6 N-acetyl- 
~~cyloyl-N-phenyl,7 N-ci~~oyl-~-pheny1’ and 
~-~~oyl-~-tolyl-* derivatives, also have been pro- 
posed for the spectrophotometric determination of 
titanium. 

In a systematic investigation of N-benzoyl-N- 
phenylhydroxylamine derivatives and their analytical 
applications, it was found that N-m-tolyl-N- 
phenylhydroxyia~ne formed a yellow complex with 
titanium in strongly acidic media. On the basis of this 
colour reaction, an extraction-spectrophotometric 
method has been developed for determination of 
titanium with higher sensitivity than that with N- 
benzoyl-N-phenylhydroxylamine4 or its derivatives 
such as N-~nzoyl-N-methylhydroxyI~ne.6 Fur- 
thermore, the method is superior in selectivity to the 
hydrogen peroxide,9 tiron’O and diantipyrylmethane 
methods,” and the procedure for determination of 
titanium is very simple. The method has been applied 
satisfactorily to several environmental samples. 

Reagents 

A standard solution (3.75 x lo-*M) of titanium was 
prepared by dissolving 0.7491 g of high-purity titanium 

*Author for correspondence. 

oxide which had been heated at 1000” for 1 hr, in 20 ml of 
concentrated sulphuric acid together with 10 g of ammo- 
nium suiphate, with heating, and then diluting to 250 ml 
with sulphutic acid (1 + 19). 

N-m-Tolyl-N-phenylhydroxylamine was prepared from 
m-toluoyl chloride and phenylhydroxylamine as described 
previously.i2 

Chloroform was freed from alcohol and saturated with 
water by shaking with distilled water. 

All other reagents used were of analytical grade. 

Apparatus 

A Hitachi model 200-10 spectrophotometer with IO-mm 
silica cells, and a Hitachi-Horiba F-7AD pH meter were 
used. 

General procedure 

Place a volume of solution containing up to 54 pg of 
titanium in a separating funnel and add about 40 mg of 
tin(H) chloride dihydrate, followed by enough concentrated 
hydrochloric acid to give a concentration of 10M. Then add 
10 ml of a 1 mg/ml solution of the reagent in chloroform. 
Shake the mixture vigorously for about 3 min and allow the 
phases to separate. Measure the absorbance of the extract 
at 380 nm us. chloroform. 

Samples 

The National Bureau of Standards (NBS) Coal SRM- 
1632b and Coal fly ash SRM-1633a, National Institute for 
Environmental Studies (NIES, Japan) Certified Reference 
Pond Sediment, and asphalt samples which were obtained 
from asp~It-surfs roads in Ritami and Abashiri were 
used to evaluate the accuracy and precision of the method. 
The asphalt samples were obtained as a core, 9.8 cm in 
diameter. A S&cm thickness of the upper part of the core 
was ground in iron and porcelain mortars to pass a 60-mesh 
sieve. The standard reference samples of coal and fly-ash, 
and the asphalt samples were dried under vacuum at ambient 
temperature for 24 hr. The standard reference sample of 
pond sediment was dried in an oven at 110” for 4 hrL3 

Analysis of environmental samples 

Portions of about 0.084.1 g of these samples (accurately 
weighed) were taken in 50-ml PTFE beakers and treated 
with a mixture of 5 ml of concentrated hydrofluoric acid and 
5 ml of concentrated nitric acid at 150’ on a hot-plate, and 
evaporated to dryness. Then a mixture of IO ml of concen- 
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Wavelength (nml 

Fig. 1. Absorption spectra of N-m-tolyl-N-phenyl- 
hydroxylamine and its titanium complex, in chloroform. 
A-complex with 35.9 pg of titanium; B-0.1% reagent 

solution; reference, chloroform. 

trated nitric acid and 10 ml of concentrated perchloric acid 
was added to each and the samples were digested, with the 
beaker covered by a PTFE lid, at 250” on a hot-plate for 
about 6 hr until a pale yellow solution was obtained, then 
evaporated to dryness at 150”. The residues were dissolved 
in about 10 ml of 6M hydrochloric acid with gentle heating. 
After cooling, the samples were diluted to volume with 6M 
hydrochloric acid in standard flasks. An aliquot of each 
sample digest was transferred to a separating funnel and 
titanium was determined as described above. 

RESULTS AND DLWUSSION 

Absorption spectra 

The absorption spectra of the reagent and the 
titanium-N-m-tolyl-N-phenylhydroxylamine com- 
plex in chloroform are shown in Fig. 1. The absorp- 
tion of the complex extracted into chloroform from 
a solution >9M in hydrochloric acid increases con- 
tinuously towards the ultraviolet from 500 nm, and 
the spectrum shows a discernible shoulder in the 
vicinity of 380 nm. The most suitable wavelength for 
spectrophotometric work seemed to be 380 nm, since 
the reagent solution in chloroform (1 mg/ml) scarcely 

0. 
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8 

P 0. 
Ll 

: 

2 
0. 

S- 

6- 

4- 

2- 

0.0. T I I I 

1 3 5 7 9 1 

HCl (M) 

Fig. 2. Effect of hydrochloric acid concentration on absorb- 
ance. Titanium 35.9 pg; Vors = Vq = 10 ml; wavelength 

380 nm. 

absorbs at 380 nm. The apparent molar absorptivity 
of the complex at 380 nm is 7.4 x lo3 1. mole-‘. cm-‘. 

Effect of acidity and reagent concentration 

The effect of acidity on the extraction of titanium 
is shown in Fig. 2. The maximum absorbance was 
obtained when the hydrochloric acid concentration 
was above 9M, and the colour remained unchanged 
for at least 24 hr at room temperature. A large excess 
of the reagent can be used even for a small amount 
of titanium, because it has no effect on the colour. 

Beer’s law 

The colour system obeys Beer’s law for up to 54 p g 
of titanium in 10 ml of chloroform. The method 
is more sensitive than the N-benzoyl-N-phenyl- 
hydroxylamine4 and hydrogen peroxide’ methods, 
although it has lower sensitivity than the tiron” and 
diantipyrylmethane” methods. The relative standard 
deviation of the absorbance at 380 nm was 0.3% (10 
replicates with 36 fig of titanium). 

Efect of diverse ions 

The effects of diverse ions on the absorbance 
obtained for the titanium complex were studied. 
The presence of 0.5 mg of chromium(W), iron(III), 

Sample 

Table 1. Analytical results 

Certified value, Found by proposed 
% method, % 

Found by AAS, 
% 

Coal 
NBS SRM 1632b 

Coal fly ash 
NBS SRM 1633a 

Pond sediment 
NIES No. 2 

Asphalt 
(Kitami city) 

Asphalt 
(Abashiri city) 

*Reference value. 

0.0454 f 0.0017 0.0446 (5 detns.), rsd 1.4% - 

0.8 0.79 (5 detns.), rsd 0.9% - 

0.64* 0.58 (9 detns.), rsd 2.9% 

- 0.42 (8 detns.), rsd 5.0% 0.49 (8 detns.), rsd 4.9% 

- 0.26 (8 detns.), rsd 5.7% 0.30 (8 detns.), rsd 6.8% 
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molybdenum(W), tungsten(VI), vanadium(V), zir- 
conium(IV) and niobium(V) causes interference with 
36 pg of titanium. However, in the presence of tin(B) 
chloride, only niobium(V) can be considered a serious 

interference. The presence of 10-20 mg of common 
anions such as citrate, oxalate, tartrate, EDTA, phos- 
phate and fluoride did not interfere in determination 
of 36 fig of titanium. 

Composition of the complex 

The molar ratio method showed the molar ratio of 
titanium to reagent to be 1:2. 

Application to environmental samples 

The method was applied to the determination of 
titanium in coal (NBS SRM 1632b), fly-ash (NBS 
SRM 1633a), pond sediment (NIES, No. 2) and 
asphalt samples. The results obtained are compared 
in Table 1 with the certified values or those obtained 
by an independent method (atomic-absorption spec- 
trometry) and gave good agreement with them. The 
relative standard deviations (rsd) for the asphalt 
samples were larger than those for the NBS reference 
materials, possibly because of inhomogeneity in the 
asphalt samples. 
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Summary-The influence of the nature of organic phase emulsions on sensitivity in atomic-absorption 
determinations has been studied for the copper-APDC chelate extracted into various solvents. Oil-in- 
water emulsions containing 10% of organic phase emulsified with non-ionic and anionic surfactants were 
introduced into the flame and the atomic-absorption of copper was measured. An attempt was made to 
relate the effect on sensitivity to the physical properties of the different emulsions but no correlation was 
found. Rheological properties such as aspiration rate and nebulization efficiency did not differ significantly 
for different emulsified organic solvents. Enrichment of the waste solution proved the most important 
parameter for predicting an increase in sensitivity. 

In analysis by atomic spectrometry the use of organic 
solutions sometimes provides notable increases in 
sensitivity.‘-3 Different increases in sensitivity have 
been found with different solvents, and attempts have 
been made to find correlations between the enhance- 
ment factors and the physical properties of the 
organic solvents. 

Allan attributed the increased sensitivity primarily 
to an increase in the amount of solution reaching the 
flame and suggested that this increase might be the 
result of an increased uptake rate, the formation of 
a finer aerosol and the more rapid evaporation of 
solvent to produce smaller droplets. He also sug- 
gested that viscosity, surface tension and vapour 
pressure might be controlling factors in the physical 
process of nebulization. 

CresserS suggested that the causes of the sensitivity 
enhancement are differences in viscosity, changes in 
droplet size distribution, increased solvent volatility, 
increases in flame temperature, flame radical effects 
and changes in atomizer geometry. However, no 
theoretical treatment of the phenomenon was made. 

Recently, the use of emulsions has been proposed 
for use in the preparation of samples and standards 
for the direct determination of metallic elements in 
liposoluble matrices6s7 and also for improving the 
aspiration characteristics of organic extracts.**’ This 
technique allows direct analysis and the use of aque- 
ous solutions for standard preparation. The oil-in- 
water emulsions increase the sensitivity relative to 
that for aqueous solutions. 

The increase in sensitivity obtained with emulsified 
systems seems to depend more on the presence of an 
organic phase than on the addition of a surfactant, 
since, as Kornahrens et al.” have shown, the sensi- 

*Author for correspondence. 

tivity for determinations on aqueous phases is some- 
times raised by these agents. These authors explain 
this by extending the theory of aerosol ionic re- 
distribution proposed by Borowiec et al.” to suggest 
that in the nebulization process, smaller droplets are 
formed by stripping of the surface layers of existing 
drops, where there is already an analyte-rich double 
layer produced by accumulation of surfactant mol- 
ecules at the air-water interface, hence giving analyte- 
enriched smaller drops and analyte-deficient larger 
drops. 

The purpose of the present work was to determine 
the reasons for the increase in sensitivity when emul- 
sions are used, in order to establish criteria for 
choosing the emulsion composition. The deter- 
mination of copper after its liquid-liquid extraction 
with APDC into several solvents was chosen as the 
test system. 

EXPERIMENTAL 

Apparatus 

A double-beam Pye Unicam SP 1900 spectrophotometer 
equipped with a copper hollow-cathode lamp was used, with 
the following operating conditions, which provided maxi- 
mum sensitivity for all systems studied. 

Wavelength 324.8 nm 
Lamp current 4 mA 
Band-width 0.15 nm 
Air flow 4.5 I./mm 
Acetylene flow 700 ml/mm 
Observation height 0.8 cm 

The physical properties of the emulsions were measured 
with a PAAR densitv-meter model DMA 35, a Brookfield 
viscometer model IVF and a stalagmometer.. 

Reagents 

“DILUT-IT” lOOO-ppm standard copper solution. A 
freshly prepared 1% aqueous solution of ammonium pyr- 
rolidinedithiocarbamate (APDC), purified by extraction 
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with methyl isobutyl ketone (MIBK). The surfactants used 
were Masso and Carol Nemo1 K 38 (condensate of nonyl- 
phenol with 10 ethylene oxide units), Hoechst Emulsogen 
LBH (mixture of anionic surfactants and solvents) and a 1% 
aqueous solution of Tergitol XD (condensation product of 
ethylene oxide and propylene oxide, Union Carbide). 

Procedure 
One ml of 1% APDC solution was added to 50 ml of 

copper solution in a separatory funnel and 20 ml of organic 
solvent were added. After mechanical shaking for 5 min, the 
two phases were allowed to settle and were separated.r2 
When MIBK, ethyl acetate and isobutyl acetate were used 
as extractants, mutually saturated solvent and aqueous 
phase were used. 

The emulsions stabilized with LBH were prepared by 
mixing 10 ml of the organic phase with 3 ml of surfactant, 
followed by slow addition of distilled water to form a gel, 
and more water to make the total volume 100 ml. When 
isobutyl acetate, ethyl acetate or MIBK was used, no gel was 
formed and these emulsions were quite unstable. For this 
reason, we tried to obtain emulsions stabilized with another 
type of surfactant. These emulsions were prepared by using 
0.25 g of Nemo1 K 38 plus 25 ml of 1% Tergitol XD 
solution, adding 10 ml of organic extract and then distilled 
water to make up to 100 ml. 

The standards used were emulsions prepared in the same 
way, but with 10 ml of pure organic solvent and the copper 
introduced in the aqueous phase. 

Samples prepared in this manner were introduced into the 
air/acetylene flame and the absorbances measured. 

RESULTS AND DISCUSSION 

The slopes of the calibration curves obtained with 
the emulsified standards were compared with those 
obtained for aqueous solutions (Table 1). Only the 
stabilized isobutyl acetate and MIKB emulsions gave 
higher sensitivity than that for aqueous solutions. 
These results suggest that the nature of the organic 
solvent is the main factor affecting the sensitivity. 

Physical properties of emulsified organic phases 

To try to identify the reason for the changes in 
sensitivity found in the determination of copper, 
these changes have been compared with the differ- 
ences in physical properties of the pure solvents and 
the emulsions. The properties of the pure solvents 

were taken from published data and those of 
the emulsions were determined with commercial 
instrumentation. 

Table 2 shows that no obvious relationship can be 
deduced between the physical properties studied and 
the variation in sensitivity obtained in the copper 
determination. It can only be observed that the 
properties of the emulsions varied much less than 
those of the pure solvents, because the emulsions 
contained only 10% of the organic phase. 

Effect on the transport properties 

The properties studied were the aspiration rate, 
which is related to the sample viscosity, the efficiency 
of nebulization (the fraction of total sample solution 
which reaches the flame) and the relative concen- 
tration of the waste solution (defined as the ratio of 
absorbance of the waste solution, on nebulization, to 
the original absorbance of the emulsion). 

Table 3 shows that the aspiration rates are all quite 
similar and have no direct relationship to the sensi- 
tivity for copper. Moreover, the ratios are lower than 
that for aqueous solutions by about 21-27%, which 
should lead to a corresponding decrease in sensitivity 
unless other factors also affect the results. 

There were marked differences in the efficiency of 
nebulization for different emulsions, and it varied 
between 2 and 3 times that for aqueous solution; 
however, there was no such increase in sensitivity. 
The increased nebulization efficiency is partly offset 
by the lower aspiration rate, and there will also be 
complications caused by variation in atomization 
efficiency. 

The only parameter which seemed related to the 
change in sensitivity was the change in apparent 
concentration of the waste. The increase in sensitivity 
was higher as the apparent concentration of the waste 
decreased. 

The absorbance values of the samples and the 
waste showed changes that depended on the nature of 
the organic solvent in the emulsified phase. Isobutyl 
acetate and MIBK gave increased sensitivity and 

Table 1. Calibrations equations for copper in oil-in-water emulsions made 
with various solvents and stabilizers 

Stabilizer Run* Solvent Calibration equation 

LBH 1 Benzene Y = 0.001 + 0.075 X 
1 Xylene Y = 0.003 + 0.074 X 
1 MIBK Y = 0.004 + 0.097 X 
2 Cyclohexane Y = 0.003 + 0.086 X 
2 White spirit Y = 0.006 + 0.087 X 
2 Carbon tetrachloride Y = 0.001+ 0.069 X 
3 Ethyl acetate Y = 0.003 + 0.068 X 
3 Isobutyl acetate Y = 0.002 + 0.087 X 

Tergitol XD 1 Isobutyl acetate Y=O.OO3+0.102 X 
plus Nemo1 1 Ethyl acetate Y = 0.008 + 0.070 X 

K 38 1 MIBK Y = 0.004 + 0.103 x 

*The calibration data were obtained in different runs, during which data 
for aqueous standards were also obtained, the corresponding equations 
being: Run 1 Y = 0.004 + 0.080 X, Run 2 Y = 0.006 + 0.088 X, Run 
3 Y = 0.005 + 0.070 x. 
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Table 2. Physical properties of pure solvents and oil-m-water emulsions stabilized with LBH 

Density, g/cm’ Surface tension, dyne/cm 
Viscosity, CP 

Solvent 

Emulsion* 
Pure Pure 

solvent 2 s n solvent Emulsion solvent x s 

Isobutyl acetate 0.863 0.986 
MIBK 0.801 0.981 
white spirit 0.840 0.977 
Cyclohexane 0.119 0.976 
Ethyl acetate 0.898 0.995 
Benzene 0.879 0.981 
Xylene 0.8U.88 0.984 
Carbon tetrachloride 1.594 1.056 

6x10-’ 3 0.8 
5 x 10-4 4 0.52 

0.002 - : ;:!6 
6~10-~ 4 1.37 

0.002 3 0.65 
5 x 1o-4 5 0.634.81 

- 3 0.91 

1.9 23.0 26.3 0.4 
2.0 26.9 26.5 0.4 
2.0 25.7 30.1 0.5 
1.4 27.4 29.7 0.3 
1.1 23.5 27.0 1.0 
1.8 28.8 29.3 0.3 
1.6 28.4-30.1 28.6 0.3 
1.9 25.5 30.0 0.5 

*Ten independent determinations. 

Table 3. Transport properties of water and of emulsified organic phases stabilized with (a) LBH, 
(b) Tergitol XD plus Nemo1 K 38 (s estimated from three measurements) 

Solvent 
Aspiration rate, Efficiency of 

mllmin nebulization, % 

Relative 
absorbance of 
the waste, % Ar* 

Water 
Isobutyl acetate 
Isobutyl acetate 
MIBK 
MIBK 
White spirit 
Cyclohexane 
Ethyl acetate 
Ethyl acetate 
Benzene 
Xylene 
Carbon tetracbloride 

6.6 
4.8 (s = 0.09) 
5.2 (s = 0.06) 
4.9 (s = 0.03) 
5.1 (s = 0.06) 
5.1 (s = 0) 
5.0 (s = 0) 
4.9 (s = 0.06) 
5.1 (s =O) 
5.1 (s = 0.06) 
5.2 (s = 0.05) 
4.8 (s = 0.06j 

*Sensitivity relative to aqueous medium. 

depletion of the apparent copper content of the 
waste, whereas carbon tetrachloride produced the 
reverse effect. 

CONCLUSIONS 

It is clearly difficult to establish a direct rclation- 
ship between the increase in sensitivity for emulsified 
systems and the physical or transport (aspiration rate 
and efficiency of nebulization) properties. However, 
the model proposed by Kornahrens et al.” seems to 
offer an explanation of the data, the effect being 
related to the manner in which the analyte is distrib- 
uted between the large and small droplets of the 
aerosol. 

We suggest that collection of the waste and deter- 
mination of its absorbance relative to that of the 
original emulsion is the best way to assess the value 
of a given organic solvent as a means of improving 
sensitivity. 

7.7 100 1.0 
20 (s = 1) 68 (s = 0.03) 1.24 
19.3 (s = 1.5) 64 (s = 4) 1.28 
17.3 (s = 0.6) 77 (s = 3) 1.21 
19 (s = 0) 53 (s = 3) 1.29 
ll(s=O) 99 (s = 5) 0.99 
16(s =0) 103 (s = 2) 0.98 
20 (s = 1) 95 (s = 3) 0.97 
17(s =O) 87 (s = 6) 0.86 
15.3 (s = 0.6) 101 (s = 7) 0.94 
11.3(s =0.3) 97 (s = 2) 0.93 
17.3 (s = 0.6) 114 (s = 4) 0.78 
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S--Traces and minor amounts of indium, gallium and aluminium can be separated from gram 
amounts of thallium and from each other by cation-exchange chromatography on a column containing 
as little as 2 g of AGSOW-X4, a cation-exchange resin with low cross-linking. An elution sequence of O.lM 
HBr in 40% acetone [for Tl(III)], 0.2M HBr in 80% acetone for In, 0.3M HCl in 90% acetone for Ga 
and 3M aqueous HCl for Al is used. The separations are very sharp and even lO-pg amounts of In, Ga 
and Al in synthetic mixtures are recovered quantitatively, with a standard deviation of 0.3 pg. The 
separation factors between neighbouring ions are extremely large (> 5000). 

The tervalent ions of the group IIIA elements Al, Ga, 
In and Tl form anionic complexes with chloride and 
bromide which increase markedly in stability with 
increase in atomic weight of the metal. The best 
current ion-exchange procedure using a single col- 
umn for the sequential separation of all four ele- 
ments, is based on this fact. It is a cation-exchange 
procedure which employs the sequence 0.1 M hydro- 
chloric acid in 50% aqueous acetone, OSM hydro- 
chloric acid in 50% aqueous acetone, 2.OM hydro- 
chloric acid in 70: 30 v/v acetone-water mixture and 
3.OM aqueous hydrochloric acid for the elution of Tl, 
In, Ga and Al, respectively.’ The separations are 
quite sharp and recoveries quantitative for l-100 mg 
amounts of all four elements. 

However, the method has the disadvantage that it 
uses rather large columns because aluminium is not 
very strongly retained from the reagent selected for 
the elution of gallium (D,,, = 75) and, with small 
columns, an early breakthrough can be expected for 
large amounts of aluminium. From OSM hydro- 
chloric acid in 90% acetone medium aluminium is 
retained much more strongly (DAl = 1250), but gal- 
lium shows a significant amount of tailing when an 
8% cross-linked resin is used. Furthermore, special 
treatment is required for the gallium eluate when 
accurate results are required, because a small per- 
centage of gallium is lost during evaporation of the 
eluates containing large concentrations of hydro- 
chloric acid and acetone.’ 

For separating trace amounts of indium, gallium 
and ahuninium from gram amounts of thallium it 
would be preferable to use small columns. It has been 

*To whom correspondence should be addressed. 

shown that by use of a resin of lower cross-linkage, 
tailing can be diminished quite significantly or even 
completely eliminated.2‘5 Furthermore, the distribu- 
tion coefficient of indium and the separation factor 
between indium and thallium (III) can be increased 
quite considerably by using hydrobromic acid- 
acetone mixtures instead of hydrochloric acid- 
acetone as eluting agents.6 In addition, the separation 
factor between indium and gallium can also be 
increased, according to published distribution 
coefficients.’ Based on these facts a new and im- 
proved separation procedure has been developed 
which can separate trace and also milligram amounts 
of Al, Ga and In from 2 g of thallium on a column 
containing only 2 g of AG50W-X4 resin. 

EXPERIMENTAL 

Reagents and apparatus 

The reagents were analytical grade, and the distilled water 
was further purified by passage through an Elgastat demin- 
eralizer. Solutions containing 500 ppm of indium, gallium 
and altinium in 0.1 M nitric acid were prepared by appro- 
priate dilution from more concentrated solutions which had 
been standardized by complexometric titration. Solutions 
containing lower concentrations of these elements were 
prepared by further dilution when required. 

The resin was the AGSOW-X4 sulphonated polystyrene 
cation-exchanger of 100-200 mesh particle size marketed by 
Bio-Rad Laboratories, Richmond, California. It was used in 
the hydrogen fonn. Borosilicate glass tubes (11.5 mm bore 
and 200 mm long) joined to a wider upper part (20 mm bore 
and 100 mm long) served as columns. The columns were 
fitted with a No. 1 porosity sintered-glass disc and a burette 
tap at the bottom, and a B19 ground-glass sleeve at the top 
to hold a dropping-funnel as a reservoir. 

The columns were 6lled with a slurry of resin until the 
settled resin had a volume of 8.7 ml in water ( = 2.0 g of dry 
resin). The columns were cleaned by passage of 100 ml of 
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Table 1. Relevant cation-exchange distribution coefficients 

Species 

0. 10M HBr 0.2OM HBr 0.3OM HCl 
in 48% in 80% in 90% Aqueous 
acetone acetone acetone 3.0~54 HCl 

TWII) 0.3 0.3 to.5 0.5 
In 4400 1.1 10.5 0.6 
Ga >l(r >l@ 1.2 1.8 
Al 2104 >I04 25000 3.2 

4.OM hydrochloric acid and then ~~~bra~ by passage of 
three M-ml portions of O.lM hydrobromic acid. 

Atomic-absorption measurements were made with a 
Varian-Techtron AA-5 instrument. An automatic Aimer 
Central Fractionator was used to collect fractions for the 
pnparation of elution curves. 

Distribution coefficients 
Portions of dry AGSOW-X4 resin (2.500 8} were equili- 

brated for 24 hr in a mechanical shaker at 20” with 250 ml 
of a solution containing 0.67 mmole (2 meq) of the tervalent 
ions and the concentrations of acetone and hydrobromic or 
hydrochloric acid shown in Table 1. After equilibration the 
resin was separated from the aqueous phase by filtration 
with a short and wide glass column with a No. 1 porosity 
sintered-glass disc at the bottom. The resin was transferred 
into the columns and washed with de~ne~~ water and 
the aqueous phase was retained, The sorbed ions were eluted 
with 3h4 hydrochloric acid and the eluate was collected. The 
amounts of elements in both phases were determined by 
suitable methods and distribution coefficients calculated 
from the analytical results, Relevant coefficients are shown 
in Table 1. 

Separation of Tf(ZZZ)-Zn-Ga-AI 
A mixture containing 2 g of Tl(III), 5 mg each of indium 

and gallium and 10 mg of aluminium in 100 ml of O.lM 
hydrobromic acid (free acid) containing a small amount of 
bromine was prepared and passed through an equilibrated 
2-g resin column as described above. The elements were 
washed onto the resin with small amounts of 0.10&f hydro- 
bromic acid containing 48% v/v acetone and ~~~~11) 
was ehtted with the same reagent, 100 ml in all being used. 
Indium was then eluted with 100 ml of 0.20M hydrobromic 
acid containing 80% v/v acetone, followed by gallium with 
100 ml of 0.30M hydrochloric acid containing 90% v/v 

acetone and tinally upturn with 100 ml of aqueous 3.OM 
hydroc~o~c acid. A flow-rate of 2.5 & 0.5 ml/ min was 
maintained, and lo-ml fractions were collected from the 
beginning of the sorption step, by an automatic fraction- 
ator. After removal of the acetone, the amounts of the 
elements in each fraction were determined by atomic- 
absorption spectrometry after suitable dilution. Standard 
conditions and the air-acetylene flame were used for thal- 
lium and iridium. For gallium and alumni the nitrous 
oxide-acetylene flame was used after addition of 2000 ppm 
of potassium as ionization suppressor. scale expansion was 
used for very small amounts. The experimental elution curve 
is shown in Fig. 1. 

Quantitative separations of synthetic mfxtures 
A series of columns containing 2 g (8.7 ml) of 

AGSOW-X4 resin was prepared as described above. 
Amounts of 2.607 g of thallous nitrate (w 2.080 g of 
thallium) were weighed out accurately in quadruplicate and 
appropriate volumes of standard solutions of iridium, 
gallium and aluminium containing 5 mg of each of these 
elements were added, together with about 20 ml of concen- 
trated hydrobromic acid and a few drops of bromine. The 
solutions were evaporated to dryness on the water-bath with 
occasional stirring, and the dry salts were dissolved in 10 ml 
of 1 M hydrobromic acid plus about 60 ml of demineralized 
water. A few ml of bromine water were added to ensure that 
any thallium reduced was reoxidixed to thallimn(III), but 
a large excess of bromine (indicated by light yellow colour 
of solution) was avoided. After cooling, the volumes were 
adjusted to about 100 ml with demineralized water and the 
solutions passed through the ion-exchange columns. The 
elements were washed onto the columns q~nti~~vely with 
a few small amounts of 0. 10M hydrobromic acid containing 
40% v/v acetone and thallium(II1) was eluted with the same 
reagent (100 ml in total). The indium was eluted with 60 ml 

I-- 
la0 3 98 759 31.6 
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Fig. 1. Elution curve for Tl(III)-In-a-Al: 8.7 ml (32 g) of G50W-X4 resin, 100-200 mesh 
(83 x 11.5 mm). Flow-rate 2.5 f 0.5 mlimin. 
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Table 2. Results for quantitative separations of synthetic mixtures* from 2 g of 
thallium 
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Taken 

In. Ga and Al In 

Found 

Ga Al 

5.00 of each mg 5.00 f 0.01 mg 5.01 f 0.02 mg 5.00 f 0.01 mg 
1OOOpgofeach lOOOrt3~g 999*3 Pg 999*3 PB 
100 pg of each loo*1 Pg 99*2 Pg loo*2 Pg 
10 of each pg 10.0 f 0.3 /.lg 9.8 f 0.3 pg 10.0 f 0.3 /Jg 

*Averages of quadruplicate analyses. 

of 0.2M hydrobromic acid containing 80% v/v acetone, 
gallium with 80 ml of 0.30 M hydrochloric acid containing 
90% acetone and aluminium with 70 ml of 3.OM aqueous 
hydrochloric acid, at a flow-rate of 2.5 ml/mm. The eluates 
containing the three minor components were kept separate, 
and after evaporation to dryness (after addition of 80 ml of 
demineralized water to the gallium fraction), the residues 
were dissolved in 5M nitric (In and Ga) or hydrochloric acid 
(Al) and the solutions made up to an appropriate volume 
with 0.5M acid. Triplicate amounts of the elements were 
measured out together with the mixtures but kept separate 
and used for comparison. The elements were determined by 
flame atomic-absorption spectrometry after suitable dilu- 
tion. The air-acetylene flame and 303.9 nm line were used 
for the determination of indium and the nitrous 
oxide-acetylene flame and the 294.4 and 309.3 nm lines for 
the determination of gallium and aluminium, respectively. 
For the last two elements 2000 ppm of potassium was added 
as ionization suppressor, to samples and standards. 

The separation procedure was repeated with lOOO-pg, 
lOO-pg and lO-pg amounts of indium, gallium and alumi- 
mum. In the case of the lOO+g amounts the final deter- 
minations were made on a volume of 10 ml, and consider- 
able scale expansion had to be used for the lo-pg amounts. 

RESULTS AND DlSCUSSlON 

The results of the quantitative separations are 
presented in Table 2. The method described provides 
an excellent means for the quantitative separation of 
the group IIIA elements (from Al to Tl) in a single 
column run, and especially for the separation of 
traces or minor amounts of indium, gallium and 
aluminium from gram amounts of thallium. A col- 
umn containing only 2 g of resin is required, instead 
of the 20-g resin column used previously.’ This makes 
it possible to use considerably smaller elution vol- 
umes. Though only amounts of 2 g of thallium were 
separated in the work described above, the extremely 
large separation factors of the other elements from 
thallium (Table 1) suggest that the separation of even 
as much as 10 g of thallium on a 2-g resin column 
should present no problems. For trace amounts of the 
other elements even a l-g resin column should be 
quite sufficient. The distribution coefficient for in- 
dium increases from 240 to 4400 when the O.lOM 
hydrochloric acid containing 50% v/v acetone used 
previously’ is replaced by O.lOM hydrobromic acid 
containing 40% v/v acetone, and the separation 
factor for the thallium(III~indium pair is enhanced 
from 480 to > 104. Similarly, the separation factors of 
390 and 150 for the indium-gallium and gallium- 
aluminium pairs are enhanced to values of > lo4 and 
> 5 x lo’, respectively. The use of a 4% cross-linked 

resin makes it possible to elute gallium with consid- 
erably lower concentrations of hydrochloric acid 
because the tailing observed with the 8% cross-linked 
resin disappears almost completely. Because gallium 
can be eluted quantitatively with 80 ml of 0.30M 
hydrochloric acid containing 90% v/v acetone in the 
procedure described above, as compared with 300 ml 
of 2.OM hydrochloric acid containing 70% v/v ace- 
tone used previously,’ the special step to separate 
gallium from excess of hydrochloric acid and acetone 
to avoid small losses (l-2%) of gallium becomes 
unnecessary. When 80 ml of demineralized water are 
added to the gallium fractions, direct evaporation can 
be used without any observable losses. 

The separations are very sharp and the recoveries 
quantitative. Tailing is practically non-existent, even 
with a 100-200 mesh resin. This is demonstrated by 
the elution curve, which has been enlarged in the 
vertical scale to show the sharpness of the tail ends. 
After an elution volume of 30 ml the indium concen- 
tration in the eluate had disappeared below the 
detection limit of the atomic-absorption method 
(< 0.05 ppm). For gallium and aluminium this hap- 
pened with elution volumes of 50 and 4Oml, re- 
spectively. The larger elution volumes used for the 
quantitative separations include a considerable safety 
margin to ensure quantitative recovery. 

Though this has not been investigated experi- 
mentally, there seems to be little doubt that the 
sequential separation scheme described can just as 
well be applied for separating trace or micro amounts 
of gallium and aluminium from gram amounts of 
indium by sorption from the hydrobromic acid- 
acetone mixture used for the elution of indium, or for 
the separation of traces of aluminium from gram 
amounts of gallium. 
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!%mnnuy-A volume-dependent problem in use of the generalized standard addition method (GSAM) 
is evaluated. It is shown both mathematically and experimentally how to correct the deficiency. The revised 
GSAM was applied with direct current plasma spectroscopy in the presence of a salt and an acetone matrix 
effect. 

Interferences are a common and severe problem that 
may render a chemical analysis invalid. In general, 
interferences are classified as physical, chemical and 
spectral. Physical interferences are caused by the 
effects of physical properties of the sample solution 
on physical processes involved in the analytical 
measurements. The viscosity, surface tension, and 
vapour pressure of the sample solution are physical 
properties that commonly cause interferences in 
atomic absorption (AA) and atomic emission (AE).14 
For AA and AE, the signal intensity can be enhanced 
by any change in a physical property that will in- 
crease the sample uptake rate.‘“.’ Organic solvents 
are often used in this way to achieve improved 
sensitivity.5 Similarly, the signal intensity can be 
depressed by a physical change that decreases the 
uptake rate. 4-I’ For AA and AE, many applications 
require acid dissolution of samples.9s’0 A difference in 
acidity between samples and standards can result in 
a viscosity effect and change the sensitivity of the 
analysis. Chemical interferences are those chemical 
interactions between the analyte and other substances 
present in the sample solution that can influence the 
analyte signal. A common example in AA and AE 
is the effect of an easily ionizable concomitant 
element,5*“3 which can cause signal enhancement by 
suppression of ionization of the analyte. When the 
amount of an easily ionizable element is known or 
varies between samples, the degree of enhancement 
can vary. Another example is the formation of a 
thermally stable compound, as shown by the effect of 
phosphate on the AA or AE signal for calcium.68 
These problems can be dealt with by the deliberate 
addition of ionization buffers or releasing agents to 
swamp the chemical interactions. Spectral inter- 
ferences are those which arise when a sensor is not 
completely specific for the analyte, and are quite 
common in most spectroscopic methods of analysis. 

Physical and chemical effects can be combined and 
identified as sample matrix effects. Interferences can 

therefore be considered to have two components: 
spectral and sample matrix effects. Spectral inter- 
ferences cause a parallel shift in a calibration curve, 
whereas sample matrix effects change the slope. 
Thompson et ~1.‘~ called these effects translational 
and rotational respectively. 

The standard addition method (SAM)‘5*‘6 can be 
used to correct for sample matrix effects. Bader” has 
investigated various types of the SAM. The first type 
of interest is that in which increasing amounts of 
standard are added to aliquots of the sample and the 
mixtures are diluted to the same total volume 
(method 1). In the second type, the spikes are added 
to sample aliquots, without dilution, so the total 
volume increases (method 2); the responses are then 
multiplied by the ratio of total to initial volume to 
correct for dilution, Unfortunately, in method 2 the 
matrix concentration is decreased by the spikes, 
creating a non-linear sample matrix effect which may 
or may not be transformed into a linear effect by 
volume correction. Therefore, an important require- 
ment for completely reliable use of the SAM is that 
all sample aliquots, unspiked and spiked, be diluted 
to a constant volume. This ensures that any sample 
matrix effects should be the same throughout,‘6*‘7 and 
in effect a calibration graph is prepared with exact 
matrix-matching of the sample and standards. Other 
requirements are that the response for the analyte 
should be zero when its concentration is zero, the 
response is a linear function of the concentration of 
analyte, and the sample matrix effects are indepen- 
dent of the ratio of the analyte and matrix.‘* Figure 1 
shows how the SAM can be used to correct for matrix 
effects when the volume remains constant. The figure 
also shows that the SAM cannot be used when both 
spectral interferences and matrix effects are present. 

Saxberg and Kowalski19 generalized the standard 
addition method (GSAM) to incorporate spectral 
interference corrections as well as matrix effects, and 
Lorber 2a revised it to an unbiased format. The 
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Fig. 1. Effect of spectral interference (---) and sample 
matrix effect (-G-) on the true SAM calibration graph 

(-). 

GSAM has been applied to spectrophotometry,2’-24 
inductively-coupled plasma atomic-emission spec- 
trometry,25~26 flame photometry,27 and stripping 
voltammetry.28~29 Accurate results were obtained be- 
cause sample matrix effects were absent. The inter- 
ferences present were of a spectral origin which can 
be volume-corrected. When matrix effects are non- 
linear functions of the matrix concentrations, it is 
especially important to keep the volume constant. 
This study will show the importance of maintaining 
constant volume in the GSAM to ensure equivalent 
matrix effects throughout. Recently, Arairjo et al.*’ 
proposed a flow-injection analysis/GSAM procedure 
that would create standard additions with a constant 
degree of dilution holding sample matrix effects 
constant. 

However, when the volume is allowed to vary, the 
GSAM and SAM will not be acceptable. Volume- 
correcting the initial response (q,,) and the response 
(q3) after the sth addition results in 

q,,=v,r,=n,,k +n,z 
vo 

qs=v,r,=n,k+ns~ (7) 

where no is the initial absolute amount (i.e., number 
of moles) of analyte, v, is the initial volume, v, is the 
volume and n, the total amount of analyte present 
after the sth spike. Equation (7) can be expanded to 
give 

93 = (no + An,)k + (no + An,) ; 
s 

(8) 

THEORY Again, considering the change in response results in 

For simplicity, single-component determination 
will serve as an example for the proposed method. 
Extension of the procedure to multicomponent analy- 
sis will be made after development of the single- 
component determination. A measured analytical 
signal at any sensor, r, is a function not only of the 
analyte concentration, c, but also of the overall 
sample matrix effect, M, and can be estimated as 

Aqs=An,k +(rr,,;-Ro~)+Arr~~ (9) 

r=ck+cM (1) 

where k is the sensitivity coefficient. The type and 
magnitude of M will dictate the final slope of the 
calibration graph. It is important to note that M is 
a function of volume. More specifically, equation (1) 
can be written as 

This equation shows that the matrix effect cannot be 
included in the sensitivity cofficient when the volume 
is allowed to vary. Therefore, the GSAM will not 
correct for matrix effects as claimed.‘%24s27 When the 
volume is held constant, equation (9) reduces to 
equation (5) because m/v, is equal to m/vo. The last 
term in equation (9) may then be incorporated into 
the first term, as was done in equation (3). 

For multicomponent analysis, volume-correcting 
the response complicates the matter further. How- 
ever, diluting to constant volume and expanding 
equation (2) for multicomponent analysis yields 

r,=c,,k+c,~ 
V 

where r,, is the initial response for a sample aliquot 
that has been diluted to a total volume v, c0 is the 
initial concentration of the analyte at volume v, and 
M has been rewritten as m/v to represent the volume- 
dependency of the matrix effect. Because the volume 
will be held constant, m/v will not change during the 

standard additions and can be incorporated into k to 
give 

r,, = c,k’ (3) 

which is similar to the usual form of the SAM.r6*r7 
After the 8th standard addition of the analyte, 
equation (3) becomes 

r, = c,k’ (4) 

where c, is the total analyte concentration after the 
sth addition. The change in response with change in 
concentration is given by 

Ar, = Ac,k’ (5) 

Therefore, when the volume is held constant the true 
form of the SAM is maintained and sample matrix 
effects are corrected. 

I I 
r0.r = 1 co..k,+n~, co,,Mn; 2 = 1,. . . ,P (10) 

“=I 

where ro,, is the initial response of the Ith sensor (of 
p sensors used), co,, is the initial concentration of the 
nth component (of the t components present) and k,, 
is the sensitivity coefficient of the fth sensor for the 
n th component. Since the volume is held constant, 
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equation (10) is reduced to 

Considering the change in response gives 

where AC,, is the amount of component n added in 
the sth standard addition. In matrix notation 

AR = ACK (13) 

where AR is s xp, AC is s x f and K is t xp. This 
is analogous to Jochum et al.3 equation (lO),2’ with 
the volume held constant. The reader should refer to 
Jochum et al.2’ for the solution to the calibration 
matrix K of sensitivity coefficients to obtain the 
individual component concentrations. 

If a chemical species simultaneously causes a 
chemical interference and a spectral interference, the 
model of the GSAM just given is not applicable. A 
quadratic model for the GSAM with interaction 
terms in the concentrations could be used.1vT30”1 
Volume corrections should not be used here either. 

Common concerns in use of the SAM are the size 
and number of additions that should be made. 
Franke et al.32 and Ratzlaff” have concluded that a 
single addition of the largest amount possible can be 
used, provided the response is within the linear 
dynamic range. Ratzlaff noted that too large 
an addition may change the matrix effect, thereby 
altering the slope. 

EXPERIMENTAL 

Apparatus and computation 
A Beckman SpectraSpan VI Direct Current Plasma 

(DCP) Spectrometer was used for all measurements. The 
DCP is equipped with a SpectraJet III electrode system and 
a cross-flow nebulizer. Argon pressure to the electrodes was 
SO psig and 25 psig to the nebulizer. Instrument control, 
data manipulation, storage, and graphics output were pro- 
vided by a Data Spar Controller computer and commercial 
software. Measurement values were transferred to the Idaho 
State University HP-1000 computer for subsequent data 
analysis. 

Reagents 
Single-element stock solutions were prepared with metal 

nitrates of reagent grade and distilled demineralized water. 
Stock solutions were used to prepare standards for standard 
additions and test sample solutions. All stock solutions were 
approximately 1000 ppm. Reagent grade acetone and an 
approximately SM solution of lithium chloride were used to 
produce a matrix effect. Wavelengths used for analysis were 
Zn 202.548 nm (ion), Ni 243.789 nm (ion) and Co 236.379 
nm (ion). All dilutions were done with distilled demin- 
eralized water. 

Procedures 
Zn determinafion. Four test samples were prepared in 

100-ml standard flasks, with 5.0, 12.5, 15.0 and 17.5 ml of 
the zinc stock solution and 20 ml of the lithium chloride 
stock solution, and dilution to volume. Four more test 
samples were similarly prepared, with 10 ml of acetone 
instead of the lithium chloride solution. 

3.5 ,“=“oT 

I I I -1 
0 0.4 0.6 1.2 

Concentration of LICI, M 

Fig. 2. Enhancement effect of LiCl on signal for 50-ppm Zn. 
Lines: 213.856 nm atomic (A), 202.548 nm ionic (0). 

206.200 nm ionic (0). 

To investigate the effect of varying the volume a standard 
150-ppm zinc solution was used for spiking. Four lo-ml test 
samples were prepared with a zinc concentration of 50.0 
ppm in 1M lithium chloride medium. Standard additions of 
3,6 and 9 ml of the 150-ppm zinc stock solution were made. 
Four more samples were prepared in 10% v/v acetone 
medium instead of in 1M lithium chloride. 

Zn, Ni and Co &terminations. Ten test samples were 
prepared in lOO-ml standard flasks with 5.0 ml of zinc 
solution, 2.0 ml each of the nickel and cobalt solution, and 
10.0 ml of acetone. Additions of 7.5, 10.0 and 12.5 ml of zinc 
solution were made to three flasks, 3.5, 5.0 and 6.5 ml of 
nickel solution to another three flasks, and 3.5, 5.0 and 6.5 
ml of cobalt solution to a further three flasks. All solutions 
were then diluted to volume. 

RESULTS AND DISCUSSION 

Previous investigations have suggested that the 
presence of easily ionizable elements in the sample 
solution can cause emission-line enhancement in a 
DCP.11~12 Line enhancement has been shown to occur 
for both singly ionized and neutral atoms of the same 
element.lu4 Figure 2 shows the enhancement effect 
on a zinc atom line and two zinc ion lines. The 
enhancement is not due to a background shift. This 
is verified by the spectral scan of the Zn 213.856 mn 
line (50 ppm zinc) shown in Fig. 3. If a background 
shift was present, GSAM would not evaluate the 
results correctly, Responses must be background- 
corrected for the GSAM. The enhancement is attrib- 
uted to a chemical process which is not the concern 
of this paper. 

Table 1 lists the estimated recovery values for zinc 
in the 1M lithium chloride and 10% acetone sample 
matrices. With either chemical or physical inter- 
ference, acceptable results are obtained only when the 
volume is held constant, as predicted from the equa- 
tions given above. The large error with the lithium 
chloride matrix is due to dilution of the sample 
matrix by successive additions. The volumes used 
here are similar in magnitude to those used in pre- 
vious GSAM applications.2’-2s The incremental 
changes in the volume-corrected responses for each 
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Fig. 3. Spectral scans for the Zn 213.856 nm line. Concen- 
trations were LiCl 2M, Zn 50 ppm, and acetone 10% v/v. 

addition are shown in Table 2. If dilution is not a 
problem, the volume-corrected responses should be 
equal within experimental error. The volume cor- 
rected responses are seen to be slightly decreasing. 
This stems from the fact that the lithium chloride 
concentration levels used yield responses which are 
located on a relatively flat portion of the matrix effect 

curve, as shown in Fig. 2. 
In contrast, 10% acetone causes a depression in the 

intensity of the zinc line as shown in Figs. 3 and 4. 
Dilution of the acetone sample matrix with each 
addition results in a continual increase in the in- 
cremental changes of the volume-corrected responses 
listed in Table 2. Thus, for a simple one-component 
determination the volume must be held constant for 
acceptable results to be obtained. Table 3 lists the 

Table 1. Results of determination of 50.0 ppm zinc in LiCl 
and acetone matrices with AU = 0 and Au # 0 

Matrix Zinc found, ppm Relative error,* % 

LiCl 
Au=0 52.0 4 
Aa#O 58.5 17 

Acetone 
Au =0 51.6 3 
Au 20 35.6 28 

*Relative error = 100 (ltrue - calcd.l)/true. 

Table 2. Incremental volume-corrected 
response changes for zinc in LiCl and 

acetone matrices 

Matrix A4* Addition 

LiCl 342 1 
295 2 
297 3 

Acetone 173 1 
201 2 
217 3 

*Arbitrary units. 

I I I I -I 
0 5 10 15 

Acetone % (v/v) 

Fig. 4. Depressant effect of acetone on signal for 50-ppm Z. 
Lines: 213.856 nm atomic (A), 202.548 nm ionic (0). 

206.200 nm ionic (a). 

results for the three-component solution in the pres- 
ence of 10% acetone. Good estimates are obtained by 
using a constant-volume GSAM procedure. 

The volume limitation of the GSAM could be 
reduced by using smaller volumes for the standard 
additions. This assumption will be valid for some 
matrix effects, depending on their magnitude. For 
instance, if only one standard addition of 3 ml is used 
for the zinc/lithium chloride system, the relative error 
is reduced to 8% from 17%. This is again due to the 
analysis system corresponding to the relatively flat 
portion of the matrix effect curve shown in Fig. 2. On 
the other hand, when a single 3-ml addition is used 
with the acetone matrix, the relative error is only 
reduced to 21% from 28%. Although, there is less 
matrix dilution with the smaller volume, it shifts the 
matrix effect to a more steeply rising part of the 
enhancement shown in Fig. 4. Thus, when the volume 
is allowed to vary, the size of the additions may 
directly affect the magnitude of the matrix effect. 
Because the types and magnitudes of matrix effects 
for a given sample are not always known, it is clearly 
advisable to use a constant-volume GSAM, which 
will correct for the interferences at all times. 

In conclusion, simple volume-corrected responses 
cannot be used unless sample matrix effects are not 
present, or volume changes are negligible. If the 
sample cannot be subdivided because of the nature of 
the analysis, micropipettes which can reproducibly 
dispense volumes of 5 ,uI or less can be used in 
conjunction with concentrated standards to make 
successive additions to the same solution with mini- 

Table 3. Results of zinc, nickel and cobalt determination in 
acetone matrix with Au = 0 

Element 

Zn 
Ni 
co 

Taken, Relative 
ppm Found, ppm error, % 

50.2 48.6 3 
20.0 19.0 5 
20.1 19.4 4 
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ma1 effect on the matrix concentration (provided the 12. D. D. Nygaard, Anal. Chem., 1979, 51, 881. 

sample volume is large enough, say >5 ml). Moran 13. D. D. Nygaard and D. A. Leighty, Appl. Spectrosc., 

and Kowalski3’ have suggested using standard ad- 1985, 39, 353. 

ditions of solid material, in order to keep the volume 
14. M. Thompson, S. J. Walton and S. J. Wood, Analyst, 

1979, 104, 299. 
constant and minimize the variance of the analyte 15. M. Bader, J. Chem. Educ., 1980, 57, 703. 
estimates. 16. M. J. Cardone, J. Assoc. 0# Anal. Chem. 1983, 66, 

1257. 
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Summary-A method is described for the determination of chloride in Pt-Al,O, /SiO, catalysts, based on 
its extraction with alkali followed by reaction with Hg(SCN),-Fe’+ reagent and spectrophotometric 
measurement at 460 nm. Beer’s law is obeyed in the concentration range 5-75 pg of chloride in 25 ml 
of aqueous solution. The molar absorptivity is 1.99 x lo3 I.mole-’ .cm-‘. The rapid colour development, 
excellent reproducibility and absence of interference from the species most often present in the catalysts 
are the advantages of the method. 

The pt-Al,03 reforming catalysts mostly contain 
platinum/sulphide species’ along with traces of metal- 
lic precursors, finely dispersed on highly stable chlo- 
rinated alumina.’ The chlorinated alumina provides 
an acidic function, and control of the chloride con- 
tent of the catalyst is of major importance.3*4 It is 
observed’ that chloride is slowly leached out of the 
catalysts by traces of moisture present in the process 
feed. Deactivation of the catalyst occurs as a result of 
chloride-water imbalance6*’ This causes problems in 
industrial reforming units.6s7 Determination of chlo- 
ride in these catalysts is therefore very important in 
order to (1) quantify the maximum chloride level for 
optimum process efficiency, (2) measure the decrease 
in chloride content as a function of traces of mois- 
ture, and (3) assess the degree of catalyst deactivation 
and selectivity as a function of the chloride present. 

The most popular procedure*.’ for determining 
traces of chloride is based on spectrophotometric 
measurement of the colour produced by interaction 
of Cl- with an Hg(SCN),-Fe3+ mixture. The method 
has been applied for determining chloride in high- 
purity water,” boiler water,” biological material,‘* 
uranium,” cement stone,14 sea-waterI and naphthaI 
but not so far for determining chloride in catalysts. 
The purpose of the present work was to assess its 
utility for catalyst analysis. 

EXPERIMENTAL 

Apparatus 

Absorbance measurements were made with a Varian 
Superscan- spectrophotometer with matched l-cm silica 
cells. The instrument was calibrated for photometric linear- 
ity with a series of potassium chromate solutions. The 
wavelength calibration was checked with a holmium oxide 
filter as standard. 

l I.P.C.L. Communication No. 104. 
TAuthor to whom correspondence should be addressed 

Flame atomic-absorption measurements were made with 
a Varian Techtron Model 1200 spectrophotometer. The 
following operating conditions were used: 

Lamp current 3 mA 
Flame air-acetylene 
Wavelength 328.1 nm 
Spectral band-pass 0.2 nm 
Optimum working range 2-10 pg/ml 

Reagents 

Doubly distilled water and analytical reagent grade acids 
and salts were used throughout unless otherwise stated. 

Sodium chloride solution, 1000 w/ml. Weigh 0.412 g of 
sodium chloride (dried at 110” under vacuum) to the nearest 
mg, dissolve it in water and dilute to volume in a 250-ml 
standard flask. Prepare working solutions by dilution of this 
solution with water. 

Mercuric thiocyanate solution. Dissolve 1.5 g of mercuric 
thiocyanate in 250 ml of methanol by stirring for 30 min at 
40”, and store in an amber-coloured bottle. 

Ferric ammonium sulphate solution. Dissolve 5.0 g of 
ferrous ammonium sulphate in 30 ml of water, add 38 ml 
of concentrated nitric acid with low chloride content 
(0.00005%) and boil the solution for half an hour. Transfer 
the solution into a IOO-ml standard flask and dilute to the 
mark with water. 

Silver nitrate solution, O.OlM. Dissolve 1.699 g of silver 
nitrate (previously dried at 100”) in 1000 ml of water. 

Sodium sulphide solution, -4 me/ml. Dissolve 3.0 g of 
sodium sulphide monohydrate in 100 ml of water. Standard- 
ize the solution with standard iodine and thiosulphate 
solutions before dilution or use. Dilute the solution as and 
when required. 

Spectrophotometric determination of chloride in presence of 
sulphide 

Pipette a portion of sample containing up to 7588 of 
chloride and 500 pg of sulphide into a lOO-ml conical flask. 
Add 5 ml of 2M sodium hydroxide and 5 ml of 30% 
hydrogen peroxide solution. Boil the solution for 5 mitt, and 
then evaporate it to 5 ml. Transfer the solution into a 25-ml 
standard flask. Add 2 ml of mercuric thiocyanate solution 
and 5 ml of ferric ammonium sulphate solution, and dilute 
to the mark with water. After at least 10 but not more than 
30 mitt, measure the absorbance at 460 nm against a 
similarly treated blank. 

905 
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Prepare a calibration graph by treating standards con- 
taining 5-75 pg of chloride by the procedure described. 

Spectrophotometric determination of chloride in catalysts 

Weigh 0.2 g of catalyst to the nearest 0.1 mg into a IOO-ml 
round-bottomed flask. Add 5 ml of 30% hydrogen peroxide 
solution and 20 ml of lM sodium hydroxide. Digest the 
mixture under rellux for 30 min. Cool and filter through a 
fluted filter paper (Whatman No. 41) into a 100-ml standard 
flask. Digest the residue with 10 ml of 1M sodium hydroxide 
and filter into the same flask; repeat this step, then dilute to 
the mark with water. Pipette 3 ml of the solution into a 
25ml standard flask, add 2 ml of mercuric thiocyanate 
solution and 5 ml of ferric ammonium sulphate solution, 
dilute to the mark with water, and measure the absorbance 
at 460 nm after 30 min, against a similarly treated blank. 

such as PtS and chloride, certain metal additives 
(so-called promoters2.“) are also incorporated at 
trace levels to increase the activity and selectivity. 
These are rhodium, rhenium, rubidium, ruthenium, 
iridium, antimony, copper, molybdenum, calcium, 
vanadium, nickel etc. The recommended procedure 
was used to study the interference of these ions and 
others most often present in the catalysts, in analysis 
of aqueous solutions containing 2 pg/ml chloride. A 
concentration that did not cause more than 0.001 
change in absorbance was taken as the tolerance 
limit. The values found for several species are shown 
in Table 1. 

Determination of chloride by atomic absorption 

Take 20 ml of the IOO-ml catalyst digest (prepared as 
above) in a loo-ml beaker and adjust the pH to about 2.5 
with concentrated nitric acid. To do this, find the volume of 
acid needed to adjust the pH of another 20-ml aliquot, using 
narrow range pH paper (pH 2.0-4.5) for testing the pH, and 
add the same volume of acid to the test sample. Add exactly 
2 ml of O.OlM silver nitrate and IO ml of acetone-water 
mixture (I: 3 v/v). Heat on a steam-bath for 30 min. Cool 
and filter off the precipitate on a Whatman No. 42 paper. 
Wash the precipitate four times with dilute nitric acid 
(1 + 5), collecting the filtrate and washings in a 50-ml 
standard flask, and dilute to the mark with water. Measure 
the amount of silver in this solution by flame AAS under the 
experimental conditions given above. Calculate the chloride 
content of the digest. Prepare a calibration graph by taking 
20-ml aliquots of standard solutions containing 2-10 pg/ml 
chloride through the procedure. 

RESULTS AND DISCUSSION 

Analytical characteristics of the spectrophotometric 

method 

The major interference is from sulphide and is 
caused by precipitation of mercuric sulphide. Yam- 
amoto et al.” mentioned such interference in the 
Hg(SCN),Fe3+/1,10-phenanthroline system in nitro- 
benzene. We did not expect this interference because 
!the digestion with alkali should not decompose PtS. 
However, traces of sulphide were present in the 
alkaline extract from partially or completely deacti- 
vated catalysts. This may be attributed to partial 
accumulation of sulphur on the catalyst during pro- 
cessing of sulphur-containing feedstocks, as found by 
Menon and Prasad’ during their studies on the role 
of sulphur in reforming reactions. On a deactivated 
catalyst sulphur seems to be present in two forms: (a) 

irreversibly chemisorbed PtS,,, species formed during 
selective presulphiding; (b) reversibly sorbed sulphur 
present as PtS&, . This concept has been confirmed 
by Barbier, I9 Parera et al., ” Guczi et aL2 and 
Jossens and Peterson.22 It is very likely that this 

The apparent molar absorptivity for chloride was 
calculated to be 1.99 x IO3 l.mole-‘.cm-’ at 460 nm. 
The calibration graph was linear from 0.2 to 3.0 c(g 
of chloride per ml of final aqueous solution. The 
lower detection limit for choride was 0.04 f0.02 
pg/ml in the final solution, which is good enough for 
the determination of chloride in catalysts. The pre- 
cision of the procedure, expressed as the relative 
standard deviation (RSD) for 10 independent deter- 
minations of 0.6 pgg/ml chloride in the final solution 
was found to be 1.5%. 

Table 1. Interference levels of foreign ions in the spec- 
trophotometric determination of 2.0 ppm chloride* 

Species 

Sulphide 
Lithium 
Potassium 
Lead 
Cadmium 
Tin 
Aluminium 
Cobalt 
Manganese 

Added as 

Effect of diverse ions 

This spectrophotometric method is prone to inter- 
ference from both cations and anions since there are 
many species’ which (a) yield insoluble sulphides 
and/or thiocyanates, e.g., lead, copper, anti- 
mony(III), silver, mercury(I), (b) form complexes 
with thiocyanate ions, e.g., mercury(H), cadmium, 
zinc, antimony(III), (c) give coloured solutions, e.g., 
copper, bismuth, molybdenum (yellow or orange), 
ruthenium (pink), iridium (pink), osmium (blue), (d) 

form complexes with ferric ions in acid solution, e.g., 
fluoride, metaphosphate, oxalate. 

Zinc- 
Nickel 
Calcium 

Magnesium 
Rhenium 
Rhodium 
Rubidium 
Iridium 
Osmium 
Vanadium 
Bismuth 
Silicate 
Copper 
Molybdate 
Phosphate 

Na,S’9H,O 
LiNO, 
KNO, 
Pb(N0, )r 
3CdS0,.8H,O 
Sn(SO,), ’ 2H,O 
Al(NO,),.9H,O 
Co(NO,), .6H,O 
Mn(NO,),.4H,O 
Zn(N0, ji: 4H,b 
Ni(NO,), .6H,O 
Ca(NO1 ), .4H,O 
Ba(NO;j; - 
Mg(SO,), .7H,O 
Re,O,t 
Rh(NO,), .2H,O 
RbNO, 
Ir,(SO,), .4H,O 
0s metal? 
VOSO, .5H,O 
Bi(NO,), ’ 5H,O 
Na,SiO, .5H,O 
CuSO,. 5H,O 
(NH,),Mo,O,,.4H,O 
Na,PO,. 12H,O 

In the Pt-AI,O,/SiO, reforming/isomerization *In the final solution. 
catalysts, in addition to platinum and other species tDissolved in HNO,. 

Tolerance,* ppm 

0.3 
200 
180 
150 

15 
30 
80 

7 
13 

100 
60 

7 
12 
40 
17 
12 
16 
6 
8 

30 
6 

60 
70 
0.8 

70 
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Table 2. Determination of chloride in presence of 
sulphide in synthetic solution* 

Sulphide Chloride Absorbance Chloride 
present, added, at found,? 

Irg M 460 nmt fig 

100 5.0 0.012 f 0.001 5 f 0.5 
30.0 0.071 f 0.002 30& 1 
60.0 0.144 f 0.001 61 + 0.5 

250 5.0 0.012 f 0.001 5 * 0.5 
30.0 0.071 f 0.001 30 f 0.5 
60.0 0.143 f 0.001 60 * 0.5 

500 5.0 0.011 f 0.002 4.5 * I.0 
30.0 0.071 f 0.000 30 * 0.0 
60.0 0.143 f 0.001 60 f 0.5 

*In 25 ml of final solution. 
TAverage and range for three determinations. 

reversibly sorbed sulphur is leached out during the 
extraction with alkali in the work described here. 

In any case it was necessary to study the inter- 
ference from sulpbide and work out a possible way 
to eliminate it. An attempt was made to oxidize 
sulphide to sulphate with alkaline hydrogen peroxide. 
Synthetic solutions containing S-60 pg of chloride 
and various amounts of sulphide (100-500 pg) were 
prepared and the chloride was determined. The re- 
sults are summarized in Table 2. 

The interference due to aluminium and silicate is 
interesting. These ions were found to impart red and 
pale yellow colours, respectively, and thus affect the 
absorbance of the iron(II1) thiocyanate complex. It is 
difficult to see why such colour reactions should 
occur, and it seems likely that the interference was 
due to the presence of trace impurity of chloride (or 
bromide or iodide) in the aluminium nitrate and 
sodium silicate used, which were able to develop the 
colour even in the absence of added chloride. 

Chloride determination in catalysts 

On the basis of the observations above, attempts 
were made to determine chloride in three types of 
Pt-Al,O,/SiO, catalyst, viz. fresh, deactivated and 
regenerated. The catalysts are available in the ex- 
truded form and are heterogeneous in nature, so care 
was taken to ensure proper sampling. The procedure 
used was successive division of 100 g of catalyst down 
to a mass of approximately 10 g. This sample was 
then ground to a fine powder in a high-speed agate 

ball-mill to provide a homogeneous representative 
sample for analysis. The chloride was extracted with 
various alkaline solutions, e.g., ammonia or sodium 
hydroxide solutions having concentrations ranging 
from 0.1 to 6.OM. Extraction was very poor in the 
case of ammonia. It was not quantitative in 0.6M 
sodium hydroxide, but improved steadily as the 
sodium hydroxide concentration increased and was 
quantitative with a l.OM solution. The chloride val- 
ues obtained for various catalyst samples by this 
method are given in Table 3. For each sample the 
complete procedure, starting from extraction, was 
repeated five times and the absorbance was measured 
in triplicate. The standard deviation of the absorb- 
antes was about 0.002, which is quite satisfactory. 

Since no standard catalyst sample with certified 
chloride value was available, a series of recovery 
experiments was performed. Initially, attempts were 
made to incorporate known amounts of chloride in 
catalyst samples by impregnation, but were un- 
successful. It was difficult to achieve the desired final 
level of chloride by addition of known amounts 
hydrochloric acid during the impregnation. Gener- 
ally, the chloride in a calcined alumina-supported 
catalyst is incorporated23m26 in the impregnation step 
by means of chloroplatinic acid and hydrochloric 
acid, which is used to control the metal deposition. 
The impregnation depends upon many factors, for 
instance the number of hydroxyl groups present 
(which changes with the temperature of calcination), 
the time and temperature of impregnation, and con- 
centration of chloride in solution.2L26 Most of this 
information is patented. The usefulness of the 
method was then corroborated by a recovery study 
involving the addition of standard chloride solution 
to an analysed catalyst sample and its analysis by the 
procedure described. The recoveries obtained are 
given in Table 4. In view of the low absorbances, and 
the resultant error in obtaining recovery values by 
difference, the results are acceptable. 

Besides the recovery experiments, a correlation 
programme was also applied to the same catalyst 
samples by using an indirect flame AAS method.27 
The chloride was precipitated with a definite amount 
of silver nitrate solution in water-acetone media and 
the unconsumed silver nitrate was determined by 
AAS. Acceptable agreement was observed between 

Table 3. Determination of chloride in some catalysts 

Chloride found,* % 

Catalyst Proposed method AAS 

A Fresh Pt/AI,O, BO, 
B Deactivated Pt/Al,O, SiO, 
C Regenerated Pt/Al,O,.SiO, 
D Fresh Pt/Al,O, 
E Fresh Pt-Re/Al,O, 
F Deactivated I+Re/Al,O, 
G Fresh Pt/zeolite 
H Deactivated Pt/zeolite 

0.42 k 0.00 
0.35 * 0.01 
0.44 f 0.02 
0.69 k 0.02 
0.74 + 0.02 
0.48 + 0.01 
0.38 + 0.01 
0.26 + 0.01 

0.43 f 0.02 
0.34 f 0.02 
0.41 f 0.03 
0.71 * 0.02 
0.72 k 0.03 
0.48 + 0.03 
0.40 Lf: 0.02 
0.25 + 0.04 

*Average f standard deviations for 5 sets (3 aliquots analysed per set). 
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Table 4. Recovery of chloride added to catalyst samnle solutions 

Chloride found Chloride Total Recovery of 
in solution, added, chloride added 

Catalyst I& !@ found, pg chloride, pg 

A 27.5 10 39 11.5 
20 49.5 22 
30 58.5 31 

B 21 10 31 10 
20 42.5 21.5 
30 52 31 

C 25.5 10 35 9.5 
20 45 19.5 
30 54.5 29 

D 42.5 10 54.5 12 
20 62 19.5 
30 73.5 31 

E 45 10 56 11 
20 65 20 
30 75 30 

F 28.5 10 40 11.5 
20 50 21.5 
30 58.5 30 

G 23 10 31.5 8.5 
20 43 20 
30 54 31 

H 16 10 26.5 10.5 
20 37 21 
30 46.5 30.5 

the results obtained by the two techniques (AAS and 
spectrophotometry). Undoubtedly, the latter method 
is faster and simpler than AAS, which cannot be 
adopted in routine use. 

The accuracy of the extraction of chloride from 
catalysts with alkali could not be properly assessed by 
adding known amounts of inorganic analyte to un- 
treated catalyst samples. However, it is certain that if 
the extractions were not reproducible, the final results 
for the chloride content would have shown very high 
standard deviations. Hence we presume that the 
extraction of chloride present in the catalyst is either 
quantitative or fractional but highly reproducible. 
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Summary-Trace levels of tin can he determined by voltammetry after controlled adsorptive precon- 
centration of the tin-tropolone complex on a hanging mercury drop electrode. The resulting adsorptive 
stripping procedure offers better sensitivity and selectivity than conventional stripping methods for tin. 
Optimal conditions include 4 x 10d6M tropolone in a stirred acetate buffer (pH 4.0), a preconcentration 
potential of -0.40 V, and differential-pulse stripping. For an 8-min preconcentration period, the detection 
limit is 2.3 x 10-‘OM (28 ng/l.). Linear calibration plots of ip us. C are obtained at low concentrations, 
with linear plots of l/i, vs. l/C at high concentrations. The relative standard deviation (at the dpg/l. level) 
is 2.6%. The response is not affected by the presence of lead, cadmium, indium and thallium, which 
commonly interfere severely in analogous anodic stripping measurements. Results are reported for river 
and orange-juice samples. 

Considerable interest has developed in the deter- 
mination of tin in environmental, biological or food 
samples. Depending on the specific matrix, tin levels 
from subnanomolar to micromolar may be present. 
Anodic stripping voltammetry, the most sensitive 
electroanalytical technique, has been extensively ap- 
plied for over 20 years to the measurement of trace 
tin.‘T2 The detection limits lie in the low nanomolar 
range but there are serious interferences due to 
overlapping stripping peaks of lead, cadmium, in- 
dium and thallium. Various approaches have been 
employed to improve the selectivity of tin measure- 
ment by stripping voltammetry. These include prior 
separation3 flow or medium-exchange schemes4*5 or 
the addition of surfactants.6*7 

This paper reports a highly sensitive and selective 
stripping approach for determining tin, following 
controlled interfacial accumulation of its complex 
with tropolone (2-hydroxy-2,4,6-cycloheptatrienone) 
at the hanging mercury drop electrode. It has been 
shown recently8 that the addition of tropolone to an 
acetate supporting electrolyte significantly enhances 
the polarographic reponse of tin. The effect has been 
attributed to the adsorption of the tin-tropolone 
complex at the surface of the dropping mercury 
electrode. When a stationary mercury electrode is 
used the complex can be accumulated over substan- 
tially longer times and trace levels of tin can then be 
measured by adsorptive stripping voltammetry.’ 

Stripping voltammetry following adsorption of a 
metal chelate is currently becoming a more widely 
accepted analytical tool, as it extends the scope of 
stripping voltammetry to include more important 

*Author for correspondence. 

elements, and also offers an effective alternative 
method for measuring other metals. Likewise, the 
adsorption approach offers important advantages 
over conventional stripping measurements for tin. 
The results of a detailed investigation into the ad- 
sorption stripping method for tin in the presence of 
tropolone are reported below. 

EXPERIMENTAL 

Apparatus and reagents 

The equipment used to obtain the voltamperograms, a 
PAR 264A voltammetric analyser with a PAR 303 static 
mercury drop electrode, has been described in detail.roJ1 A 
medium-size hanging mercury drop electrode (HMDE), 
with a 0.16 cm2 surface area was employed. All solutions 
were prepared from twice-distilled water. A 1000 ppm stock 
tin solution (VWO768-3, VWR Scientific) was used, and 
diluted as required for standard additions. Tropolone was 
purchased from Aldrich; a 4 x 10m4A4 stock solution was 
prepared daily. The supporting electrolyte was 0. 1M acetate 
buffer (pH 4.0). River water (Rio Grande) was unfiltered 
surface water collected at Las Cruces, NM. The canned 
orange juice sample (Texsun) was diluted hundred- 
fold with twice-distilled water; a lo-$ aliquot of this 
solution was added to the supporting electrolyte present 
in the cell. All measurements were made at room tem- 
perature. 

Procedure 

Add 0.10 ml of the 4 x 10m4M tropolone solution to 10.0 
ml of acetate buffer electrolyte in the polarographic cell and 
deaerate it by passage of nitrogen for 8 min. Switch on the 
magnetic stirrer (400 rpm) and the preconcentration poten- 
tial (usually -0.4 V). After the selected preconcentration 
period switch off the stirrer, wait 15 set and record the 
voltamperogram by applying a negative-going differential 
pulse scan, terminating at - 1 .O V. This gives the back- 
ground scan. Add suitable small portions of standard tin 
solution and construct a calibration curve from the peaks on 
the voltamperograms. Repeat the entire cycle on a fresh 
mercury drop. 
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Fig. 1. &pet&e cyclic voltamperograms far 2.5 !.igfl. tin in an acefate b&et @H 4.0) containing 
4 x 10-6M tropolone. Scan rate: 20 m\l~sec, Total time for these scans was CLI. 19 min. 

RESULTS AND DISCUSSION 

Figure 1 shows a set of repetitive cyclic voltam- 
perograms obtained with the HMDE placed in a 
quiescent acetate buffer solution containing 25 pg/l. 
tin and 4 x 1W6h4 tropoione. The cathodic and 
anodic peak currents associated with the redox reac- 
tion of the tin (t&P+ +- 2e - *Sn) in its complex whit 

tropolone, increase in magnitude as more and mare 
of the complex has time to difhrse to the electrode and 
be adsorbed on its surface. Hence, the peak current 
with the adsorbed complex at saturation level on the 
electrode is several times greater than that for the 
species only in solution (estimated from the first scan, 
designated as 1). The irreversible nature of the redox 
process of the adsorbed complex is indicated by the 
shape and separation of the reduction and oxidation 
peaks (bi,,2,c = 84 mY, bti2,# = 132 mti; AE, = 66 my>. 
The maximum charge, obtained by integrating the 
reduction current at saturation, (“cut and weigh” 
method), was found to be 0.27 PC. Division of the 
charge by the conversion factor (nFA) gives an 
estimated coverage of the adsorbed complex layer of 

9.3 x lo-” mok$cm’. Because the adsorbed layer 
contains both tin complex and free tropolone, the 
area occupied by a single complex mole&e cannot be 
estimated. The effect of the potential-scan rate (V) on 
the peak current was explored at maximum ad* 
sorption density {after 120 set stirring at -0.4 V). 
The height of the reduction peak for the complex 
increased with increase in the scan rate. The plot of 
log iP vs. log V was linear, with a siope of 0.829 
(correlation coegicient, 0.999), aver the range l-200 
mvjsec. The plot of &, vs. log V was also War over 
the same range, with a correlation coefficient of 0.999+ 
There was also a gradual increase in the cathodic 
current at ca. - 1.1 V, which has been attributed to 
the adsorption and reduction of the free tropolones 
When the potential was scanned over a wider range, 
from - 0.2 to - 1.2 V, an additional peak appeared 
at -0.35 V, associated with the Sn4+ -+- 2e-$Sn2+ 
redox process of the complex. While this peak also 
exhibited adsorption enhancement, the Sn-tropalone 
peak at -0.64 V was more useful analytically and 
was used throughout this work. 

Adsorption of the tin-tropolone complex can be 
used as an effective preconcentration step, prior to 
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Fig. 2. Effect of preconcentration period on the stripping voltamperogram for 0.5 pg/l. tin. Precon- 
centration period: (a) 0, (b) 30, (c) 60, (d) 120 sec. Preconcentration potential: -0.4 V; differential pulse 
waveform with scan rate 5 mV/sec and amplitude 50 mV. Inset are current-time plots for different tin 
concentrations: (A) 0.5; (B) 1; (C) 4 pg/l. Electrolyte: acetate buffer at pH 4.0 containing 4 x 10e6M 

tropolone. 

voltammetric measurement, and makes possible a 
highly sensitive determination. For example, Fig. 2 
shows differential pulse voltamperograms for 
0.5 pg/l. (4.2 x 10e9M) tin, after different preconcen- 
tration periods from zero to 120 set (a-d). The longer 
the preconcentration time, the more metal complex 
is adsorbed on the surface, and the larger is the 
peak-current. For example, with preconcentration 
for 120 set, there is a IO-fold enhancement of the 
peak current relative to that obtained without pre- 
concentration (a us. d). As a result, excellent signal- 
to-background characteristics are obtained which 
permit convenient measurement at the subnanomolar 
concentration level. Also shown in Fig. 2 (inset) are 
plots of peak-current us. preconcentration time at 
three levels of tin: 0.5 (A), 1 (B) and 4 (C) pg/l. In 
all three cases the current increases linearly with time 
at first (up to 120 set) and then levels off [the slopes 
of the initial linear portions are 0.21 (A), 0.30 (B) and 
0.59 (C) nA/sec; correlation coefficients, 0.997 (A), 
0.995 (B,C)]. 

The adsorptive stripping response depends 
strongly on the solution pH (Fig. 3A). For example, 
increasing the pH from 3 to 4 results in a sharp 
increase in the peak-height; a gradual decrease in 
response is observed as the pH is raised further. A 
negative shift in the peak potential, from -0.54 to 
-0.75 V, accompanies the increase of pH from 3 to 
6. The concentration of tropolone has a pronounced 
effect on the adsorptive stripping response (Fig. 3B). 
The stripping peak for 12 pg/l. tin increases linearly 
with increase in the ligand concentration up to 
2 x 10W6M, above which it starts to level off. The 
dependence of the stripping peak current on the 
preconcentration potential was examined over the 
range from 0.0 to -0.60 V (Fig. 3C). A small and 

I I I 

3 4 5 6 

PH 

i 
I I I 

0.0 2.4 4.0 

Ligand concentration ( low6 M) 

160 (C) 
n C.-8.m 

100 I \ 

/. 

. 

40 .-.- .-.- l -w-* 

v 
Accumulation potential (V) 

Fig. 3. Effect of pH (A), tropolone concentration (B) and 
preconcentration potential (C) on the stripping peak cur- 
rent. Tin concentration, 10 (A), 12 (B) and 8 (C) pg/l. 
Preconcentration time, 60 (A,B) and 90 (C) sec. Precon- 
centration potential -0.45 V (A). Other conditions as for 

Fig. 1. 
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Fig. 4. Stripping voltamperograms for solutions of increasing tin concentration, l-3 pg/l. (a-c). 

Preconcentration for 30 sec. Other conditions as for Fig. 2. Also shown are the resulting iP VS. C and l/i, 
vs. l/C plots following 0 (A), 30 (B) and 60 (C) set preconcentration. 

stable peak was observed in the region from 0.0 to 
-0.30 V; substantially larger (Cfold) peaks were 
obtained following preconcentration over the range 
from -0.40 to -0.55 V. A sharp decrease in re- 
sponse was observed at potentials more negative than 
-0.55 V. Optimal conditions, used for all subsequent 
work, were acetate buffer solution (pH 4.0), 
4 x 10m6M tropolone, and a preconcentration poten- 
tial of -0.40 V. 

The magnitude of the stripping current peak is also 
affected by mass-transport (during the precon- 
centration) and by the voltammetric waveform used 
to measure the surface-bound complex. A 1 pg/l. tin 
solution and 120 set preconcentration period were 
employed to evaluate these effects: a 3-fold peak 
enhancement was obtained when the solution was 
stirred at 400 rpm (compared to a quiescent solution) 
and a differential pulse waveform yielded a slightly 
better signal-to-background ratio than linear scan 
measurements did. 

ANALYTICAL UTILITY 

The preconcentration effect associated with ad- 
sorption of the tin-tropolone complex results in an 
extremely low detection limit: the limit estimated 
from measurements of 0.7 pg/l. tin, following an 
8-min preconcentration (other conditions as in 
Fig. 2), and assuming a signal-to-noise ratio of 3, was 
28 rig/l.. (2.3 x 10-10M). This value means that in the 
10 ml of solution used, 280 pg of tin can be detected. 
Compared to conventional stripping procedures for 
tin4,12 the adsorptive approach lowers the detection 
limit by 1-2 orders of magnitude. The adsorptive 
stripping detection limit is substantially lower than 
that obtained by flame atomic-absorption spec- 

troscopy (AAS), and is comparable to that attained 
by the more costly electrothermal AAS.” Differential 
pulse polarographic measurements of the 
tin-tropolone complex permit detection of about 
1 pg/l. tin.* 

Quantitative evaluation is based on measurement 
of the peak current. Figure 4 illustrates the response 
for successive increases of 1 pg/l. in tin concentration 
with a 30-set preconcentration period (a-c). Weli- 
defined peaks are observed. These three peaks were 
part of a series of ten concentration increments, up to 
10 pg/l. tin. The resulting calibration plots, obtained 
with different preconcentration periods, are also 
shown in Fig. 4. As expected for processes limited by 
adsorption of the analyte, the response is linear only 
for very dilute solutions and/or short precon- 
centration periods, e.g., below 7 yg/l. with 30-see 
preconcentration. Non-linearity is observed for 
higher levels of tin. Reciprocal calibration plots, of 
l/i, vs. l/C, also shown in Fig. 4, can be used to 
extend the linear range over the entire range exam- 
ined. Statistical treatment of the data plotted in 
Fig. 4 (inset) is given in Table 1. The reproducibility 
was estimated from a series of 14 successive measure- 
ments on a 6+g/l. tin solution (60-set precon- 
centration). The mean peak current was 103.7 nA, 
with a range of 99-108, and a relative standard 
deviation of 2.6%. 

The major drawback of conventional anodic strip- 
ping measurements of tin is the poor resolution in 
the presence of lead, cadmium, indium and thallium. 
The selective co-ordination, associated with the ad- 
sorption approach, offers a very promising voltam- 
metric method for a highly selective determination 
of tin in the presence of these metals. For example, 
Fig. 5 compares measurements of 10 pg/l. tin in the 
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Table 1. Linear regression statistics for data plotted in Fig. 4 

Equation of Preconcentration Concentration 
response time, see range, pggll. r2 a, nA b, nA.l.pg-’ 

i,=a+bC 0 l-10 0.996 3.1 5.4 
30 l-7 0.997 4.9 13.0 
60 l-6 0.998 6.6 17.7 

a, nA-’ b, pg.l-‘.nA-’ 
l/i, = a + b/C 0 I-10 0.999 0.004 0.135 

30 l-10 0.999 0.002 0.060 
60 I-10 0.999 0.002 0.040 

presence of similar levels of lead and cadmium, by the 
adsorptive approach (A) and conventional stripping 
anodic stripping voltammetry (B). It is obvious that 
tin cannot be measured selectively by conventional 
stripping voltammetry, owing to severe peak overlap. 
In contrast, no effect of lead and cadmium on the tin 
peak-height is observed in the analogous adsorptive 
stripping measurements. Besides the substantial im- 
provement in selectivity, it is clear from Fig. 5 that 
the adsorption strategy offers improved sensitivity 
and overall detectability compared to conventional 
stripping measurements [A(a) vs. B(a)]. The effects of 
a wide range of other metals, present at the lo-pg/l. 
level, on the response for 5 pg/l. tin was evaluated for 
a 30-set preconcentration period. No change in peak- 
height for the tin-tropolone complex was observed in 
the presence of silver, zinc, nickel, bismuth, thallium, 
chromium or indium; gallium and copper enhanced 
the tin peak by 6 and 3%, respectively, while a 3% 
peak depression was observed in the presence of iron. 
Titanium yielded an overlapping response, with Ep 
ca. 75 mV more negative than the tin peak. In 
general, therefore, no major interference is caused by 
the presence of other metal ions. In contrast, organic 
surfactants that compete with the complex for the 

surface sites cause a substantial depression of the tin 
response (ca. 17 and 90% at the 1 mg/l. level for 
gelatin and dodecyl sodium sulphate, respectively for 
6 pg/l. tin, with 45-set preconcentration). Hence, 
destruction of organic surfactants by ultraviolet 
irradiation is recommended for samples containing 
relatively high levels of these materials. Similar 
surfactant interferences are expected to occur in 
analogous anodic stripping measurements.**13 

The suitability of this method for the deter- 
mination of tin in environmental and food samples 
is illustrated in Fig. 6. Three successive standard 
additions (of 1.0 or 0.5 pg/l. tin) to samples of a river 
water (A) and a diluted orange juice (B) respectively, 
resulted in well-defined adsorptive stripping peaks 
(curves b-d). The tin peak for the original sample 
(curve a) can thus be evaluated by means of the 
resulting standard-addition calibration plots (also 
shown in Fig. 6). These plots are linear with cor- 
relation coefficients of 0.999. The inherent sensitivity 
of the method permits significant sample dilution (B) 
or use of short preconcentration periods (A). The tin 
peak is not affected by overlapping signals, as it often 
is in analogous anodic stripping measurements. 
Definite tin peaks were observed for a similar analysis 

(A) 

i 

I 20 nA 

(6) 1 

- 0.4 -0.6 -0.6 
- 

Potential (V) 

Fig. 5. Measurements of tin in the presence of lead and cadmium by (A) adsorptive stripping voltammetry 
and (B) differential pulse anodic stripping voltammetry. (a) 10 rg/l. lead; (c) same as (b) but after addition 
of 10 pg/l. lead; (c) same as (b) but after addition of 10 pg/l. cadmium. F’reconcentration for 60 set at 
-0.4 (A) and - 1.2 (B) V. Other conditions as for Fig. 2, except that tropolone was not present in B. 
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Fig. 6. Measurements of tin in river water (A) and canned 
orange juice (B). (a) Voltamperogram for the sample; 
(b-d) successive concentration increments of 1 (A) and 
0.5 (B) pg/l. tin. Samples were as follows: (A) 9 ml of 
natural water + 1 ml of supporting electrolyte containing 
4 x 10e6M tropolone; (B) a lO-~1 aliquot of the hundredfold 
diluted orange juice added to 10 ml of supporting electrolyte 
solution, containing 4 x 10e6M tropolone. Precon- 
centration for 60 (A) and 30 (B) sec. Other conditions as for 

Fig. 2. 

of a canned Coca-Cola sample. A similar assay of a 

canned tomato juice sample was less successful be- 

cause of interference from non-electroactive surfac- 

tants, competing for adsorption sites. 

When the method is applied to environmental 

samples, it is not at present clear which fraction of the 

tin is actually being measured. Because the ad- 

sorption approach is based on detection principles 

fundamentally different from those of conventional 

anodic stripping voltammetry, it may well not give 

the same result, depending on the nature of the tin 

species present. Further investigation is being made 

of this important question, with respect to tin species 

(organic and inorganic) in particular, and the distri- 

bution of other metals currently being measured by 

the adsorption approach, in general. 
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Summary-A flow-injection configuration for the determination of the viscosity of water-miscible samples 
is proposed. The method is based on the use of an open-closed flow-injection system involving a trapped 
sample (carrier) and injection of a dye plug. The behaviour of the plug is monitored photometrically by 
a detector included in the circuit. The parameters of the multipeak recording obtained are related to the 
viscosity, which can be determined in the range 1-28 cp with an r.s.d. of about f 1%. 

The food industry makes frequent use of rheological 
measurements, particularly of viscosity. This physical 
parameter, used to characterize a liquid rheologically, 
can be defined as the internal friction of the liquid 
(i.e., its resistance to flow).’ Viscosity is evaluated 
through the viscosity coefficient, 9, measured in 
poise (p). There are several experimental procedures 
available for its determination, e.g., flow through 
tubes (Ostwald viscometer), descent of a solid 

through liquids, rotational and vibrational vis- 
cometers. By their similarity to unsegmented flow 
systems (especially those used in flow-injection analy- 
sis, FIA) some of the devices used (e.g., the Ostwald 
viscometer) for measuring viscosity, constitute a 
potential tool for the study or determination of the 
viscosity of Newtonian liquids (laminar flow regime). 
Some papers on this topic have been published in the 
last few years, the earliest being a communication by 
Betteridge and RdiiEka* in 1976. These authors used 
a single-channel FIA system to study the influence of 
viscosity on the photometric signals obtained for 
different glycerol-water mixtures into which a dye 
was injected. Later, Betteridge et al. proposed an 
automatic microcomputer-controlled viscometer 
based on an FIA system,) and applied it to the 
measurement of viscosity and diffusion coefficients.4 
The system was in effect a modified Ostwald vis- 
cometer and involved measurement of the time re- 
quired by the sample to travel a fixed distance (the 
flow was gravity-based). These authors compared 
and discussed the advantages of photometric (use of 
a dye) and conductimetric (use of a salt) detection for 
this type of measurement. 

The present paper reports the use of an FIA 
configuration based on the trapping of a bolus within 
an open-closed system, including a peristaltic pump, 
an injection valve and a photometric detector. The 
circuit is opened between introduction of consecutive 
samples, to flush the system. The atypical signals 
obtained provide valuable information.s These sys- 
tems were used earlier for individual and simul- 
taneous determinations, u development of amplifi- 

cation and dilution methods,5s7 speciation studies**’ 
and calculation of stoichiometries.” The viscosity 
of a sample dramatically affects the dispersion or 
dilution of a plug injected into a closed system; this 
effect, shown in the multipeak recording, allows 
the convenient determination of viscosity, from the 
different parameters characterizing the FIA signal, by 
use of conventional instrumentation. 

EXPERIMENTAL 

Apparatus 

A Pve-Unicam SP-500 single-beam spectrophotometer 
equipped with a Hellma 178.124.3 flow-&l1 (inner volume 
18 ~1) and connected to a Radiometer REC-80 recorder was 
used as detector. A Gilson Minipuls-2 peristaltic pump and 
two Rheodyne 5041 injection valves were also used. 

Reagents 

A Bromocresol Green stock solution was prepared by 
dissolving 0.100 g of the dye in 25 ml of 10w2M borax 
solution. Aqueous sucrose solutions were prepared as re- 
quired. 

Configuration 

The manifold used is shown in Fig. 1. The sample for 
viscosity determination acts as a carrier and circulates 
continuously in the system. The selecting valve is a dway 
valve with one channel blocked off and the others arranged 
so that in the “open” position the valve allows the sample 
to be driven to the detector, and then to waste through W, . 
Once the sample has filled the system, the valve S is turned 
to the closed position, connecting the sample flow (channel 
1) to waste through W, and allowing continuous circulation 
of the liquid in channel 2 with the aid of pump P’ (or one 
of the lines of pump P). The dye (Bromocresol Green) is 
then injected through valve V,. The plug of dye passes 
through the detector as many times as required (multi- 
detection with a single detector) to become completely 
homogenized with the liquid trapped in channel 2. The 
process is monitored photometrically at 617 nm. 

RRSULTS AND DISCUSSION 

Viscosity measurements on substances flowing 
through tubes are based on Poiseuille’s law, i.e. 

q = npr4/8 t$, where q is the flow-rate, p the difference 
in pressure between the ends of the tube, r the tube 
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P 

DYE SOLUTION 

P 

SAMPLE PHOTOMETER 

Fig. 1. Open-closed flow-injection manifold used for the determination of viscosity. 

radius, 1 its length, and q the viscosity. Nevertheless, 
absolute viscosities are seldom determined, because 
they require prior knowledge of the values of the 
variables in the expression above. Thus, it is much 
commoner to determine relative viscosities by use of 
water or sucrose solutions as reference standards. 
Viscometers are usually calibrated with sucrose solu- 
tions, the viscosity of which varies exponentially with 
concentration. Sucrose solutions of known viscosity 
were used as reference standards in the present work. 

Interference by refracted light 

In the proposed configuration (Fig. l), the sample 
acts as the carrier and the dye is injected. Otherwise 
the result would be the occurrence of negative peaks 
and a complex multipeak recording, resulting from 

the appearance of a series of parasitic peaks, as 
shown in Fig. 2. According to Betteridge et al.,” these 
peaks are due to the difference in refractive index 
of the sample and carrier solutions when the 
sample-carrier interfaces pass through the photo- 
metric detector. When the refractive index of the 
injected plug is higher than that of the carrier solu- 
tion, the incident radiation is refracted by the 
sample-carrier interface towards the cell walls and so 
does not interfere in the detection. Nevertheless, we 
have found that not all of the refracted radiation is 
directed away from the phototube (Fig. 2). 

Taking these facts into account, we elected to use 
the manifold shown in Fig. 1, in which the sample is 
used both as the carrier and as the medium for the 
injected solution, the latter consisting of the sample 

0 1 absorbance 

(b) (c) 

(a) 

Fig. 2. Multipeak recordings: (a) by norrnal FIA (injection of a viscous substance into an aqueous solution 
of dye), (b) by reverse FIA, (c) by reverse FIA and equalization of the viscosity of the sample and the 

carrier. 
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50 

Fig. 3. Influence of viscosity (0) and refractive index (A) 
on the absorbance of sucrose at different concentrations 

(a, a’, first peaks; b, b’, second peaks; c, third peak). 

plus 1% v/v of a 4-g/1. Bromocresol Green solution. 
In this way the refractive index of the carrier and 
injected plug is made practically identical, and the 
contribution of this to the signals obtained can be 
determined by injecting an aqueous 1% (v/v) solution 
of the Bromocresol Green. The contribution of these 
two physical parameters (viscosity and refractive 
index) to the signal is illustrated in Fig. 3. The nature 
of these contributions is different, because the latter 
is a purely optical effect, whereas the former affects 
the hydrodynamic characteristics of the system, de- 
termining the rate of homogenization with the liquid 
enclosed in the circuit. As can be seen from Fig. 3, the 
contribution of refraction to the signal dramatically 
decreases from the first to the second peak. 

Kinetics of the process 

As viscosity is a measure of the internal resistance 
to flow in a liquid, the configuration proposed in this 
paper may be used in the study of the kinetics of 
dispersion of the injected dye when the viscosity of 
the carrier solution is changed. Although the en- 
velopes of the maxima and minima of the recording 
obtained define the kinetic profiles of the process, 
they also allow the following characteristic parame- 
ters to be obtained. 

(n) The rate constant of the dilution process, k, 
(first order): u = k,[dye]. In this case, the equation 
log(A, - A,) = log& - A,) - 0.434k, t (where AO, 
A, and A, are the initial absorbance, absorbance at 
time t and absorbance at equilibrium, respectively) is 
obeyed. The plot of log(A, - A,) as a function of 
time is a straight line with slope -0.434k,. 

(b) The average rate of dye dilution between 
successive peaks, 6, can be calculated from the expres- 
sion (A, - A1)/(t2 - t,), where the absorbances and 
corresponding residence times are indicated by the 
subscripts. 

(c) The overall time required to attain equilibrium, 
t, , which is a measure of the kinetics of the process. 

(d) An overall constant, k,, the sum of the absorb- 
antes at all maxima and minima, characteristic for 
each carrier solution viscosity under the given work- 
ing conditions. It is a kinetic parameter that is also 
dependent on q. 

Kinetic equation 

The influence of the different variables on the 
overall process (especially the FIA variables) can be 
determined through their respective partial reaction 
orders, obtained from the plot of log 6 US. log (vari- 
able). The results can be used to establish the overall 
kinetic equation of the process, which in an un- 
segmented flow technique such as FIA, is also a 
function of the geometric and hydrodynamic charac- 
teristics of the system. In this case, the equation 
obtained is of the form: 

6 = k,C/q + k;q3’ZL-2’3V, 

where k, and k: are rate constants, C is the molar 
concentration of Bromocresol Green, q is the 
flow-rate (ml/mm), L the reactor length (cm, bore 
constant at 0.5 mm) and Vi the injected volume 011). 
The second term on the right-hand side includes the 
influence of the FIA variables on the overall process 
considered in the first term (dilution of a dye in a 
solution of given viscosity). It is noteworthy that q 
and V, have a positive influence on 6, but the influence 
of L is negative. The values of the FIA variables 
(Fig. 1) used to study the effect of n and the dye 
concentration on B were, q = 2.9 ml/min; V, = 30 ~1; 
L = 80 cm; L’ = 15 cm, Cp = 0.5 mm. As demon- 
strated above, the process is first order with respect 
to C and inverse first order with respect to n. 

Efect of temperature 

Temperature is the variable which has the greatest 
influence on viscosity. By studying the effect of this 
variable on parameters such as t, and k, (inversely 
and directly proportional to viscosity, respectively) it 
is possible to quantify this influence. Figure 4 shows 

7 
- 0.030 : 

x! 

T(V) 

Fig. 4. Variation of the time needed for the attainment of 
equilibrium as a function of the rate constant (k,) and 

temperature. 
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(a) 0 085 absorbance 

Fig. 5. Recordings for sucrose samples of different viscosities; (a) 1.5 cp; (b) 2.0 cp; (c) 3.2 cp; (d) 6.2 cp. 

the variation of these parameters with temperature attainment of equilibrium (t,) decreases with in- 
(T), which satisfies an exponential equation of the crease in viscosity. This apparent contradiction may 
type q = a exp(b/T), where a and b are constants and be attributed to increasing thickness of the wall-film 
a logarithmic plot of viscosity against the reciprocal with increasing viscosity, and presumably more 
of the temperature is linear. efficient mixing with the carrier stream. 

log(l/t,) = 1.38 x 103/T - 6.95 

log k, = 1.40 x 103/T - 6.27 

The slopes and intercepts of the lines should give b 
and a, respectively. 

Determination of viscosity 

It is possible to determine the viscosity of a sample 
from the parameters defined above. The recordings 
obtained for sucrose solutions of different viscosities 
appear in Fig. 5. The viscosity of the samples must 
lie between 1.005 cp (distilled water) and 28 cp. More 
viscous samples cause unacceptably high pressures in 
the flow system. According to the kinetic equation, 
the order with respect to viscosity is -1 (the rate 
decreases with increasing viscosity), but the record- 
ings in Fig. 5 show that the time required for the 

The salient features of the determination of vis- 
cosity from the different parameters are summarized 
in Table 1. All the parameters conform to linear 
equations, thus making possible the direct deter- 
mination of viscosity from any of them. The par- 
ameters based on a single absorbance measurement 
(conventional FIA peaks at different residence times: 
A,, A, and A,) show poorer regression coefficients 
and less favourable determinations than do those 
achieved through measurements based on the overall 
kinetics of the process. Nevertheless, measurements 
based on these parameters provide higher sampling 
frequencies as they do not require the complete 
recording to be obtained. The determination of vis- 
cosity from fi suffers from the shortcoming of a 
regression similar to that of the determinations based 
on A,, and viscosities determined from t, are subject 
to imprecise measurements of the final absorbance 

Table 1. Features of the determination of viscosity from different parameters obtained with the 
open-closed flow system used 

Parameter Equation of the Regression r.s.d.,t 
measured calibration curve* coefficient % Samples/hr 

A, A, = 0.0413q + 0.590 0.9866 +2.04 15 
A, A, = 0.0382~ + 0.334 0.9705 + 1.89 45 
A3 A, = 0.0246~ + 0.247 0.9347 k1.82 30 

k” 
d = -6.71 x lo-‘q + 7.6 x 1O-3 0.9852 k1.37 45 

kY, 

k, = 4.95 x lo-‘q + 9.4 x IO-’ 0.9986 kO.92 15 
k, = -0.125~ + 1.683 0.9991 f1.21 20 

L 1, = -49.4~ + 463 0.9978 rt 1.60 15 

*q = viscosity (cp); d = average rate between the first two maxima (set-I); k, in set-‘; t, in 
set; at 20°C. 

tFor q = 3.2 cp (11 samples). 
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(the equilibrium is considered to have been attained 
when the absorbance is within the range A f 0.005). 
The measurement of k, (sum of the maximum and 
minimum absorbances, with values higher or lower, 
respectively, than that corresponding to A f 0.005) is 
an intermediate method between the single measure- 
ment of A, and the use of the typically kinetic 
parameters defined as a function of the time 
(6, k,, t,), and its measurement involves the appli- 
cation of an amplification method providing good 
regression coefficients and precision. 

As the sensitivity of the two methods, expressed in 
identical units, is comparable, only the following 
comparisons can be made. 

Sensitivity of the determination based on absorb- 
ance measurements: 

k,>>A, > A, > A,. 

Sensitivity of the determinations based on time 
measurements: 

k,>>v > t,. 

Thus, we may conclude that viscosity deter- 
minations based on the measurement of k, and k, are 
the most advantageous (the former increases and the 
latter decreases with increasing viscosity). 

CONCLUSIONS 

The use of an open-closed flow-injection system 

for viscosity measurements is an easy way of auto- 
mating control of this physical parameter. The large 
amount of information provided by these systems 
allows the manipulation of a variety of parameters 
directly related to viscosity. The monitoring is done 
photometrically and the instrumentation used is the 
same as that employed in control or research labora- 
tories. The contribution of refraction effects to the 
observed signals is conveniently eliminated, so the 
signals depend on sample viscosity alone. 
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Summary-A microcomputer-aided continuous-flow system was constructed for the determination of 
chloride in the non-linear electrode-response region from 10 to 0.1 mg/l. Interpolation by spline function 
was used to calculate the concentration from the measured potential. As few as four points were enough 
to obtain a practical calibration curve, plotted as E vs. log c. The interferences of bromide and iodide 
(at weight ratios ~0.1 to chloride) could be removed by adding colloidal silver chloride continuously in 
the flow stream. Analysis of rain and snow containing 0.07-8.8 mg/l. chloride showed fairly good 
agreement with that by ion-chromatography. 

Recently the analysis of atmospheric precipitation 
has become more and more important in environ- 
mental chemistry, in connection with air pollution 
and acid rain. 

Although methods such as spectrophotometry and 
ion-chromatography are often used for rain water 
analysis, the use of ion-selective electrodes does not 
seem to have been fully exploited.‘” One reason for 
this is that the concentrations of ionic species in rain 
water are usually lower than the linear response 
ranges of the electrodes. 

The most significant characteristic of rain water is 
that the concentration of its chemical contents varies 
widely during the rainfall. For example, the concen- 
tration of chloride is usually several mg/l. at the 
beginning and below 1 mg/l. towards the end. A 
concentration change of two orders of magnitude 
may be observed. Because ion-selective electrodes 
have a wide dynamic range, they can be used advan- 
tageously in rain water analysis, if their detection 
limits are sufficiently low. With the silver chloride 
based chloride ion-selective electrode, the detection 
limit of 0.1 mg/l. is usually low enough for chloride 
determination in rain water. 

Recently, a few papers on the continuous flow 
determination of chloride by means of a chloride 
ion-selective electrode have appearedc6 but the 
problem of determination in the non-linear cali- 
bration range has not been dealt with. 

In this paper, a system for continuous flow deter- 
mination of chloride is described. The possible inter- 

*Author for correspondence. 

ference of bromide and iodide is removed by the 
silver chloride pretreatment reported previously.’ A 
microcomputer is used for data-acquisition, cali- 
bration and calculation of results. Several inter- 
polation methods are compared and it is concluded 
that a spline function serves best. 

EXPERIMENTAL 

Apparatus 
Electrodes. An Orion 94-17B solid-state chloride ion- 

selective electrode was used for the batchwise determination. 
A tubular chloride ion-selective electrode was made from 
copper pipe, 2 cm long and 0.28 cm in bore. Its inner surface 
was first plated with silver, which was then electro-oxidii 
in O.lM potassium chloride to form a silver chloride layer. 
This electrode was used in combination with an Orion 
double-junction reference electrode (Model 9042). The 
outer filling solution was 1M sodium nitrate in 30% v/v 
methanol. 

Measurement of potential. The electrode potentials at 
room temperature (20 f 3”) were measured with 0.1 mV 
precision by an Orion Model 701A digital pH/mV meter 
and recorded by an analogue pen recorder (Rikadenki 
Model R-lo), and also transmitted every 0.6 set to an NEC 
PC8801 Mk II microcomputer through an 8-bit parallel 
interface. 

Flow system. A schematic diagram of the flow system is 
shown in Fig. 1. Sample or standard solution was mixed 
with colloidal silver chloride solution to remove bromide 
and iodide impurities and then passed through the tubular 
electrode. The colloidal silver chloride was formed by 
mixing solutions I and II: 
I: n x 2.93 x lo-‘M AgNO, + SOOmg/l. Tween 80 (poly- 
oxyethylene sorbitan mono-oleate) + 0.17M NaNO, in 
95% v/v methanol, 
II: n x 2.93 x IO-‘M NaCl + 500 mg/l. Tween 80 + 0.17M 
NaNO, in 95% methanol solution. 

921 
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Fig. 1. Schematic diagram of continuous flow system (MS, magnetic stirrer; MCh, mixing chamber; MCo, 
mixing coil; DC, drop chamber; ISE, tubular chloride ion-selective electrode; RE, reference electrode). 

Compositions of solutions I and II are given in the text. 

The Tween 80 was added to stabilize the colloid.’ The 
value of n was 1, 2 or 4. The flow-rate was 3.0 ml/min 
for sample solution and 0.6Xi.7 ml/min for the colloidal 
solution unless otherwise stated. The flow-rates of solutions 
I and II were adjusted to be the same (within 1%). 

The mixing chamber contained about 0.2 ml of solution 
and a magnetic stirring bar 6 mm long. The mixing coil was 
a Teflon tube 2.7 m long and 1 mm in bore. The drop 
chamber was used to reduce electrical noise.* 

ion-chromufogruph. Ion-chromatographic measurements 
were made at the Shiga Prefecture Institute of Public Health 
and Environmental Science with a Dionex 202Oi ion- 
chromatograph. 

Sampling of ruin water. Rain water was collected with a 
large funnel, diameter 30 cm. 

Reugen ts 
Analytical-reagent grade inorganic salts were used with- 

out further purification. Distilled demineralized water was 
used throughout. The composition of the silver plating 
solution was 36 g/l. silver cyanide, 60 g/l. potassium cyanide 
and 15 g/l. potassium carbonak9 

Principle of the system 
Standard chloride solutions were measured, starting with 

the most dilute. Equilibrium potentials were recorded after 
the potential change was less than 0.15 mV/tnin. From the 
data set of equilibrium potential and logarithm of the 
chloride concentration, the third order spline function was 
calculated to express the potential as a function of log [Cl-] 
(in mg/l.).iO The spline function is one of the interpolation 
methods used in various fields.“-‘3 The concentration of 
chloride in the sample was calculated by solving the non- 
linear equation numerically, by an interval-halving method 

(Brent method”,“) with 0.03 and 10 mg/l. as the initial 
va1ues.s The whole procedure was programmed in BASIC. 

RESULTS AND DISCUSSION 

Eflect of methanol 

In the flow system, the sample was inevitably 
diluted by addition of the colloidal silver chloride 
solution and ionic-strength adjuster. To compensate 
for the resultant decrease in concentration organic 
solvents were added.16 Table 1 shows the effect of 
addition of increasing proportions of methanol. It 
should be noted that the final concentrations de- 
creased as the volume of methanol added was in- 
creased. Because the calibration graph is curved in 
the two concentration ranges examined, the dilution 
decreases the potential difference between the pairs of 
standard solutions, but this is partly offset by the 
effect of the methanol on the electrode response. 

E#ect of silver chloride 

In our previous paper,’ the interference of bro- 
mide, iodide and sulphide in the low concentration 
range was examined and found to be much lower 
than expected from the solubility products. For bro- 
mide, the selectivity coefficient was estimated to be 
between 10 and 100. Addition of colloidal silver 

Table 1. Effect of methanol on electrode sensitivity 

[MeOH], % u/o 0 10 20 30 40 60 80 90 
AEl 22.1 23.1 25.6 27.4 27.7 27.3 23.9 19.0 
AE2 49.3 51.6 51.2 52.7 52.4 54.0 50.7 47.5 

AEl: difference between potentials for 0.1 and 1 mg/l. Cl-, mV; AE2: 
difference between potentials for 1 and 10 mg/l. Cl-, mV; (the 
concentrations are those corresponding to the concentration of the 
standards before dilution with methanol), Orion 9417B chloride 
ion-selective electrode. Ionic strength adjusted by adding 0.5 ml of 2M 
KN03 to 20 ml of sample. 
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Table 2. Effect of silver chloride on the interference from bromide 
or iodide 

[Cl-] found, mg/l. 

Sample a* b* C* 

0.1 mg/l. Cl- + 0.1 mg/l. Br- 0.100 0.100 0.100 
+ 0.01 mg/l. I- 0.104 0.108 0.100 

1.0 mg/l. Cl- + 0.1 mg/l. Br- 1.04 1.05 1.04 
+O.l mg/l. I- I .02 1.03 1.01 

10 mg/l. Cl- + 1 mg/l. Br- 10.8 10.4 10.4 
+ 1 mg/l. I- 10.5 10.3 10.2 

*Concentrations of silver nitrate and sodium chloride for a, b 
and c were 1,2 and 4 x 2.93 x lo-‘M, respectively. Values were 
measured by spline interpolation. 

chloride was found to remove the interference from 
bromide in stream waters. Though the concentration 
of bromide in rain water is usually below 0.01 mg/l.,” 
which is too low to give an appreciable effect, we have 
experienced interference with some of the rain water 
samples. Table 2 shows that the interference was 
completely removed when the concentration of 
colloidal silver chloride used was higher than 
5.86 x 10m4M (10 times the molarity of 1 mg/l. bro- 
mide). About 4% and 2% positive error was expected 
if there was complete ion-exchange from silver chlor- 
ide to silver bromide or iodide, respectively.’ Thus 
the limitation of the suppression system is that the 
molar ratio of bromide or iodide to chloride must be 
small enough, since a positive error in the measured 
chloride concentration is inevitably incurred after the 
ion-exchange. 

Calibration graph 

The calibration graph for the system is shown in 
Fig. 2, together with the batchwise calibration graph 
for use of the AgCl/Ag,S-based Orion chloride ion- 
selective electrode. There is little difference between 
these calibration graphs, and the homemade elec- 

(a) 

250 - 

Fig. 2. Calibration curves and continuous flow record for 
chloride ion-selective electrodes in the non-linear range. (a) 
Orion 94-17B solid-state chloride ion-selective electrode. (b) 
Tubular chloride ion-selective electrode. (c) Continuous 
flow record of tubular chloride ion-selective electrode 

response. 

trode is equal to the commercial electrode at least in 
terms of sensitivity. 

The tubular electrode is more suitable for a flow 
system than the usual stick-type electrode, because it 
can be incorporated within the flow system without 
need for a flow 1~11.‘~~’ It took about 1.5 min for 
newly introduced solution to reach the electrode 
surface and then 2.5 min to reach the equilibrium 
potential (constant to within 0.1 mV). The response 
time was somewhat slower than that (N 2 min) of the 
Orion chloride electrode. 

Precision and accuracy 

The relative standard deviation increased as the 
chloride concentration decreased (Table 3), on ac- 
count of the curvature of the calibration graph. No 
concentration dependence of the standard deviation 
was observed. The relative error of an individual 
value at 0.1 mg/l. was about f 10%. The data indi- 
cate that the detection limit is about 0.1 mg/l. 

Interpolation 

To determine the concentration from the observed 
potential in the non-linear region, several interp- 
olation methods have been devised and used. Jain 
and Schultz *’ divided the methods into three groups, 
(1) graphical methods, (2) methods based on the 
non-ideal behaviour of the electrodes, (3) method 
based on non-linear calibration with least-square 
splines. The graphical method is not suitable for 
on-line measurement. Method 2 was adopted by Jain 
and Schultz, who expressed the non-ideal behaviour 
of the electrode by the potential function derived by 
Midgley, in which the solubility product of silver 
chloride was taken into consideration.22 There are 
two major reasons why we did not adopt method (2). 
One is that a single potential function could not apply 
to the calibration graph over such a wide concen- 
tration range as in this study (see Fig. 2), and a linear 
relationship to potential holds only over a very low 
concentration range of chloride.5 The other reason is 
that the solubility product of silver chloride in our 
system is different from that in a purely aqueous 
medium, because of the addition of methanol and 
ionic strength adjuster. Moreover, the Marquardt 
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Table 3. Precision and accuracy of five successive measurements* 

P-l, m&T/l. 

Run 0.05 0.1 0.2 0.5 1 2 5 IO 

1 0.037 0.091 0.207 0.528 1.00 1.98 4.94 9.92 
2 0.037 0.104 0.210 0.496 1.00 2.14 4.98 9.92 
3 0.055 0.112 0.223 0.492 0.989 2.05 5.16 10.1 
4 0.030 0.091 0.210 0.512 0.989 1.92 5.00 9.55 
5 0.037 0.112 0.190 0.488 1.02 2.01 4.92 9.88 

mean 0.039 0.102 0.208 0.503 1.00 2.02 5.00 9.88 
rsd, % 24 10 5.7 3.3 1.3 4.1 1.9 2.0 

error, % -22 2.0 4.0 0.6 0.0 1.1 0.0 - 1.2 

*Potentials of standard solutions for calibration was constructed were 247.6,246.6,243.8,235.2,224.5, 
209.7, 187.6 and 169.9 mV for the eight solutions from 0.05 to 10 mg/l. respectively. 

method used*’ requires too much calculation time on 
an 8-bit microcomputer BASIC system. 

Method 3 was adopted by Frazer et al., but their 
method was too complicated and needed soph- 
isticated devices for controlling a titration pro- 
cedure.13 The spline function was believed to be 
suitable to describe correctly the curvature of the 
calibration graph. To implement spline interpolation 
with an &bit microcomputer, it is much easier to take 
log c as ordinate and E as abscissa, since the concen- 
tration can then be obtained directly from the mea- 
sured potential. With log c as abscissa, however, it is 
necessary to solve the non-linear function of E vs. 

log c numerically to obtain a good approximation 
of the concentration. The interval-halving method 
(Brent methodi4,is) was used for the purpose. The 
calculation time is as long as 20-30 set, depending on 
the final concentration. 

Table 4 compares the spline interpolation methods 
and an n th order polynomial by using the data 
obtained. If eight points were used for the calibration, 
the relative error was less than -5% for all three 
interpolation methods, and arises from the error in 
measurement rather than in interpolation. In the 
spline interpolation of log c vs. E, the relative error 
depends on both the number and location of the 

measurement points, and at least six properly spaced 
points are necessary to construct a practical cali- 
bration curve (case C). In contrast, in the spline 
interpolation of E vs. log c, the relative error is c 5% 
irrespective of the number of measurement points 
unless there are less than four, which is too few for 
construction (case H) of a reasonable calibration 
graph. Figure 3 shows that for four calibration 
points, the use of log c as ordinate gives an abnormal 
shape of calibration curve, whereas with log c as 
abscissa the shape is normal (and coincident with a 
manual plot). This result clearly demonstrates that 
spline interpolation can give rise to completely 
different plots that cannot be interconverted by 
rotation and inversion. This fact should be noted 
together with the observation that oscillation might 
occur if the points are not appropriately sited. It was 
concluded that four points would be enough to 
construct a calibration curve as accurate as that 
prepared with eight points as demonstrated in case G 
of Table 4. To verify this conclusion, a comparison 
was made as shown in Table 5. The values for 0.05 
and 0.08 mg/l. were obtained by extrapolation in the 
case of the four-point calibration. No significant diff- 
erence in relative error was observed. Interpolation 
by nth order polynomial gave reasonable results 

Table 4. Comparison of various interpolation methods for the determination of chloride in the 
non-linear response range 

Range of relative errors, %* 

No. of Concns., Spline Spline 
Case points mgll. (E, log c) (log c, E) nth Polynomial (n) 

A 8 0.05,o. 1,0.2, -1.2 to +4.0 -1.2 to +4.0 -1.2 to f5.1 (5) 
0.5, 1, 2, 5, 10 

B 6 0.05, 0.1, 0.2, -6.8 to +12 -2.3 to f4.0 -2.5 to +4.0 (5) 
0.5, 2, 10 

C 6 0.05, 0.1, 0.2, -1.2 to f4.0 -1.1 to f4.3 -1.1 to +4.8 (5) 
0.5, 1, 10 

D 5 0.05, 0.1, 0.2, -16 to f28 -1.1 to f4.5 - 1.2 to +4.0 (4) 
1, 10 

E 5 0.05, 0.1, 0.5, -47 to +98 -2.3 to +3.5 -2.0 to +4.0 (4) 
2, 10 

F 4 0.05, 0.2, 1, 10 -46 to +89 -1.1 to +4.5 -2.9 to +9.4 (3) 
G 4 0.1, 0.5, 2, 10 -20 to +I8 -4.9 to + 1.2 -3.4 to + 16 (3) 
H 3 0.1, 1, 10 -30 to +43 -19 to +7.1 -4.4 to +10 (2) 

*Range of seven relative errors for chloride from 0.1 mg/l. to 10 mg/l. 
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150 200 250 

E, mV 

Fig. 3. Calibration curves obtained by spline function: (a) 
log c as a function of E; (b) E as a function of log c. 

provided at least five points were used. Spline interp- 
olation is often superior to the n th order polynomial 
interpolation, especially as the latter is more sus- 
ceptible to unnecessary oscillation.r2 

Analysis of rain and snow 

Analysis of rain and snow was performed, with 
eight-point calibration. The results agreed fairly well 
with those of ion-chromatography, the relative 
difference being within 10% for 12 samples with 
chloride concentration > 0.75 mg/l. 

I 
O 20:oo 

I 
21:Oo 

Time, hr: mm 

Fig. 4. Continuous monitoring of rain-water: Dashed line 
indicates amount of rainfall was below sampling rate (1 
ml/min) during this period. Concentration and flow-rate of 

AgNO, and NaCl; 1.17 x 10-‘M and 0.19 ml/min. 

Rain water was continuously monitored with the 
system and the results are shown in Fig. 4. Although 
the amount of rainfall sometimes became less than 
the sampling rate (1 ml/min), the decrease in chloride 
concentration was clearly demonstrated. The drift of 
the standard electrode potential was 0.5 mV/hr dur- 
ing the measurement. 

This system will be more useful and practical if the 
flow-rate can be arranged to vary automatically with 
the amount of rainfall, and the whole system 
modified to be portable. The non-linear calibration 
by the spline function can be used advantageously for 
other electrode systems, especially in the low concen- 
tration range. 

Acknowledgement-We are indebted to Messrs. Y. Tanaka 
and S. Ichiki of the Shiga Prefecture Institute of Public 
Health and Environmental Science for their offer of rain and 
snow water samples together with the ion-chromatography 
data for them. 

Table 5. Comparison of spline interpolations from four and eight mea- 
surement points 

[Cl-] taken, 
mgll. 

Four points* 

[Cl- 11 found, Error, 
mgll. % 

Eight points* 

[Cl-] found, Error, 
mgll. % 

0.050 0.068 36 0.040 -20 
0.080 0.093 16 0.091 14 
0.100 0.107 7 0.109 9 
0.200 0.229 15 0.222 11 
0.400 0.446 12 0.442 11 
0.500 0.520 4 0.522 4 
0.800 0.834 4 0.863 8 
1.00 1.06 6 1.09 9 
2.00 2.00 0 2.00 0 
4.00 3.91 -2 3.98 -1 
5.00 4.90 -2 5.00 0 

10.0 10.2 2 10.2 2 

*Concentration of standards were 0.1, 0.5, 2 and 10 mg/l. for four-point 
calibration and 0.05, 0.1, 0.2, 0.5, 1, 2, 5 and 10 mg/l. for eight-point 
calibration. Interpolation with log c as abscissa and E as ordinate. 
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Snrnmq-The sensitivities for metal determination by GFAAS in the peak-height and integration modes 
were examined with pyrolytic graphite (PG) and non-pyrolytic graphite (NPG) tubes for 34 elements. It 
was found that there are periodic trends of the mole sensitivity and the elements can be classified according 
to whether their sensitivity of determination is enhanced by use of (a) the PG tube (alkali, alkaline-earth 
and transition metals); (b) the NPG tube. (semi-metals); about equally by both tubes (Mg, Zn, Cd, 
and Pb). The mole sensitivity pM for atomic-absorption spectrometry (AAS) was defined as 
pM = -log(m,/A,) where mh is the weight of an element corresponding to 1% absorption and A, is the 
atomic weight. It was found that the pM values for graphite furnace AAS have a Periodic trend similar 
to that for flame AAS and atomic-fluorescence spectrometry. 

Important furnace-tube properties that govern the 
sensitivity in graphite-furnace atomic-absorption 
spectrometry (GFAAS) include permeability to gases 
and reactivity with analyte elements in such processes 
as reduction, and formation of carbides and lamellar 
compounds.’ Of the modifications proposed for im- 
provement in the quality of furnace tubes, coating 
with a thin layer of pyrolytic graphite is now popular. 
However, the pyrolytic graphite (PG) tube is not 
always superior to the non-pyrolytic graphite (NPG) 
tube, the effect varying greatly from element to 
element.2-17 Thus there is an improvement in sensi- 
tivity for molybdenum6,” but a deterioration in sensi- 
tivity for volatile selenium.2*3 The dependence of 
sensitivity on the nature of the graphite surface has 
been well explored for some elements, but few sys- 
tematic studies based on the periodic table have been 
reported. 

In GFAAS the sensitivity (m,,) is usually reported 
as the weight of element required to give 1% absorp- 
tion (i.e., 0.0044 absorbance) and is evaluated by 
means of the equation 

M,, = O.O044m/A, (1) 

where m is the weight of element giving a peak 
absorbance A,. Slavin and Camrick’k developed the 
concept of “characteristic mass” in terms of the 
number of picograms of element needed to give an 
integrated absorbance signal equivalant to 0.0044 set, 

*Present address: Laboratory of Anhui Geological Bureau, 
Hefei, Anhui, People’s Republic of China. 

tAuthors for correspondence. 
OPresent address: Fukui Institute of Technology, Gakuen 

3-618, Fukui 910, Japan. 

and suggested that the characteristic masses for Cd, 
Al, As, Pb, Se, and Tl are remarkably stable and 
independent of experimental conditions and matrix. 
However, those values are still governed by the 
atomic weights of the elements, in addition to the 
resonance-line oscillator strengths and the ground- 
level populations.’ 

We therefore propose the concept of “mole sensi- 
tivity” PM, defined as 

pM = -log m,/A, (2) 

where A, is the atomic weight. When there are no 
effects caused by differences in the atomizer and 
instrument used, it is expected that the pM values will 
be a “characteristic” parameter. 

The purpose of the present work was to examine 
the relation between sensitivity and position in the 
periodic table, and its dependence on the qualities of 
the tube surface. It was found that the semi-metallic 
elements of groups III, IV, V, and VI give better 
sensitivity with non-pyrolytic graphite, and that the 
periodic trends in the mole sensitivity are nearly the 
same for GFAAS, flame atomic-absorption spec- 
trometry (FAAS), and atomic-fluorescence spat- 

trometry (AFS). 

EXPERIMENTAL 

Apparatus 

The experiments were performed with a Perkin-Elmer 
model 5000 atomic-absorption spectrometer, an HGA-StM 
Power supply for the atomization program and a model 
AS-40 sample introduction system. Tungsten and deuterium 
background correctors were used. Hamamatsu TV hollow- 
cathode lamps were used as tbe light-sources. The peak 
heigbt (A,,) and integrated (A,) absorbances mre. auto- 
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Table 1. Instrumental parameters 

Step Drying Ashing Atomization Conditioning 

Temperature, “C 200 variable 2450 2700 
Ramp time, set 40 30 0 1 
Hold time. set 5 5 5 2 
Recorder setting 
Internal eas flow. mllmin 300 

-2 
300 0 300 

matically printed out and displayed by a Perkin-Elmer Data 
System 10. Argon was used as purge gas. The standard 
program for determination with maximum-power heating is 
listed in Table 1. Pyrolytic graphite (PG, Perkin-Elmer, part 
No. 4559-4) and non-pyrolytic graphite (NPG, Perkin- 
Elmer, part No. 070699) tubes were used throughout. 
Although even 100 firings hardly degraded the graphite 
surface with regard to sensitivity, usually tubes with fewer 
than 70 firings were used. The same PE 5000 instrument 
conditions were used with both tube materials. A CHINO 
recording pyrometer was used to calibrate the temperature 
settings. 

Reagents 
Au chemicals used were of the highest purity commer- 

cially available. A stock solution, 1000 mg/l., for each 
element was prepared as follows. Solutions of Li, Na, K, Sc, 
Ga, Cs, Ba, and Hg were prepared from the chlorides. 
Solutions of As, Se, Te, and Sb were prepared from As,O,, 
SeG,, TeO,, and potassium antimony tartrate, respectively. 
The SeO, and TeG, were dissolved in hydrochloric acid and 
the As,O, in a minimum amount of 10M sodium hydroxide. 
The solutions of other metals used were WOO-mg/l. certified 
standard solutions for AAS, which were standardized by 
EDTA titration (Wake Pure Chemical Industries, Ltd. and 
Katayama Chemical Industries, Ltd.). Sample solutions 
were prepared by serial dilution of the stock solutions with 
distilled demineralized water just before use. All sample 
solutions were made O.OSM in hydrochloric acid. Sulphuric 
acid and nitric acid media were also used for some elements. 
Sample volumes introduced into the furnace were 20-50 ~1. 

RESULTS AND DlSCUSSlON 

The absorbances for 34 elements were measured 
with PG and NPG tubes, to find their sensitivities. 
The amounts taken all corresponded to linear sec- 
tions of the calibration graphs. The results are given 
in Table 2 together with the appearance temperatures 
(T,,,). The change in the tube surface makes little 
difference in the appearance temperature and so the 
average Tppp values are given in Table 2. The inte- 
grated absorbances are taken as the absorbance 
summation multiplied by one-sixtieth of a second, 
ZAj x l/60. The absorbances A, and A, are the means 
of 3-5 measurements at the best ashing temperature 
for each element. Relative standard deviations for all 
the elements were less than 5%. 

Periodic trena3 of PC and NPG eflects 

To prevent diffusion of atomic vapour through the 
tube walls, coating the tube with a layer of pyrolytic 
graphite was advocated by L’vov.’ This layer is 
impermeable to gases, non-porous and resistant to 
oxidation, and has a high thermal conductivity.‘.‘9 
The effects of these properties of the PG tube on 
analytical sensitivity in GFAAS have been in- 

vestigated and compared with those of the NPG 
tube. Thompson et a1.,4 Manning et al.,‘T9 Sturgeon 
and Chakrabarti,” and Slavin et al.” all reported that 
the coating increases the sensitivity for many 
refractory-oxide or carbide-forming elements such as 
MO, Ti, and V, whereas significant improvements in 
sensitivity are not observed for elements which do not 
form stable carbides or oxides. However, various 
investigators differed in the results they reported for 
some elements such as Algu and volatile ele- 
ments.2*3*‘2*‘4 Fernandez and Iannarone’* reported the 
analytical sensitivities obtained for 26 elements by 
using PG and NPG tubes in the maximum-power 
heating mode. They observed significant sensitivity 
improvements with the PG tube even for the rela- 
tively volatile elements Se and Te. 

It has also been pointed out that the sensitivity 
strongly depends on the quality of the pyrolytic 
graphite coating and that this varies during the 
lifetime of the tube.“**~** Thus, a strict comparison of 
sensitivity between PG and NPG requires instrumen- 
tal and analytical conditions that are as identical as 
possible. In this connection, the PE-5000 spec- 
trometer and its associated automatic instruments 
seem adequate for the purpose. 

The periodic trends of effects of the PG or NPG 
tubes on the sensitivities for 34 elements, obtained in 
this work with respect to peak height and integrated 
absorbances, are shown in Fig. 1. 

The criterion for superiority of the effect of a tube 
on sensitivity was that the other tube gave an absorb- 
ance that was less than 90% of that obtained with the 
“superior” tube. 

It is well known that some elements, especially 
those in the right-hand side of the periodic table, are 
best atomized from a medium other than hydro- 
chloric acid. Table 3 gives the sensitivity for Ba, Zn, 
Ga, Ge, As, and Se in various matrices. It is worth- 
whi!e noting that the superiority of the PG or NPG 
tubes for most of the elements is independent of the 
kind of acid medium, although nitric acid (0.05M) 
and sulphuric acid (0.025M) significantly lower the 
sensitivity for Se with NPG tubes and lead to superi- 
ority of the PG tube. The use of sodium nitrate and 
hydroxide as matrix modifiers for Ge23*24 and of the 
graphite-cloth ribbon for As3 to increase the sensi- 
tivity leads to about the same performance for both 
types of surface. 

There is a general tendency for PG tubes to give 
higher sensitivity for elements in the left-hand groups 
of the periodic table, i.e., those that are more metallic 
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Table 2. Spectral lines, appearance temperatures, absorbances and sensitivity ratios of 34 
elements in 0.05M hydrochloric acid medium with pyrolytic graphite (PG) and non- 

pyrolytic graphite (NPG) tubes 

Sensitivity 
Amount A, ‘4, ratios (PG/NPG) 

taken, 
Element 

Ilbandpass, Tapp , 
nm K ng PG NPG PG NPG A, A, 

Li 
Na 
Mg 
Al 
K 
Ca 
Sc 
Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zn 
Ga 
Ge 
As 
Se 
Sr 
MO 
Ag 
Cd 
Sn 
Sb 
Te 
cs 
Ba 
EU 
Au 
Hg 
Pb 
Bi 

670.810.7 
589.510.7 
285.210.7 
309.310.7 
766.510.7 
422.710.7 
391.2jO.7 
365.310.7 
318.4/0.7 
357.910.7 
279.510.2 
248.310.2 
240.710.2 
232.010.2 
324710.7 
213.910.7 
294.410.7 
265.110.7 
193.710.7 
196.fl/O.7 
460.710.4 
313.310.7 
328.1/0.7 
228.8/0.7 
224.610.7 
217.610.2 
214.310.2 
852.114.0 
553.610.2 
459.410.2 
242.810.7 
253.610.7 
283.3/0.7 
223.110.7 

1600 0.12 0.386 0.162 
1290 0.04 0.436 0.073 
1760 0.032 0.193 0.198 
2310 1.8 0.258 0.544 
1050 0.04 0.691 0.390 
2160 0.16 0.580 0.460 
2510 3.0 0.595 0.067 
2600 9.0 0.544 0.092 
2490 8.0 0.570 0.060 
1910 0.5 0.407 0.273 1.10 0.34 1.5 
1610 0.2 0.222 0.243 1.10 0.60 0.9 
1700 0.6 0.252 0.251 0.88 0.34 I.0 
1670 1.2 0.449 0.355 0.95 0.36 1.3 
1680 1.6 0.546 0.260 0.83 0.26 2.1 
1280 0.7 0.409 0.278 0.98 0.26 1.5 
1100 0.05 0.110 0.106 0.49 0.48 1.0 
1530 8.0 0.123 0.244 0.42 0.49 0.5 
2190 150 
1770 5.0 
1470 10 
2230 0.3 
2450 1.6 
1120 0.24 
875 0.12 

1600 4.0 
1470 5.0 
950 5.0 

1350 3.0 
2370 2.0 
2200 1.5 
1220 1.2 
400 450 

1110 1.8 
960 2.4 

0.040 0.565 

0.063 0.292 
0.535 0.002 
0.486 0.160 

0.010 0.147 

0.167 0.059 
0.173 0.176 
0.130 0.340 
0.116 0.312 
0.107 0.474 
0.287 0.160 
0.460 0.148 
0.343 0.028 
0.222 0.226 
0.060 0.927 
0.149 0.160 
0.106 0.155 

1.36 0.68 2.2 
1.40 0.14 6.0 
1.37 1.40 1.0 
0.97 0.88 0.5 
1.58 0.87 1.8 
1.00 0.70 1.3 
1.63 0.14 8.9 
1.65 0.15 5.9 
1.03 0.10 9.5 

0.47 1.25 

0.21 1.51 

0.2 

0.1 
0.16 0.63 0.1 

0.83 0.07 267 
1.05 0.25 3.0 
1.01 0.35 2.8 
1.11 1.03 1.0 
0.38 0.60 0.4 
0.47 1.26 0.4 
0.35 1.24 0.2 
1.04 0.56 1.8 
0.82 0.14 3.1 
1.18 0.10 12.3 
1.33 0.71 1.0 
0.38 1.02 0.1 
0.89 0.86 0.9 
0.66 0.89 0.7 

2.0 
10.0 

I.0 
1.1 
1.8 
1.4 

11.6 
9.7 

10.3 
3.2 
1.8 
2.6 
2.6 
3.2 
3.8 
1.0 
0.8 
0.1 
0.3 
0.4 

11.2 
4.2 
2.9 
1.1 
0.6 
0.4 
0.3 
1.9 
5.9 

11.8 
1.9 
0.4 
1.0 
0.7 

in character, and NPG tubes give higher sensitivity 
for semi-metallic elements in the right-hand groups, 
and their effects are similar for the intermediate 
elements. 

The first group includes mainly the akali and 
alkaline-earth metals and some transition elements. 
The alkaline-earth metals and most transition metals 
in this group tend to form stable carbides25 which are 
poorly atomized. Of these metals, Mn, Fe, and Au 
show comparable integration sensitivities with both 
types of tube, indicating that the decrease in peak 
absorbance is compensated by the broadening of the 
peak profile. 

The metals (Mg, Zn, Cd, and Pb) for which the 
sensitivity is independent of the nature of the tube 
give sharp narrow peaks. These metals, except for 
magnesium, are relatively volatile and their atomiz- 
ation begins at lower temperatures (Table 2). These 
results indicate that these metals hardly interact with 
carbon. Aluminium behaves uniquely: the sensitivity 
with an NPG tube is comparable to that with a PG 
tube for the peak-height mode but for the integration 
mode is twice that obtained with a PG tube. The 

residence time of A1,03 on the NPG wall is pro- 
longed. Sturgeon et a1.26 pointed out that in general, 
elements having relatively high volatility give sharp 
narrow peaks, whereas elements having relatively low 
volatility give broader peaks. Our observations for 
this group support this view. 

The group for which NPG tubes give higher sensi- 
tivity includes volatile elements. Matousekz7 sug- 
gested that the NPG surface enhances the sensitivity 
for Se, Te, As, and Sb by the beneficial effect of 
retardation of release of the dimers which are their 
atomizing species at low temperatures. In the present 
study considerably increased sensitivity with the 
NPG tube was obtained for all the elements of this 
group, compared to that with the PG tube. Organic 
compounds of As and Se extracted into a 
chloroform-carbon tetrachloride mixture also 
showed much higher sensitivity with the NPG than 
the PG tube.2s3 In determination of these elements, 
loss by vaporization during the ashing step causes 
lower sensitivityS~28-M and many attempts have been 
made to overcome this problem. For the deter- 
mination of selenium it has been empirically demon- 
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Fig. 1. Periodic trends of the sensitivities obtained with pyrolytic graphite (PG) and non-pyrolytic graphite 
(NPG) tubes for 34 elements with respect to peak-height (Ah) and integrated (A,) absorbances. 

q =PG/NPG>l; O=PG/NPG<l; lEl=PG/NPG-,l. 

Table 3. Matrix effects on the sensitivity for Ba, Zn, Ga, Ge, As, and Se 

Amount 
taken, 

n&? 

A, Sensitivity 
ratio for A,, b 

4, 
Matrix” PG NPG (PG/NPG) g PM 

Ba 2 
2 
2 

Zn 0.05 
0.05 
0.05 

Ga 2 
2 
2 

Ge 20 
20 
20 
20 
2 
2 

As 5 
5 
5 
5 

Se 5 
5 
5 
5 
5 
5 

HCl 0.82 
HNO, 0.84 
H, SO, 0.84 

HCI 0.49 
HNO, 0.62 
Hz SO, 0.58 

HCI 0.10 
HNO, 0.16 
Hz SO, 0.16 

HCl 0.0 
HNO, 0.22 
H, SQ 0.05 
NaCl 0.06 
NaNO, 0.43 
NaOH 0.37 

HCl 0.16 
HCl’ 1.37 
HNO, 0.54 
Hz SO, 0.61 

HCl 0.25 
HCF 0.18 
HNO, 0.25 
HNO, 0.15 
H, SO, 0.16 
H, SO: 0.22 

0.14 
0.16 
0.16 

0.48 
0.63 
0.72 

0.12 
0.48 
0.28 

0.22 
0.61 
0.48 
0.32 
0.42 
0.36 

0.63d 
1.16 
1.16d 
0.89d 

0.63 
0.72 
0.23 
0.49 
0.12 
0.44 

5.9 1.1 x lo-” 13.10 
5.3 1.0 x lo-” 13.14 
5.3 1.0 x lo-” 13.14 

1.0 4.5 x 10-l) 14.16 
1.0 3.5 x 10-u 14.27 
0.8 3.1 x 10-u 14.32 

0.8 7.3 x lo-” 11.98 
0.3 1.8 x lo-” 12.59 
0.6 3.1 x lo-” 12.35 

0.0 4.0 x 10-10 11.26 
0.4 1.4 x 10-u 11.70 
0.1 1.8 x lo-” 11.60 
0.2 2.8 x lo-lo 11.42 
1.0 2.0 x lo-” 12.56 
1.0 2.4 x lo-” 12.49 

0.3 3.5 x lo-” 12.33 
1.2 1.6 x lo-” 12.67 
0.5 1.9 x lo-” 12.60 
0.7 2.5 x lo-” 12.47 

0.4 3.5 x lo-” 12.35 
0.3 3.1 x lo-” 12.41 
1.1 8.8 x lo-” 11.95 
0.3 4.5 x lo-” 12.24 
1.3 1.4 x lo-‘0 11.75 
0.5 5.0 x lo-” 12.20 

aThe concentration is 0.05M except for H2S0, (O.OZSici). The concentrations marked by 
an asterisk are O.OOlM for HCl and HNO,, and 0.0005M for H,SO,. 

bathe weight of element which gives a peak height absorbance of 0.0044, calculated for 
the system of higher sensitivity. 

‘From Ref. 3 (using the graphite-cloth ribbon). 
dFive times the A,, values obtained by using 1 ng of As. 
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Table 4. Sensitivities for 34 elements in 0.05M hydrochloric acid 

Element’ 
m,b, 

J? 

Sensitivity 

pM PM, Element’ 

Mb Il. 
g 

Sensitivity 

PM PM, 

Li 3.9 x 10-u 13.21 11.91 Ge* 4.4 x 10-10 11.22 
Na 1.3 x 10-u 14.25 12.95 As+ 3.5 x lo-” 12.33 
Me’ 1.0 x 10-u 14.40 13.10 Se* 3.5 x lo-” 12.35 
Al- 8.2 x 10-u 12.52 11.22 Sr 1.6 x lo-l2 13.74 12.44 
K 1.1 x 10-u 14.54 13.24 MO 6.9 x IO-l2 13.15 11.85 
Ca 7.0 x 10-u 13.77 12.47 Ag 1.1 x 10-u 14.01 12.71 
Sc 8.1 x lo-l2 12.74 11.44 Cd 4.8 x lo-” 14.37 13.07 
Ti 2.4 x lo-” 12.30 11.00 Sn* 2.9 x lo-” 12.61 11.31 
V 3.4 x lo-” 12.17 10.87 Sb* 1.8 x lo-” 12.84 11.54 
Cr 2.0 x 10-u 13.42 12.12 Te* 1.8 x lo-” 12.86 11.56 
Mn 8.0 x lo-l3 13.84 12.54 Cs 1.3 x lo-” 13.02 11.72 
Fe 3.0 x 10-u 13.27 11.97 Ba 1.1 x lo-” 13.10 11.80 
co 5.6 x lo-l2 13.03 11.73 Eu 5.6 x IO-” 13.43 12.13 
Ni 8.5 x 10-u 12.84 11.54 Au 4.0 x IO-l2 13.69 12.39 
cu 3.1 x 10-u 13.31 12.01 Hg* 1.9 x lo-9 11.01 9.71 
Zn 4.5 x 10-u 14.16 12.86 Pb 8.9 x lo-‘2 13.37 12.07 
Ga* 7.2 x lo-” 11.99 10.69 Bi* 1.2 x lo-” 13.24 11.94 

9.92 
11.03 
11.05 

“Sensitivities for elements marked by an asterisk were obtained by using a non- 
pyrolytic graphite tube and the others by using a pyrolytic graphite tube. 

bThe weight of element which gives a peak height absorbance of 0.0044. 

strated that the addition of a matrix modifier such as 
nickel(II)rr or copper (II)D to the sample is effective 
for reducing the volatility. Quite recently we found 
that the use of a graphite-cloth ribbon, which is 
placed inside the graphite tube and on which the 
sample is deposited, greatly enhances the sensitivity 
for selenium* and arsenic3 and reduces interferences 
from concomitant foreign ions. This enhancement 
was attributed to recondensation of the analyte ele- 
ment on the ribbon during atomization and to for- 
mation of stable lamellar compounds because of the 
greatly increased graphite surface area available for 
reaction. As stated earlier, techniques such as-the.use 
of matrix modifiers for increasing sensitivity leads to 
the sensitivity being independent of the surface nature 
of the tubes used (Table 3) since the interaction of the 
analyte with the modifiers becomes more important 
than that with the graphite surface. 

It has been claimed that the porous nature of NPG, 
which causes the loss of analytes due to penetration 
into the graphite, is a disadvantage.’ However, no 
periodic trend to support such claims is observed in 
Fig. 1. Recent kinetic studies3’ have also shown that 
the dissipation constant obtained from the tail of the 
absorbance signals does not depend on the weight of 
analyte but is influenced by surface effects on the 
graphite wall. Periodic trends observed in this study 
indicate that the effect of the PG and NPG tubes on 
the sensitivity depends on the chemical properties of 
the analyte element. Therefore, the most important 
property of the graphite tube is the degree to which 
it tends to form carbide and lamellar compounds with 
the analyte rather than its permeability to gases. 

Comparison of the pM values for various analytical 
techniques 

The mole sensitivity defined by equation (2) was 
calculated by using the absolute sensitivity obtained 

by using whichever tube gave the larger absorbance 
in the peak-height mode (Table 2). The absolute 
sensitivities and pM values are given in the last two 
columns of Table 4. Even a 10% difference between 
the absorbances for a given amount of analyte results 
in only a difference of 0.05 in pM. The pM values for 
Ba, Zn, Ga, Ge, As, and Se in various matrices are 
given in Table 3. Nitric acid produces the largest 
increase (0.44) in pM for Ge, relative to the hydro- 
chloric acid values. 

For comparison of the mole sensitivity for the 
various techniques measuring concentration rather 
than weight, we define the mole sensitivity involving 
concentration (PM,) as 

PM, = -log CIA, (3) 

where C is the concentration (g/ml) corresponding to 
1% absorption. The PM, values for GFAAS were 
calculated on the basis of a sample volume of 50 ~1, 
and are given in the last column in Table 4. 

In Figure 2 the PM, values are plotted for deter- 
mination of the first long-period elements by 
GFAAS, FAAS and AFS. The data for the latter two 
were obtained from Koch et al.‘* The PM, values for 
AFS were calculated by using the limits of deter- 
mination,‘* in g/ml, defined as lOs,, where sbl is the 
standard deviation of the blank signal. The data 
obtained with the Perkin-Elmer HGA-74 graphite 
furnace)* were also compared. The greatest sensitivity 
for each element was obtained with the Perkin-Elmer 
HGA 500 graphite furnace in this work. The vertical 
lines for Zn, Ga, Ge, As, and Se show the dependence 
of PM, on the acid matrix. It is worth noting that the 
periodic trends of PM, for the three methods are very 
similar, and characteristic of the elements. The maxi- 
mum sensitivities are seen with K, Mn, Zn, and Se 
for all the methods. It is interesting that the sensitivity 
for Zn, Ga, Ge, As, and Se obtained with the 
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Fig. 2. Periodic trends of the mole sensitivity of the fourth- 
period elements for GFAAS (HGA 500 from this work, and 
HGA-74 data from Ref. 32), FAAS (data from Ref. 32) and 

AFS (data from Ref. 32). 

HGA-500 in the present work is in good agreement 
with that obtained with the HGA-74. This is because 
these elements were determined by using the NPG 
tube. It is clear that the mole sensitivity for other 
metals was markedly improved by using the 
maximum-power heating mode and the PG tube in 
place of the NPG tube. 
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Summary-Experimental and calculation procedures for the study of weak complexes by the pH- 
measurement technique are described. An algorithm for the calculation of formation constants, together 
with a computer program in FORTRAN and BASIC versions, is reported. The problems of studying weak 
interactions are discussed. Simulated titration curves and experimental data for K+-thiodiacetate 
complexation were used to check the proposed method. 

Weak complexes are often important in defining 
rigorously the composition of natural fluids.’ In 
sea-water, blood plasma, urine and numerous other 
fluids the formation of weak species is highly prob- 
able because of their high concentrations of alkali 
and alkaline-earth metal ions. Monocarboxylates 
form [ML] species with Li+, Na+ and K+, having 
mean stability constants (+ 3 standard deviations) of 
lSf0.5, l.lkO.4 and l.lf0.6 (Z=O, T=37”), 
respectively. 2A Dicarboxylates form [ML]- species 
with Li+, Na+ and K+ with mean stability constants 
of 15f5, 9f3 and 9+4 (Z=O, T=37”), re- 
spectively, and [MLH] species having stabilities com- 
parable to those of the monocarboxylate com- 
plexes. 4~5 Citrate forms [ML]*- species with stability 
constants of 32, 20 and 16 (I = 0, T = 37”) for Li+, 
Na+ and K+, respectively,“9 and protonated 
[MLH]- species more stable than the simple di- 
carboxylate complexes. NTA, EDTA, pyro- 
phosphate, tripolyphosphate,rO ATPI’*‘* and hexa- 
cyanoferrate(II)13v’4 form stronger alkali-metal 
complexes than the simple carboxylates do. 
Sulphaters and phosphatei show complexing abilities 
towards alkali metals comparable to those of 
dicarboxylate ligands. Many other complexes (NH: 
carboxylates, phosphate and sulphate,“*rB Mg*+ 
and Cat+ monocarboxylates,**i9 and amine and 
amino-acid complexes4**‘) in biofluids have stability 
constants c 100. Moreover, some ligands form poly- 
nuclear weak complexes [pyrophosphate, tripoly- 
phosphate, lo ATP and hexacyanoferrate(II)“-‘3] and 
hexacyanoferrate(I1) forms heteropolynuclear species 
with alkali-metal ions.i4 Weak alkali-metal complexes 
have been reviewed.21 

The determination of low stability constants is, 
therefore, an important problem. In the last five years 

we, together with colleagues from other laboratories, 
have studied potentiometrically (using mainly the pH 
glass electrode, but in some cases other ion-selective 
electrodes) several systems2-20*u-26 in which weak 
complexes are formed, with the aim of understanding 
the complexing ability of alkali and alkaline-earth 
metal ions towards low molecular-weight ligands. In 
these studies we met three main problems: (i) the 
choice of a suitable reference background that com- 
plexes neither the ligand nor the metal under study; 
(ii) the choice of a model for the dependence of 
activity coefficients on ionic strength, because high 
and variable concentrations often make the constant 
ionic medium method unsuitable; (iii) the choice of 
a suitable calculation method. 

As regards the first problem, it has been 
shown4,‘o.2”~’ that tetra-alkylammonium salts 
(A.,N+) are suitable for O-donor ligands (including 
some inorganic ligands such as sulphate and phos- 
phate), and potassium salts for N-donor ligands. It is 
impossible to predict that there will be no inter- 
actions. This is particularly so for multiply charged 
ions, e.g., hexacyanoferrate(I1) interacts with all 
cations, including alkali-metali and tetra-alkyl- 
ammonium” ones, but even the singly charged ClOi 
ion, which is widely used in background media, 
shows some complexing ability.35 Another difficulty 
arises from the possibility of weak interactions be- 
tween protonated amines and anions.36 The assump- 
tion of non-interaction should be verified for each 
ligand studied. The ions of background medium may 
also be associated and so complicate the calculation 
of ionic strength. As regards the dependence of 
activity coefficients and hence stability constants on 
ionic strength, studies on several systems4~10~27-33~37 
have demonstrated that activity coefficients may be 
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calculated by a simple Debye-Hiickel type equation. 
We have used two methods of calculation. (n) Some 
well-known computer programs were modified to 
take into account the variations of ionic strength.3* 
(b) New algorithms were derived that simplified the 
calculations and took into consideration the 
specific problems of dealing with weak complexes. 
The program WECOZ5 was written for calculating 
low stability constants of complexes formed by 
monoprotic acids. A more powerful program, 
ESZWC, was written to cope with polyfunctional 
ligands and polynuclear complexes and this has been 
applied to several systems.4 

This work describes experimental procedures and 
calculation methods to be followed in studying the 
formation of weak complexes. Particular attention is 
paid to the assumptions to be made in this type of 
investigation. The calculations have been checked 
with simulated data and applied to experimental data 
for thiodiacetate-potassium weak complex for- 
mation. Calculations have been performed on a 
personal computer and the results compared with 
those from a general computer program. 

EXPERIMENTAL 

Reagents 
Thiodiacetic acid [H,(tda)], Fluka pract. 95% (HPLC), 

was twice recrystallized from a water-ethanol mixture: its 
purity, checked by alkalimetric titration, was always 
>99.5%. Potassium chloride solution was prepared from 
the salt (C. Erba > 99.8%) dried in an oven at 110”. 
Potassium hydroxide stock solution was prepared from 
ampoules of concentrate (C. Erba) and standardized against 
potassium hydrogen phthalate, Fluka puriss. Tetraethyl- 
ammonium iodide, Fluka puriss., was recrystallized from 
methanol. 

Apparatus 
‘Ike free hydrogen-ion concentration, cn , was measured 

at 25 + 0.2” with a Metrohm E600 potentiometer and glass 
and saturated calomel electrodes from the same firm. The 
glass electrode was calibrated by titrating hydrochloric acid 
with standard potassium hydroxide solution under the same 
conditions as the solutions under study, either in separate 
titrations or by using the initial portion of a titration in 
which an excess of strong acid is added to the solution under 
study. In the latter case, some programs can calculate E” 
simultaneously with the formation constants. 

A thermostatic bath was used to control the temperature 
of the test cell. 

Procedure 
Full details have been published elsewhere.4 It is im- 

portant to exclude oxygen and carbon dioxide, so the cell 
was fitted with a cover and purified nitrogen bubbled 
through the test solution. A series of alkalimetric titrations 
of solutions containing the ligand in the protonated form 
(and also a strong acid when necessary to complete the 
protonation of the ligand or when internal standardization 
of the electrodes is required) is carried out in the presence 
of different metal ions. 

METHOD OF CALCULATION 

Choice of conditions 

The choice of a background medium that does not 
interact with the ligand and the method under study 

is critical, because the definition of interaction is 
subjective. No absolute methods are available for 
identifying completely dissociated electrolytes, but 
from practical experience of mainly conductometric 
and spectroscopic measurements it is possible to 
define a lower limit for the stability constant of a 
weak interaction. We assume that the interaction can 
be neglected if fi < 0.1. As regards the association of 
the background medium, the majority of alkali-metal 
and alkaline-earth metal chlorides, nitrates and 
perchlorates are completely dissociated in solution or 
the extent of their association is known (e.g., the 
association between K+ and NO; has been studied 
by several methods and a reasonable value for the 
formation constant has been estimated’). It must be 
stressed, however, that in our method we deal with a 
hybrid reference state, lying between the classical 
constant ionic medium” reference state (in which all 
interactions except those between the ligand and the 
metal under study are neglected) and the pure water 
reference state (in which all possible interactions in 
the solution have to be taken into account). Our 
method approaches the latter reference state, but it 
would be incorrect to say that it is equivalent to it. 
All assumptions and experimental conditions should 
be clearly reported in work dealing with equilibria in 
solution, particularly when the complexes are weak. 

There are two ways of carrying out the titrations: 
(i) at constant high ionic strength with I = TM + TM,, 
where M’ is the cation of the background medium, or 
(ii) the ionic strength may be allowed to vary so that 
its effect on the formation constants can be studied. 
The second method has the advantage of being able 
to accommodate wide ranges of concentration of 
ligand (even if this is highly charged). Figure 1 shows 
a flow-chart of the processes and decisions involved 
in studying weak complexes. 

The algorithm 

For the general formation reaction 

pMzM+L=+qH +=M LHti?,t+‘L+~) ,, q (1) 

the formation constants and the mass-balance 
equations are written as follows (setting the stoichio- 
metric coefficient of the ligand equal to unity) 

& = [M, LH,l FW’/P-1 WI4 (2) 

TM = WI + WPB,[MIP[H~~ 

TL = Ml + ~B,MWlq) 

I 

(3) 

TH = WI + W~BpqPflWlq 

When the formation of weak complexes is neglected 

TL = [L’](l + Z&[Hlq) 

TH = [HI + P-‘lW~[Hlq 

where primes indicate conditional 
average number of protons bound 

(4) 

quantities. The 
to the ligand is 
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same charge) 

I 

Calculate conditional 
protonation constants 
(program ESAB) 

constant medium, but 

check needed 

Both constant 
and non-constant 

Fig. 1. Flow chart for the experimental procedure to be followed in the study of weak complexes by the 
pH-measurement method. 

defined by As a first step, the conditional protonation constants 

TH - WI are simply calculated from primary experimental data 
neXP =- T (5) by appropriate computer programs;“*” A’ is then 

From the mass-balance eq$ons (3) or (4), 

W,M”[Hlp 
’ = I+ Efl,[MY[H]* 

obtained at k = 2q_ - 1 values of [H] corresponding 
to characteristic points of the titration curve given by 

(6) 
[HI, = B&I- wl&/+ I)/2 idd ) 

(7) WI, = L&+z,,z I&- 2~,21-1~2 j even 
(8) 
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forj=1,2...q,,(q,= maximum number of pro- 
tons bound to the ligand); A’ is a quasi-experimental 
quantity, A’ 1 n,,, and 6 [equation (6)] is a calculated 
one. Therefore, the & values can be calculated by 
minimizing the residual square sum over nk points 
(n = number of titrations) instead of all the experi- 
mental data 

u=C(ii,-fi;)2 (i=l...nk) (9) 

When dealing with weak complexes, the constant 
ionic medium method is often unsuitable and we need 
a relationship for the dependence of formation con- 
stants on ionic strength. A systematic study per- 
formed on several systems 4~10*27-33,37 has shown that a 
Debye-Hiickel type equation is valid for all com- 
plexes in the range 0 I I I 1M. I’ is the ionic strength 
of the reference state. 

+ c,,<z -I’)+ o,(z3’2 - I’3’2) (10) 

where 

cm = cop; + Cl z; (11) 

D, = dz; (12) 

Zlf4=pZ~+Z;+q-(pZ~+zZL+q)2 (13) 

and 

P;=P+q (14) 

In some cases it is also advisable to take into 
account the dependence of & on temperature. This 
can be done by expanding log & (and the parameters 
for the dependence on ionic strength) about the point 
6: 

log B,,(T) = log B,,(e) + ~($qh(T - 0) 

= log B,,(e) + W) (15) 

X(T) = it(e) + va,w - 0) (16) 

where x = co, c, or d, with T,,,,, < 0 < T,,. 

By considering equations (lo)-(16) we obtain the 
general relationship 

log&(Z, T)=logB(I’,6)+G(I, T)+F(T) (17) 

G(Z, T)= -zlr, 
> 

+b;bow + WG,W - VI 

+z~[C,(e)+z(a,,)i(T-e)‘l)(z-I’) 
+z;[d(B) + Z(u,),(T - 19)1](Z”~ -Z”“) 

(18) 

At the end we have for ff and 6 the general functions: 

fik =f[8,(& 0, co, (a,,),, cl 3 (4, h. 

4 hi),, ([Ml, [HI,4 TM (19) 

%i =fK& WI, L T)l (20) 

Equations (19) and (20) can be used in the least- 
squares refinement by minimizing function (9). In 
equation (19) the quantity [M] is not experimentally 
accessible by the pH-measurement method. However, 
when TM>> T, we can assume [M] = TM; if this as- 
sumption is not valid, [M] can be calculated iter- 
atively. 

Computer programs 

On the basis of the algorithm above, computer 
programs have been written in FORTRAN 
(ESZWCI) and BASIC (ES2WC2). We used the 
Gauss-Newton42 least-squares method to refine the 
parameters of equation (19) by minimizing the error- 
squares sum [equation (9)]. In ESZWC, MAIN per- 
forms the majority of the calculations and subroutine 
GAUSSC resolves the system of linear equations (i.e., 
calculates the shifts). The special features of the 
program are as follows. 

The program can refine the parameters for the 
dependence on ionic strength, co, c, and d [equations 
(lo)-(14)], as well as the formation constants. The 
dependence of all the parameters on temperature can 
also be calculated [equations (15)-(18)]. For the 
damping of the shifts we used the well-known 
Levenberg-Marquardt algorithm.43s44 The system of 
normal equations is solved by the Compact Gauss 
Method4’ (GAUSSC). During the refinement pro- 
cedure & can assume negative values: the program 
then sets #& = lo-lo and another refinement cycle is 
performed. This procedure can avoid divergence, 
particularly when bad initial estimates are chosen. 
The program is written in a compact form and needs 
no particular experience for its use. Core require- 
ments and calculation times are suitable for running 
ES2WCl and ES2WC2 on personal computers: 
ES2WCl (IBM PC, operating system MSDOS 3.10, 
compiler FORTRAN 2.00) needs 82 kbyte (single 
precision) or 92 kbyte (double precision). Listings of 
ESZWCI and ES2WC2 are available on request. 

RR5XJL’l-S AND DI!XUSSION 

The calculation method described here has been 
successfully applied to several systems. Now we will 
examine in detail some features of this method with 
the aim of demonstrating its rigorousness. The first 
point to be examined concerns the choice of the 

(2%X - 1) values of [H] to obtain the fi’ values. By 
calculating the error in pH generated by the errors in 
& (using the rules of error propagation) we can 
deduce the best choice of [H] values. Figure 2 shows 
6 (pH) (error in pH due to a given error in &, chosen 
arbitrarily) as a function of pH. As can be seen, the 
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Fig. 2. Behaviour of the function c@H) =f[c(B)] for a 
diprotic ligand, where L indicates a generic variation. 

curve for a diprotic ligand shows three characteristic 
points (two maxima and one minimum), correspond- 
ing to the [H] values from equation (8). In practice, 
q_ points [odd j in equation (811 are sullicient for 
simple systems, as revealed by simulated experiments 
(see below). 

Simulated data (details available on request) were 
used to check the performance of the ES2WC pro- 
gram. The simulated experiments were made up as 
follows: (a) six hypothetical systems; (b) calculation 
of five (or twenty) titration curves for each system [at 
five different ionic strengths (and at four different 
temperatures for one system)] by means of computer 
program ES4EC;& (c) calculation of & values by 
means of the computer program ESAB4’ (log fi& 
values were rounded to ~0.005); (d) calculation by 
ESZWC of /I, and the parameters for the dependence 
on ionic strength and temperature. The calculated 
values were very close to those used to construct the 
simulated experiments: log /.3 values were reproduced 
within fO.O1 and the coefficients c,, c, and d within 
4, 7 and 15% respectively. Small differences can be 
attributed to the rounding of conditional protonation 
constants and to the use of initial total metal concen- 
trations instead of free concentrations. 

All calculations were performed for (2q,, - 1) 

and qmu points, with the same results in both cases. 
Calculation times for all 6 systems were <4 min on 
the Honeywell Lev. 6, mod. 43 (operating system 
GCOS 6 mod 400, release 3.0; ESZWCl) and on the 
IBM PC (ES2WC2) 48 min in double precision and 
23 min in single precision. After taking into account 
that 87% of the total time was spent on one system 
(4), in which 27 parameters were refined, these exe- 

cution times can be considered satisfactory. Calcu- 
lations in single and double precision resulted in the 
same refined values. In one system (5) some for- 
mation constants became negative for two cycles and 
setting #I = lO-Lo avoided divergence. 

The possibility of determining the formation con- 
stants of polynuclear species by the pH-measurement 
technique must be considered separately. Some 
authors have affirmed that the pH-measurement 
method is not suitable for such systems, but simu- 
lations indicate that both [M,L] and [MM’L] com- 
plexes can be studied by this method. This can be 
shown by considering the effect of neglecting the 
formation of binuclear species, i.e., &, in equation 
(6), for a system of HL, H,L, ML and M,L com- 
plexes. This leads to the equality &, + /&,#I] = pi0 
(where j3i0 is a conditional constant); unless [M] is 
constant, this equality is invalid, and therefore deter- 
mining A is sufficient for calculating /Jo. 

Another fundamental point to be discussed in 
analysing the present method of determining low 

Table 1. Results for the potentiometric investigation of the 
H-K-thiodiacetate system 

ESAB calculations 

0.012 
4.202 3.136 4.184 3.159 0.042 
4.163 3.132 4.104 3.103 0.091 
4.128 3.115 4.055 3.108 0.159 
4.129 3.117 4.002 3.046 0.248 
4.142 3.142 3.956 3.028 0.354 
4.159 3.163 3.962 3.026 0.478 
4.199 3.211 3.945 3.040 0.627 
4.240 3.249 3.954 3.053 0.785 

- - 3.951 3.054 0.975 

ESZWC calculations at I’ = 0.25M 

c D 
log &, = 4.118 f 0.004 0.99 -0.37 
log /!Io2 = 7.240 f 0.004 1.60 -0.56 
log /I10 = 0.32 f 0.01 0.99 -0.37 
log j?,, = 3.88 f 0.02 1.60 -0.56 

SUPERQUAD calculations at I’ = 0.25M 

C D 
log& = 4.126 f 0.004 1.03 -0.40 
log& = 7.248 f 0.016 1.62 -0.57 
log j?,O = 0.40 * 0.04 0.95 -0.40 
log j,, = 4.07 k 0.08 1.47 -0.60 

Formation constants at different ionic strengths 

0.00 4.49 4.49 7.77 7.77 
0.04 4.22 4.22 7.36 7.37 
0.16 4.12 4.13 7.24 7.24 
0.36 4.13 4.14 7.28 7.28 
0.64 4.20 4.21 7.42 7.43 
1.00 4.31 4.31 7.61 7.62 

(a) ES2WC; (b) SUPERQUAD 

log8,, 
(4 09 (4 03 

0.69 0.78 4.4 4.6 
0.42 0.51 4.0 4.2 
0.32 0.41 3.9 4.1 
0.33 0.41 3.9 4.1 
0.40 0.46 4.1 4.2 
0.51 0.53 4.3 4.3 
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stability constants is related to the choice of a suitable 
model for the ionic strength dependence of formation 
constants. Obviously, the equations proposed 
[(lo)-(14) and (1811 cannot be tested with simulated 
data alone. Statistical analysis of experimental data 
also demonstrates the validity of our approach.” 
Moreover, in this work we performed some mea- 
surements on the system K+-H+-thiodiacetate (tda) 
and calculated &, together with the parameters for 
the ionic strength dependence of &, by means of 
both ESZWC and, for comparison, the general com- 
puter program SUPERQUAD4’ (modified by us to 
take account of the dependence of ionic strength). 
The results in Table 1 show two interesting features. 
(i) There is good agreement between ES2WC and 
SUPERQUAD. (ii) The dependence of the formation 
constants on the ionic strength can be expressed by 
equation (10) and the C and D parameters for this 
system are in agreement with several previous results. 
It is our opinion that the results for the ionic strength 
dependence of formation constants can be used as a 
check for the correctness of the ionic interaction 
model. 

The conclusions of this work are: (a) the proposed 
method is quite simple as regards both the experi- 
mental and calculation procedure; (b) the method is 
rigorous and allows parameters for the dependence 
on temperature and ionic strength to be determined 
together with formation constants; (c) the calculation 
procedure implies a preliminary smoothing of experi- 
mental data (through calculation of conditional 
protonation constants) that allows a better control of 
the data (avoiding accidental errors); (d) the instru- 
mentation needed to follow the present procedure 
(potentiometric equipment and a personal computer) 
is relatively inexpensive. 
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Summary-An analytical method has been developed for the determination of dissolved chromium at 
concentrations less than 2 &I. in PWR coolant by differential-pulse adsorptive stripping voltammetry 
at a hanging mercury drop electrode. Concentrations above 2 pg/l. can be determined by appropriate 
dilution of the sample. The method is based on measurement of the current associated with reduction of 
a chromium(III)-DTPA (cliethylenetriaminepnta-acetic acid) complex adsorbed at the surface of the 
mercury drop. The effects of boric acid, pH, DTPA concentration, accumulation potential and time were 
investigated together with the oxidation state of the chromium. No interference was observed from other 
transition metal ions expected to be present in PWR coolant. No alternative chemical technique of similar 
sensitivity was available for comparison with the results obtained in solutions containing < 1 pg/l. 
chromium. Recoveries from simulated coolant solutions were greater than 95% and the relative standard 
deviations for single determinations were in the range 12-25%. The statistical limit of detection at the 
95% confidence level was 0.023 pg/l. This method of analysis should prove valuable in corrosion studies 
and is uniquely capable of following the changes in soluble chromium concentration in PWR coolant that 
follow operational changes in the reactor. 

The boric acid solution used as the coolant in the 
primary circuit of a pressurized water reactor (PWR) 
contains trace amounts of metals derived from the 
materials of construction. Periodic analysis is re- 
quired to assess the concentrations of the metals 
present in soluble and insoluble forms. In the initial 
stages of operation of a reactor, a wide inventory of 
these metals will be taken in order to characterize the 
chemical behaviour of the system during certain 
operational procedures, such as start-up and shut- 
down. For this purpose, methods of analysis are 
required for the major elements (iron, chromium and 
nickel) derived from the austenitic steels and nickel- 
rich alloys used in construction, and these methods 
should take into consideration procedures for both 
soluble and insoluble forms of the elements. Current 
procedures for the analysis of insoluble material after 
collection on a membrane filter are satisfactory but 
the determination of low concentrations of soluble 
metals in the presence of the high concentrations of 
boric acid added to the coolant is difficult. A new 
method is proposed here for the determination of 
soluble chromium at concentrations relevant to PWR 
coolant, for which no alternative direct method has 
been found in the literature. 

Under normal operating conditions, the concen- 
trations of soluble chromium are considerably below 
1 pg/l. These levels have been measured, after precon- 
centration on ion-exchange membrane filters, by X- 
ray fluorescence or SLCr y -spectrometry. Chromium 
at concentrations < 1 pg/l. can be determined by 
graphite-furnace atomic-absorption spectrometry, 

but the presence of lithium and boric acid severely 
reduces the accuracy and for practical purposes 
the limit of detection is about 1 pg/l. Ion- 
chromatography has the potential for determining 
low concentrations of Cr(II1) but no detailed reports 
on this measurement in the presence of boric acid are 
available. 

Anodic-stripping voltammetry, with its amalgam 
concentration stage, is potentially the most sensitive 
electrochemical technique, but chromium has low 
solubility in mercury and only limited success has 
been reported. An alternative accumulation 
technique’ involves concentration of chromium(V1) 
on a platinum electrode coated with an ion-exchange 
material; the accumulated ions are then reduced in a 
voltammetric sweep. However, the background cur- 
rents limit the application to chromium greater than 
1 pg/l. and the procedure has not become generally 
adopted. 

The adsorption stripping voltammetric technique 
described here is based on an effect first reported by 
Tanako and Ito* in which both Cr(V1) and Cr(III), in 
a supporting electrolyte containing ethylenediamine- 
tetra-acetic acid (EDTA) and nitrate, gave high 
polarographic currents attributable to catalytic 
reoxidation of Cr(I1) by nitrate. This reaction was 
further investigated by Zarebski,3 who defined the 
analytical conditions for the pulse polarographic 
determination of Cr(V1) and Cr(II1) and found that 
diethylenetriaminepenta-acetic acid (DTPA) was 
more suitable than EDTA. For the conditions 
described, Zarebski reported limits of detection of 5 
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and 1 pg/l. for Cr(V1) and Cr(III), respectively. 
Golimowski et al.4 introduced adsorptive pre- 
concentration of the Cr(III)-DTPA complex at a 
hanging mercury drop and reported a detection limit 

of 0.02 pg/l. for chromium in natural waters. 
In previously described work on the determination 

of nickel and cobalt’ and soluble iron6 in simulated 
coolant, adsorption stripping voltammetry has 
proved to be very successful and the sensitivity 
reported for chromium in natural waters4 suggested 
that it would be suitable for the measurement of the 
very low concentrations expected in PWR coolant. 

EXPERIMENTAL 

Reagents 
All reagents used were of analytical grade unless other- 

wise stated. All solutions were stored in polyethylene bottles 
unless otherwise stated. 

DTPA solution, O.IM. Prepared by dissolving re- 
crystallized Pluka DTPA in demineralized water containing 
2 moles of sodium hvdroxide ner mole of DTPA. 

Sodium nitrate solution (2.5~). Prepared from material 
recrystallized twice from a 12: 1 v/v water/methanol 
mixture. 

Ammonium acetate solution, pH 6.2. Ammonium acetate 
solution was prepared by adding appropriate volumes of 
isothermally distilled ammonia solution and “Aristar” ace- 
tic acid (BDH) to demineralized water to give an acetate 
concentration of 0.5M. The pH was measured and adjusted 
to 6.2 by the addition of further ammonia solution. 

Chromium(V1) solutions. A stock solution of 100 pg/l. 
Cr(VI) was prepared by dissolving potassium dichromate in 
demineralized water, and diluted daily to give 100 pg/l. and 
50 rg/l. Cr(V1) standards. 

Chromium(VI) solutions. A stock solution of 100 mg/l. 
Cr(VI) was prepared by dissolving potassium dichromate in 
daily with demineralized water to give 100 pg/l. and 50 pg/l. 
Cr(II1) standards. 

Boric acid solutions. A boric acid solution containing 6000 
mg/l. boron was prepared by dissolving high-purity boric 
acid (Borax Consolidated Ltd.) in demineralized water, and 
diluted as required to give the concentrations of boron 
relevant to PWR coolant. 

Lithium solutions. A solution containing 200 mgll. lithium 
was prepared from reagent-grade lithium hydroxide (Fisons, 
SLR-arade). Portions of this solution were added to 
boric‘gcid’solutions to give the concentrations of lithium 
(0.2-2 mg/l.) relevant to PWR coolant. 

Bromine water. A saturated solution of bromine in water 
was prepared by adding reagent-grade bromine to demin- 
eralii water in a dark glass reagent bottle until excess of 
bromine was present after the mixture had been shaken and 
allowed to stand overnight. Portions of this saturated 
bromine water were diluted hundredfold with demineralized 
water each day. 

Inter-rent solutions. Solutions containing cobalt, nickel, 
manaanese(I1) and iron(II1) were prepared by dilution of 
BDH ‘Sp&rol” standard solutions (1000 mg/l.) of these 
ions. Standard iron(E) solutions in 0.05M sulphuric acid 
were prepared daily; as required, from ammonium ferrous 
sulphate. 

Isothermally distilled ammonia solution. Polyethylene bea- 
kers, one half-filled with demineralized water and the other 
half filled with 0.88 (s.g.) ammonia solution were left in a 
sealed desiccator for a week, at the end of which the beaker 
originally containing the water contained pure ammonia 
solution, the concentration of which was determined by 
titration with hydrochloric acid. 

Demineralized water. Obtained by continuously circu- 
lating water (purified by reverse osmosis) through a mixed 
cation/anion exchange column, to yield a product with a 
conductivity at 25” of the order of 0.060.07 pS/cm. 

Voltammetric conditions and peak current measurement 
An EG&G Princeton Applied Research Model 264 Polar- 

ographic Analyzer and Model 303 Static Mercury Drop 
Electrode assembly were used in conjunction with a Model 
REO089 X-Y recorder. 

The electrode assembly was controlled by a micro- 
processor in the analyser, programmed to give a purge time 
of 8 min during which oxygen in the solution was removed 
by passage of nitrogen (99.999% pure), an accumulation 
time at a selected voltage, and a voltage scan between the 
accumulation voltage and a second selected voltage. For the 
determination of chromium an accumulation voltage of 
-0.9 V and final voltage of - 1.35 V were selected, and a 
scan-rate of 5 mV/sec. The deposition times were varied 
between 30 and 120 set, depending on the concentration of 
metal ions in the sample. In every case a “medium” drop 
(2.5 mg) was used with a pulse (amplitude 50 mV) every 0.5 
set, in the differential-pulse stripping mode. A cracked- 
junction reference half-cells was used, filled with 3M potas- 
sium chloride. 

The chromium peak at - 1.15 V rises from a curved 
base-line, and if the peak heights are measured from a 
straight line drawn tangentially to the base-line on either 
side of the peak, the results have a negative bias, especially 
for small peaks (i.e., with low concentrations or short 
accumulation times). Bias-free results are obtained from 
peak-height measurements made from a smooth curve 
drawn between the troughs on either side of the peak, and 
this procedure was followed throughout. The contour of this 
curve was obtained from voltamperograms of the reagent 
blank solution containing boric acid. 

RESULTS AND DISCUSSION 

Chromium oxidation state and peak current 

The first stage of the stripping analysis involves 
adsorptive accumulation of chromium as a 
Cr(IIIkDTPA complex on the surface of the mercury 

electrode at -0.9 V. Cr(VI), diffusing as chromate 
from the bulk solution to the electrode surface, is 
reduced at this potential, since 

Cr(V1) + 3e - + Cr(II1) 

has & = -0.2 V. In the presence of the DTPA ions 
already in the structured ionic interface of the elec- 
trode, the Cr(II1) ions are rapidly complexed and 
adsorbed on the mercury surface. The exact nature of 
this complex is unknown; but at the pH of the bulk 
solution it seems by analogy with the aluminium and 

iron complexes to be mainly CrDTPA2- with 
some CrHDTPA-. After accumulation of the 
adsorbed complex, the voltage is scanned from -0.9 
to - 1.35 V, resulting in reduction of the adsorbed 

complex, 

Cr(III)DTPA + e - + Cr(II)DTPA 

(charges on the complexes are omitted for simplicity). 
It is the current associated with this reduction at 
Elj2 = - 1.15 V which is measured for analytical 
purposes. The role of the nitrate ion is considered to 
be re-oxidation of the Cr(I1) at the electrode surface 
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to Cr(III), thus making further adsorbed complex 
immediately available for enhancement of the reduc- 
tion current.” 

In the polarographic determination of chromium 
Zarebski’ reported that there was a difference in the 
reduction current for Cr(II1) and Cr(V1) solutions of 
equal concentration and concluded that it was not 
possible to determine the soluble chromium content 
of a sample without first separating the oxidation 
states. The opposite conclusion was reached by Goli- 
mowski et al.,4 who used a differential pulse ad- 
sorption stripping procedure and found that the peak 
currents were the same for equal concentrations of 
Cr(II1) and Cr(V1). Clearly this aspect required fur- 
ther investigation and experiments were done to 
compare the relative sensitivities of the peak currents 
for the two oxidation states. 

The peak currents at - 1.15 V were measured for 
solutions that were identical except for the oxidation 
state of the chromium. In solutions containing 1 pg/l. 
chromium and 250 mg/l. boron, buffered to pH 5.4, 
the ratio of the peak currents Cr(VI):Cr(III) was 
1.2: 1. In another test, at pH 5.8, with 0.1 pg/l. 
chromium and 300 mg/l. boron, the Cr(V1): Cr(III) 
peak-current ratio was 1.4: 1. These results agree with 
the observations of Zarebski,’ conIirming that a 
differential pulse voltammetric determination of sol- 
uble chromium must take into consideration the oxi- 
dation state of the metal. The most obvious method, 
other than physical separation of the Cr(V1) and the 
Cr(III), is to treat the sample so that only one 
oxidation state is present. Reduction of chromium to 
the lower oxidation state was not considered after it 
was observed that the peak currents in Cr(III)-DTPA 
solutions decreased significantly with time. For exam- 
ple, the peak current for a solution containing 600 
mg/l. boron, 1.2 mg/l. lithium and 0.2 fig/l. Cr(II1) 
decreased by 15% over the first 5 min after the 
addition of DTPA. In a corresponding solution con- 
taining 0.2 pg/l. Cr(V1) the decrease over the same 
time period was 6% (Fig. 1). Although dependence of 
peak current on time is undesirable, the change for 
the Cr(V1) solution was considered to be acceptable 
and only the oxdative pretreatment of solutions was 
investigated thoroughly. 

Choice of oxidizing agent 

It was intended to treat a sample containing sol- 
uble chromium, in an undefined oxidation state, with 
an oxidizing reagent that would give a final solution 
containing only Cr(V1). Two oxidants, hydrogen 
peroxide and bromine, were investigated because 
their reduced forms were known to cause no inter- 
ference in the subsequent voltammetric analysis. Bro- 
mine, added as bromine water, was the better of the 
two, since it is reduced at potentials much more 
positive than the accumulation potential (-0.9 V), 
whereas hydrogen peroxide is reduced at between 
-0.9 and - 1 V. An injection of bromine water into 

L 
0.0 

DROP SIZE, 2.5 mq 
SCAN RATE. 6 mV/ wc 
PULSE AMPLITUOE. SC mv 
PULSE INTERVAL. 0.6 8.c 
ACCUMULATION TIME, 30 HC 
ACCUMULATION VOLTAGE. 0.0 V 

Fig. 1. Comparison of peak currents of 0.2 pg/l. Cr(VI) and 
Cr(III) in a solution containing 600 mg/l. of boron and 1.2 
mg/l. of lithium. (A) and (B) Cr(VI) 1.7 and 5 min after the 
addition of DTPA and (A’) and (B’) Cr(II1) for the same 

conditions. 

test Cr(V1) solution produced no significant change 
in the peak current (Fig. 2). 

Preliminary experiments contirmed that Cr(II1) in 
boric acid solutions containing up to 1000 mg/l. 
boron was completely oxidized to Cr(V1) by boiling 
with bromine water. To make the procedure as simple 
as possible and, ideally, omit a boiling step, the effects 
of bromine concentration, oxidation time and tem- 
perature were investigated. It was found that the 
addition of 2 ml of a lOO-fold dilution of saturated 
bromine water to 50 ml of I-mg/l. Cr(II1) solution 
and heating for 15 min at 60” in a water-bath gave 
>95% oxidation. The efficiency of the oxidation 

0 5 poll (NO BROMINE WATER ADDED, 

0 4 Q 

.P 

a I 0 

Y 
- 

A 
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1 ADDITION OF BROMINE WATER 

0 4 8 I? 18 20 

1. MINUTES AFTER THE AOOlTlON OF OTPA 

Fig. 2. Effect of the addition of bromine water to an 
analytical solution containing 0.5 pg/l. Cr(V1). 
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Table 1. Comparison of peak currents, ir, of 
I-p&l. Cr(VI)and oxidized Cr(II1) solutions 

ip, nA 

Dilution of saturated Oxidized 
bromine water* Cr(II1) Cr(VI) 

1:lOO 115 117 
1:300 130 138 
1:lOOO 109 123 

*Two ml of diluted bromine water added per 50 
ml of Cr solution (containing 1500 mg/l. 
boron). 

procedure at low chromium concentrations was dem- 
onstrated by comparison of the peak currents for 
solutions initially containing Cr(II1) or the same 
concentration of Cr(V1) (Table 1). 

Effect of nitrate concentrations 

The catalytic effect of oxy-anions in polarography 
is well established. The effects of nitrate on the 
reduction of Cr(III)-EDTA and -DTPA complexes2s3 
and of nitrate and bromate on DTPA complexes4 
have been reported. In our experiments these cata- 
lytic effects were confirmed as occurring in boric acid 
solutions (boron 600 mg/l.) containing 1 pg/l. Cr(II1). 
The peak current doubled when the nitrate concen- 
tration was increased from 0.05 to 1 .OM and approx- 
imately doubled again on increase of nitrate concen- 
tration from 1.0 to 1SM. A nitrate concentration of 
OSM was chosen as a compromise between higher 
sensitivity and the level of chromium impurity intro- 
duced with this reagent (0.04 pg Cr/mole NaNO,). 

Effect of pH 

This effect was measured over the pH range 4.6-7.6 
for OSM nitrate, for 10 pg/l. Cr(VI), 600 mg/l. boron 
and optimum DTPA concentration. The current was 
highest at pH 6 and was reduced by 50% by a pH 
change of f0.8. The ammonium acetate solution 
recommended in the analytical procedure was chosen 
to give pH 6 + 0.2 in the analytical solution. 

Effect of DTPA concentration 

This was investigated with 0.5 pg/l. Cr(VI), 0.5M 
nitrate and 500 mg/l. boron at pH 5.8. The peak 
current increased by 80% as the DTPA concentration 
was increased from 0.5 x 10e3 to 2.5 x lo-‘M then 
remained constant up to 5 x 10e3M DTPA. In most 
of the experiments a concentration of 2 x 10e3M was 
used. 

Eflects of accumulation potential and time 

The current associated with the different pulse 
reduction peak at - 1.15 V is dependent on the 
accumulation potential and a gradual increase in 
peak current (i,) was observed as the potential was 
reduced from -0.6 to -0.9 V. The latter value was 
subsequently used throughout. 

The effect of accumulation time was investigated 

with a simulated coolant solution containing 750 
mg/l. boron, 20 pg/l. Fe(III), 25 fig/l. Ni, 5 pg/l. 
(each) Co(I1) and Mn(I1) and 0.4 pg/l. Cr(VI). The 
transition metal ions were added because it is 
known’~’ that complexes similar to the species of 
interest can compete for the adsorption sites on the 
mercury drop and alter the accumulation character- 
istics. A plot of peak current zx accumulation time 
was pseudo-linear for times up to 300 sec. For most 
of the determinations in this work, the accumulation 
times used were 150 set; longer times were not 
necessary, because of the high sensitivity. 

Time dependence of peak currents 

With both Cr(II1) and Cr(V1) solutions there were 
kinetic effects that produced a decrease in peak 
current with time. The changes were greater in the 
Cr(II1) solutions and this was the main reason for 
selecting an oxidative pretreatment of the sample. 
However, the kinetic effects in Cr(V1) solution cannot 
be ignored and must introduce imprecision, particu- 
larly when long accumulation periods are used. 

The influences of variations in pH, temperature, 
concentration of boric acid, and the concentrations 
and order of addition of reagents were studied in an 
effort to identify the source of the slight time- 
dependence of the peak current. Variation of these 
parameters did not significantly alter the time- 
dependence but it was clearly shown that the changes 
in peak current depended on the time elapsed after 
the addition of DTPA. Possibly the Cr(V1) was being 
reduced by traces of oxidizable impurities introduced 
with the DTPA and any progressive partial reduction 
to Cr(II1) in the bulk solution would bring about a 
corresponding decrease in the peak current. 

To obtain reproducible analysis by using a 
standard-addition procedure, the DTPA was intro- 
duced after nitrogen had been passed through the 
test solution for 8 min, and the peak current was 
measured after a fixed interval, with the shortest 
accumulation time commensurate with the chromium 

Fig. 3. Variation of peak current with time for solutions 
containing 0.1 pg/l. Cr(VI) at three concentrations of boron 

as boric acid. 
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Table 2. Effects of some transition 
metal ions 

Interfemnts Taken Found 

- 0.1s* 0.16,0.18 
Fe(II) etc. 0.18* 0.14,0.14 
Fe(M) erc. 0.18* 0.17,0.19 
Fe(H) etc. 0.18t 0.17,0.18 

0.88t 1.00,0.87 
Fe(U) etc. 0.88t 0.86,0.84 

*0.25 ml of IOO-fold dilution bromine 
water per 20 ml. 

tl.0 ml of NO-fold dilution bromine 
water per 20 ml. 

concentration in the sample. At chromium conccn- 
trations 20.2 pg/l. in the sample, accumulation for 
30 set was sufficient and the analysis could be 
completed in less than 6 min after the addition of 
DTPA. The absence of bias in the recovery tests (see 
Table 3) suggests that any kinetic errors introduced 
are small. This is conlirmed by the consistency of 
the peak current in the 4-6 min period after 
DTPA addition, for solutions containing 0.1 pg/l. 
Cr(V1) at three concentrations of boric acid and 
pH 5.8 (Fig. 3). 

Eflect of some transition metal ions 

The effect of transition metal ions known to be 
present in PWR coolant was investigated at both the 
oxidation and voltammetric stages. Interference at 
the voltammetric stage was not observed and the 
peak current sensitivity was the same in the presence 
and absence of Fe, Ni, Co and Mn ions. 

The potential for interference from transition metal 
ions at the oxidation stage only arises when the 
sample contains chromium(II1). In this case, any 
Fe(I1) present will compete for oxidant, and may 
cause incomplete conversion of Cr(II1) into Cr(V1). 
The effect of a mixture of 40 pg/l. Fe(I1) or Fe(III), 
10 pg/l. Ni, 5 pg/l. Co and 5 yg/l. Mn(I1) on recovery 
tests for simulated coolant containing 1500 mg/l. 
boron and either 0.18 or 0.88 pg/l. chromium(II1) is 
shown in Table 2, for two concentrations of bromine 
water. 

With the lower concentration of bromine water 
the chromium recovery was slightly lowered by the 
presence of 40 pg/l. Fe(II), but use of the higher 
concentration of bromine water eliminated this effect. 

Calibration 

The calibration procedure best suited to this form 
of voltammetric analysis is standard addition, but 
requires a linear relationship between peak current 
and concentration, for a specified accumulation pe- 
riod. This is particularly important when adsorption 
saturation of the mercury drop is a possibility. 

Analysis of a simulated coolant solution containing 
500 mg/l. boron and 1.2 mg/l. lithium and increasing 
concentration of chromium(V1) (added by micro- 

pipette) gave the voltamperograms shown in Fig. 4. 
The peak currents were measured after an accumu- 
lation period of 30 set at -0.9 V. Regression analysis 
of the corrected peak currents for 10 concentrations 
in the range 0.1-1.0 pg/l. gave the equation 
ir = 231~ + 13 where c is the chromium concen- 
tration @g/l.) and iP is in nA. 

Analytical-procedure, accuracy and precision 

Simulated coolant solutions containing known 
concentrations of chromium(II1) were prepared and 
five replicate portions analysed by the following 
procedure, which was shown to be suitable for the 
determination of Q 2 pg/l. chromium in the presence 
of up to 1500 mg/l. boron. 

Exactly 20 ml of sample and 0.2 ml of 1M sodium 
hydroxide were added to a clean polyethylene bottle, 
followed by 1 ml of lOO-fold dilution of saturated 
bromine water. The sealed bottle was heated in a 
water-bath at 60” for 15 min, then cooled to room 
temperature before addition of 0.2 ml of 0.5M sul- 
phuric acid. A 5-ml portion of this oxidized sample 
was added to the polarographic cell, together with 2.8 
ml of 0.5M ammonium acetate @H 6.2) and 2 ml of 
2.5M sodium nitrate. The contents of the cell were 
then deaerated for 8 min before addition of 200 ~1 of 
0.1 M Nar DTPA. After a further 30-see gas purge, the 
chromium complex was accumulated for 30 set at 
-0.9 V and then a voltamperogram recorded be- 
tween -0.9 and - 1.35 mV/sec. The concentration 
was determined from a single standard addition large 

f 
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DROP SIZE. a.6 m( 

SCAN RATE. 6 ,,I”, I.C 

PULSE AMPLITUDE, 50 m” 
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ACCUMVLATION TIME, M S.C 

ACCUMULATION "OLTAOE. -0.0 ” 

Fig. 4. Vohamperograms of analytical solution containing 
250 mg/l. boron and 0.6 mg/l. lithium and Cr(V1). 
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Table 3. Accuracy and precision of analysis of blank, and so from the results in Table 3 the limit of 
simulated coolant (5 determinations1 detection is 0.023 pg/l. 

Chromium, pggll. 

Added 
Boron, 

Cr(III) Cr(V1) Found f s.d. mgli. 

2.0 2.0 + 0.24 1500 
0.2 0.20 f 0.04 1500 
0.41 0.40 *0.10 600 

0.40 0.39 * 0.06 600 
Blank 0.019 f 0.005 

enough for the peak current to be approximately 
doubled. In every case a reagent blank was necessary. 

The results are shown in Table 3. In one case, the 
chromium was added as Cr(V1) to assess the effect of 
the oxidation procedure on the accuracy and pre- 
cision. 

The mean recoveries agree well with the added 
concentrations of chromium and have relative stan- 
dard deviation in the range 12-25%. These precisions 
are poorer than those obtained from a similar analy- 
sis for nickel and cobalt,5 partly because of the single 
standard-addition method used.6 However, the oxi- 
dation stage and the small but appreciable time- 
dependence of the peak current will also contribute to 
the standard deviation. The statistical limit of de- 
tection at the 95% confidence level can be expressed 
as 4.65a,, where t.ra is the standard deviation of the 

Any significant reduction in this figure would 
depend to some extent on reducing the amount of 
chromium in the reagents, particularly the sodium 
nitrate solution. However, the method is sufficiently 
sensitive to prove valuable in determining the vari- 
ations in soluble chromium that accompany oper- 
ational changes in the reactor and thus contribute to 
the overall efficiency of the chemical control of the 
primary coolant circuit. 
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Summary-Thiourea (TV) has been studied as a possible additive for medium modification in order to 
modulate ion sensitivity in PSA (potentiometric stripping analysis). TU has three effects: (n) chelation with 
the metal ion and/or oxidizing agent; (b) specific adsorption at the mercury thin-film electrode (in the 
10m4M TU range); (c) diffusional electron transfer during the electro-deposition and redissolution steps 
in a PSA measurement. These effects were studied by PSA, ASV (anodic stripping voltammetry) and CA 
(chronoamperometry). For TU concentrations higher than lo-‘M, electron-transfer by the additive is the 
predominant factor affecting sensitivity; this effect depends upon the value of the ion-stripping potential. 
For TU concentrations lower than lo-“M, complexation with the metal ion and/or oxidizing agent is the 
main factor affecting sensitivity. Appropriate choice of the concentration of TU therefore makes it possible 
to enhance or to lower the specific ion sensitivity, and even to mask an ion with respect to other ions. 
Examples are given for Zn’+, Cu2+, Cd2+, Tl+, Bi3+, and an extensive study was performed with Pb2+. 

Potentiometric stripping analysis (PSA)‘s* is similar to 
conventional voltammetric stripping analysis (WA) 
in that the analyte is preconcentrated by poten- 
tiostatic deposition on a mercury electrode, but 
different from it in the method of signal generation. 
In PSA the amalgamated species M,(Hg) is reacted 
with excess of a suitable oxidant A,coX1, such as 
mercury(I1) or dissolved oxygen: 

W(Hg) +i A,(ox,+Mi'+ +i &al) (1) 

and the redox couple M,(Hg)/M:+ determines the 
potential of the mercury electrode until all the amal- 
gamated metal has been oxidized, the change in the 
potential signal being recorded as a function of time. 
The analytical parameters in PSA are thus the “strip- 
ping potential”, Es: M,cHgJ, and the “stripping time”, 
fS,M,s.il), the first being characteristic of the nature of 
the redox couple and the second proportional to the 
activity of the My+ analyte. PSA offers significant 
advantages over VSA because such factors as high 
solution resistivity and irreversible redox couples 
present fewer problems: however, a consequence of 
the type of PSA signal generation is that all My+ 
analytes give approximately (and theoretically) the 
same response to the technique (identical sensitivity). 

Both PSA and VSA are normally restricted to 
relatively noble metals when performed in aqueous 
solutions. Recently, PSA has been extended to more 
electropositive elements, such as alkali and alkaline- 
earth metals, by proper choice of solvent,3 and the use 
of matrix-exchange techniques coupled with 
flow-injection analysis during the electro-deposition 

and reoxidation steps has given rise to various 
studies4 involving rather sophisticated instrumen- 
tation. It has also been demonstrateds*6 that the PSA 
parameters are affected by the competitive effects of 
diffusion of Aj,, , equilibria in the bulk solution (e.g., 
complexation of AjCoX) and/or My+) and interfacial 
specific adsorption of the electrolyte anions at the 
working electrode. By governing these effects, it is 
possible to affect, without practical modification of 
the analysis scheme and with conventional commer- 
cial instrumentation, both the sensitivity and the 
qualitative and quantitative determination of M;+, 
and in some cases to avoid interference problems 
arising with various real samples. 

The simplest analytical approach thus consists of 
performing at least the reoxidation step in a medium 
free from complexation and specific adsorption, mak- 
ing no appreciable contribution to the capacitance 
background curve of the chronopotentiometric re- 
sponse, and inactive with respect to reaction (1). The 
first three demands are met by using perchlorate 
medium,6*7 but this lowers the sensitivities for M;+ 
analytes to a level unacceptable in trace element 
analysis and does not deal with certain interference 
problems.4** It is thus of interest to study the effect of 
certain additives to a given electrolyte medium in 
PSA. Thiourea (TU) has been chosen for trial for 
various reasons: it forms complexes with most com- 
mon cations (Particularly heavy metal ions9) deter- 
mined by PSA, its adsorption behaviour at the 
mercury-aqueous solution interface is different from 
that of most neutral organic surfactants,iOJ’ and 
it has been widely used as an additive in VSA 
studies.i2~i3 
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EXPERIMENTAL 

Instruments 
PSA determinations were done with the Radiometer ISS 

820” and/or Tecator Striptec 1067-1069 systems; the ana- 
lytical procedures for cleaning the electrodes, testing the 
reference electrode (SCE) for Hg(I1) leakage, conservation 
of the glassy-carbon (gC) electrode, mercury precoating and 
finding the factor for electrode surface irregularities, have 
already been described.5~6~‘4*‘5 

Specific adsorption phenomena were studied with the 
EG&G Princeton Applied Research 384-4B polarographic 
analyser system in the anodic stripping voltammetry mode, 
as already described.6 

Potential cycles in PSA were simulated with the Tacussel 
SGCV 512 instrumental system (SG 510 wave generator, 
PRGS 5 differential-pulse polarograph, S 223 Servogor BBC 
Goertz X-Y-t recorder, coupled to a Radiometer TTA 80 
three-electrode assembly). All potentials are quoted vs. SCE. 

Reagents 
All chemicals were of analytical reagent grade; triply- 

distilled water was used and the usual cleaning procedures 
for trace element analysis were followed;‘6 the thiourea was 
purified as described earlier by Nyman and Parry.” All 
stock solutions were prepared and diluted with special care 
to minimize relative errors” All experiments were done at 
20 f 0.1”. 

RESULTS 

PSA experiments 

Preliminary PSA experiments done with a chloride 
electrolyte medium showed that the competitive effect 
of complexation and co-adsorption with chloride 
obscured the effect of TU addition on the PSA 
parameters. A perchlorate medium (O.lOM perchloric 
acid, 0500M sodium perchlorate, 1.349 x lo-‘M 
mercury(II), M;+ in the 10e6M range) was therefore 
used instead, since it gives6v7 no specific adsorption of 
perchlorate anions at the interface and no strong 
complexation between perchlorate and My+ or AjcoX,. 
Table 1 shows the effect of addition of TU, at various 
concentrations, to this reference medium, on the 
conventional PSA parameters for TIC as analyte. 

Tl+ is complexed neither by TU nor perchlorate;’ 
in contrast, Hg(I1) undergoes strong complexation 
with TU.9 Consequently, E&,u,,, remains approxi- 
mately constant for all TU concentrations whereas 

E; He(He) undergoes a cathodic shift of 0.510 V when 
the medium is made 0.178M in TU, as theoretically 
predicted. i9**0 Lowering the A,(oX, activity enhances 
the sensitivity of detection of the analyte, s&), to a 

maximum at a TU concentration of N lo-‘M; higher 
TU concentration reduces the sensitivity by ad- 
sorption of the additive, eventually to a value lower 
than that for the TU-free medium. In this simple case, 
the factors acting on the PSA parameters are the 
complexation of A,,, and specific adsorption of TU, 
at concentrations higher than 10e3M. Note finally 

that Et, rIuigJ remains, in all media, in the -0.6 V 
range (Table 1). 

Interpretation becomes more difficult if My+ is also 
complexed, as can be the case for Pb2+. It is made 
even more difficult by the disparity in the published 
values for the stability constants of certain com- 
plexes. Thus for the Pb-TU complexes there appar- 
ently is a choice ranging from /I, = 2, /I2 = 8, /Is = 25, 
8’ = 40, to & = 25, /3* = 1.3 x 103, j& = 5.0 x 10’ 
and /I, = 2.0 x 10 *.*I However, the problem is more 
apparent than real in this case, as comparison of the 
values given by Ringbom do not agree with those 
given in the original papeti* from which they were 
said to be taken, those values being /l, = 4, b2 = 11, 
/Is = 10, b4 = 110, in fair agreement with those se- 
lected by Smith and Marte1123 and those recently 
reported by Crow24 (8, = 47, B2 = 1 l-30, /I, = 40-95, 
fi4 = 80-l 10, these being the ranges for five indepen- 
dent methods of calculation, with means 6,20,56 and 
98 respectively). The values of the stability constants 
will also depend on the ionic strength and nature of 
the medium. A HALTAFALL” calculation of the 
distribution of species in a mixture with total concen- 
trations C,, = 1.35 x 10T4iU, Cr., = 10W6M and 
Cru = 10e6-lM, with the “Smith and Martell” 
constants2’ gives the following predominance regions 
(species concentration at least about 50% of total 
metal ion concentration): Hg2+ at C,.,, < 2 x 10m4M, 
Hg(TU):+ at Cr, = 1 x lo-‘-3 x lo-‘M, Hg(TU):+ 
at Cr, = 3 x 10-‘-l x IO-‘M, and Hg(TU):+ at 
Cr, > 1 x lo-*M. For lead, the predominant form is 
free Pb2+ until C,, exceeds -0.lM. The variation in 
sensitivity for lead, as a function of Cr, (Fig. l), 
suggests that at C, < 3 x 10e4M the behaviour of 
S&n@ is essentially the same as that of s&~ in the 
absence of adsorption, both being affected by the 
same factors. At Cr, between 3 x 10m4M and 
-8 x lo-‘M, the formation of Hg-TU complexes 
and adsorption occur simultaneously, the latter fac- 
tor being predominant, as in the case of Tl+. At still 
higher TU concentrations, above about 10W2M, 

Table 1. Effect of thiourea on the PSA parameters of Tl(1) 

&, ners’ 3 
V vs. SCE 

E; H#CHd 9 
V vs. SCE 

Sensitivity, s;WHs’* 
sec.Ug.l.-’ 

- - 0.580 + 0.270 (0.750 f 0.020) x 106 
3.84 x lo-’ - 0.620 + 0.205 (0.834 k 0.060) x lo6 
3.71 x 10-4 - 0.610 + 0.070 (1.04 + 0.06) x lo6 
2.78 x lo-) - 0.600 - 0.020 (1.15kO.06) x lo6 
3.71 x 10-r - 0.620 - 0.130 (0.924 f 0.073) x lo6 
1.04 x 10-l - 0.630 - 0.200 (0.848 + 0.042) x lo6 
1.78 x 10-l - 0.600 - 0.240 (0.600 f 0.084) x 106 

*Sensitivity is defined as the slope of the calibration graph s&s’ =_f([Tl(I)]).‘,’ 
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W-W:+ will become increasingly predominant, 
and complexation of the lead will also begin to be 
significant, leading to the further changes in the 
sensitivity curve. 

Such an interpretation is only qualitative, and thus 
is not entirely satisfactory; it cannot be quantitatively 
deduced from the PSA results, since these cannot 
indicate the effect of adsorption on the two separate 
steps of the PSA cycle (electro-deposition and strip- 
ping). PSA parameters are not directly related to 
fundamental adsorption phenomena,‘*’ as evidenced 
by the fact that the electrochemical characteristics of 
My+ (such as half-wave potential and the sensitivity 
as measured by differential-pulse polarography’2126) 
behave normally with adsorption of TU. 

ASV experiments 

The adsorption of TU and its derivatives has been 
the subject of several studies,‘~“~‘*~*“~ leading to the 
general conclusion that TU behaves quite differently 
from most other organic surfactants at the 
mercury-aqueous solution interface.’ Nevertheless, 
no experiments have been performed on its ad- 
sorption under PSA conditions. 

To elucidate the actual effect of TU, ASV experi- 
ments were performed under PSA conditions (cath- 
odic electro-deposition of the same duration at iden- 
tical potential, followed by sweeping the potential to 
the anodic region at the same speed). Figure 2(b), 
based on results similar to those given in Fig. 2(u), 
shows that TU, in perchlorate medium, undergoes 
both adsorption and diffusion-controlled electron- 
transfer in the potential range from -0.6 to -0.2 V 
(us. SCE). Both mechanisms occur for TU concen- 
trations in the 10m4M range (cJ TU adsorption as 
visualized in PSA measurements in the 10m3M TU 
range, with a maximum surface coverage seeming 
to be attained at -3 x 10e3M TU). The new 
fact that emerges here is that TU behaves as an 
electroactive species during the two steps of a PSA 

2 
I- Pb (TU),2+ Pb*+ 

experiment, for TU concentrations lower than 
approximately 3 x 10e4M. 

PSA simulation of experiments by chronoampero- 
metric methods 

The electron-transfer undergone by TU leads to 
the idea of discriminating current responses due to 
M:+/A,,,,, (or M,/A,(r& from those due to TU. The 
main fundamental method for doing this seems to be 
potential-step chronoamperometry (CA) with poten- 
tial reversal.3’ The typical waveform applied to the 
gC(Hg) working electrode [Fig. 3(a)] leading to the 
idealized current response [Fig. 3(b)] must be adapted 
to the potential-time data pairs of PSA and ASV 
experiments for a given M:+ species. For instance, 
with Pb*+ in perchlorate medium, potential E, corre- 
sponds to -0.950 V (PSA/ASV deposition poten- 
tial), time tl to 240 set (PSA/ASV electrolysis time), 
potential E2 to -0.400 V (value corresponding to 

E:. PWHS) in PSA or to the final redissolution potential 
in ASV) and 72 to 60 set (redissolution time needed 
in PSA and ASV to reach the base-line of the 
capacitance background curve in the media studied, 
with M:+ in the 10m6M range1*3*5). 

Figure 3(c) gives the actual form of the CA re- 
sponse for a given TU concentration along with 
designation of the information conveyed (iti and iRcd, 
corresponding to the initial redissolution and electro- 
deposition currents). Considering the double-step 
waveform as a superposition of two potentiostatic 
components acting respectively during 240 and 300 
sec,3’ and using the theory applicable to this type of 
working electrode,30*32*33 it is seen that the con- 
ventional criterion for a stable electrochemical sys- 
tem,3’ i.e., 

-$!&=()293 
hd 72 

is not met: i,, is much larger than that predicted by 
theory and the CA current ratio is more negative than 

1 
0 

I I + I I I OD 

2 4 
_- ---) 

2.52 

PTU 

Fig. 1. Evolution of PSA sensitivity with pTU, Pb 2+ -TU systems; predominance regions shown for metal 
SpfXkS. 
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the ideal, where both the Ox and Red species are 
stable during the observation period.32v33 Hence these 
species produce kinetic complications in the system 
considered here. 

The nature of the kinetics and the identity of the 
species effectively responsible for the effects observed 
can be elucidated by the following CA experiments. 

At constant My+ and A,(,,,, activity, with E, char- 
acteristic of the electro-deposition potential range for 
the more common ions determined by PSA (- 0.950 V), 

E (V vs. SCE) 

Fig. 2(u). ASV: diffusion and adsorption peaks of TU in 
perchlorate medium, at VU] = 1.16 x 10m4M: diffusion: 
Ep= -0.354 V, i,=460 nA; adsorption: E,= -0.292 V: 

ip = 395 nA. 

(6) 

AdsorptIon and diffusion peaks 

not dwmmmated . 
0 

I 0 

I 
I 

. Adsorptm m I 
diffusion I 

AdsorptIon Isotherm 

0 I 
I 
I 

0 I 

variations of the CA ratio with the redissolution 
potential E2 can be measured from experiments such 
as those illustrated in Fig. 4. In this figure, two TU 
activities have been selected: “below” (3.34 x 10m5M) 
and “above” (4.09 x lO-‘M) those needed for ad- 
sorption of the additive. In both cases iti is greater 
than iRcd, but, with the higher TU concentration, the 
potentials are closer together and more cathodic. The 
additive thus has more marked effect on the PSA 
stripping step, enhanced by the more cathodic value 

of J% (i.e., EL M,(HsJ 
Moreover, when similar experiments are done over 

the whole TU activity range covered by the earlier 
PSA experiments, the behaviour of the CA ratio is in 
general similar to the behaviour of the PSA sensitivity 
(Fig. 5) for redissolution potentials E2 characteristic 

of the E;M,(H,) range for the more common ions 
studied by PSA (from -0.6 to -0.2 V). This 
indicates a correspondence between the PSA sensi- 
tivity (global analytical result of the two steps of the 
PSA measurement) and the CA reoxidation current 
(for the same set of experimental conditions: E, , E2, 
z,, z2). Hence, after complexation (in solution) and 
adsorption (at the interface) have taken place (at TU 
concentrations ~3 x 10m4J4), TU acts mainly as an 
electron-donor and progressively substitutes its far- 
adaic current for the M,(Hg) faradaic current and 
A ,(RcdJ capacitive reoxidation current. In this situ- 
ation, the electron-donor capacity of TU is enhanced 
by the more cathodic value of E, (in the CA experi- 

ments) or El M,(Hg) (in the corresponding PSA experi- 
ments): the nature of M:+ and Alto,), through the 

/ 
AdsorptIon current mtensity DIffUSlon 
MIxed 
Dlffuslon current Intensity 

/ 

0 

AdsorptIon aA dtffusmn 

/ 
0 

1 2 

CTUI 1O-4M 

Fig. 2(b). Behaviour of TU at the DME solution interface in perchlorate medium, [TU] in the 10-4M 
range. Conditions: electro-deposition, -0.950 V, 60 set; redissolution, E, = -0.600 V, Ef= -0.209 V; 
deaeration, 240 set; drop time, 1 set; scan increment, 0.002 V; electrode conditioning, 30 set; electrode 

equilibration, 60 set, pulse height, 0.050 V; cyclic; background suppression; DPP mode. 
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corresponding values of EL, M,CHgj, consequently in- 
duces the actual electron-donor activity of TU. 

This argument rests on the hypothesis that the 

M,(Hg) and A,~w redissolution faradaic currents are 
negligible compared to the TU reoxidation effect. 
Measurements of the CA ratio at various My+ activ- 
ities for constant A,,o,,and TU concentrations fixed in 
the adsorption range, with E, = -0.950 V and 
E2 = -0.400 V, demonstrate this hypothesis for 
the current component M,(Hg) Incidentally, 
such experiments can be used for a rather tedious 
determination of My+, with relative standard devi- 
ation 0.9%. Changing the A,,, activity leads to 
linear calibration graphs such as those illustrated in 
Fig. 6, but with different slopes, as can be theor- 
etically predicted.*” Finally, changing the TU activity 
over the whole range covered by the PSA experiments 

+ E2 
_ -- 

t 

E 

I r2 r1 

t 

+ 

t 

- I 10 pA 

(a) 

leads to Fig. 6: &,/6[M:+] and &,/6[M;+] both 
increase with TU activity. This behaviour is indepen- 
dent of the selected E,-E, potential pair (in the range 
previously mentioned). 

This confirms that the TU electron-donor mech- 
anism during the stripping step is entirely responsible 
for the change in PSA sensitivity over this range of 
TU activity. 

Analytical implications and conclusions 

It has been demonstrated that for TU concen- 
tration >3 x 10m4M and E&,,C,,, between -0.6 and 
-0.2 V, TU is responsible for the main component 
of the chronoamperometric reoxidation currents; TU 
also forms in those conditions a chemical bond with 
the M,(Hg) film.26 TU thus governs the PSA sensi- 
tivity. The effect is enhanced by cathodic displace- 

A+C -A- 

0 

Potentlostatlc c4ultrol 

+I 

(6) 

One PSA experiment 
- (300secl 

Redlssolutlon 
I 1 

stat1onory currents 

Chronoomperometry 

0 r1 . 
240 set 

-E2 -0.400~ ~.s SE 

CSC (NHz)23: 0.266Y 

Fig. 3. CA: double potential step chronoamperometry as simulation of PSA experiments: (u) waveform 
injected at the working electrode; (b) typical current response for a stable, reversible electrochemical 

system; (c) actual experiment in perchlorate media as described in the text; FIJI = 0.286M. 
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I I I I 

-0.400 -0.200 0 
Es (V YS. SCE 1 

Fig. 4. Variations of iox with is, with Er, at fixed Mf+ and 
A activities, for E, = -0.95 V and two TU concen- 

‘%tions, 3.34 x 10esM (0, 0) and 0409M (0, W). 

ment Of Ei,M,(Hg) (to an extent dependent on the 

complexation data for M:+ and Alto,)), whereas the 
A ,(oXJ and My+ activities (in the range studied in the 
PSA experiments) cannot affect the general hehaviour 
of TU. 

This suggests direct analytical applications for 
enhancing or lowering the sensitivity in PSA metal- 
ion determinations. 

9 1 

For M:+ ions with E&(,,, more cathodic than 
-0.6 V (outside the TU electron-donor potential 
range), the two parameters affecting PSA sensitivity 
are complexation and specific adsorption. Complex- 
ation of A,co,, enhances the sensitivity by lowering the 
corresponding activity gradient at the electrode inter- 
face;2 complexation of M:+ lowers the sensitivity by 
reducing the stripping time, which is proportional to 
the My+ free ion activity.j Moreover, the sensitivity 
should show an abrupt change in the TU adsorption 
range (TU concentration - 3 x 10m4M). This is illus- 
trated in Table 1 (for Tl+) and in Table 2 (for Cu*+), 
two metal ions having different TU complexation 
constants and characterized by E+(Hrj values out- 
side the TU electron-donor potential range. 

For My+ ions with E:,,,CHg, more anodic than -0.2 
V (at the upper limit of the TU electron-donor 
potential range), an additional parameter, the elec- 
troactivity of TU must be taken into account and this 
last factor is largely preponderant for TU concen- 
trations >3 x 10m4M. This is illustrated by Bi3+ 
(Table 2): this species has an Ei. B,CHgj value of -0.117 
V, due to complexation with TU; two effects thus 
lower Bi3+ PSA sensitivity: (1) specific adsorption at 
a TU concentration of -3 x 10m4M and (2) TU 
oxidation at higher TU concentrations. This ion 
is finally completely masked in PSA experiments 
performed in media with TU concentration 
>3 x 10e3M (Table 2). 

For M:+ ions with E&,,,,,, between -0.6 and 
-0.2 V, the three parameters play independent roles. 
The final effect on PSA sensitivity at TU concen- 
trations >3 x 10m4M is a function of the actual 

E; M,(W value and thus of the nature of the M:+/A,(OX) 
couple. In this respect, Pb2+ has been systematically 
studied in this work (Table 2). 

T I 
1 Ea=-02oov 

I 

P 

E2 = -0’400 v 

P 
P 

L I I I I I 
a0 

--_- 

0 1 2 3 4 5 

PTU 

Fig. 5. Evolution of the CA ratio with TU concentration in perchlorate medium, at fixed My+ and A,,,, 
activities and for E, = -0.950 V. Two E2 values are illustrated, E;rM,,,, = -0.460 V. 
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PTU 

Fig. 6. Variation of redissolution CA sensitivity with thiourea activity, at fixed M;+, A,ctij, 
E, = -0.950 V, and for two redissolution potential values I&, -0.400 V and -0.200 V. Note that 

E;, Pb(HI) = -0.460 v. 

Table 2. Effect of thiourea on stripping potential and detection sensitivity of metal ions* in Cl- 
medium, in potentiometric stripping analysis 

M:+ 

Zn(ll) 

Cd(B) 

n(I) 

Cu(II) 

Pb(II) 

Bi(III) 

WI, M 
0 

0.133 
0 

0.133 
0 

0.133 
0 

0.133 
0 

0.133 
0 

0.133 

Eh hww 9 E; Hem) ’ 

V vs. SCE V vs. SCE 
Sensitivity, sh, + (us), 

sec.pg.l.-’ 

- 1.080 0.065 (7.00 f 0.39) x 105 
- 1.080 - 0.200 (1.05 f 0.22) x 105 
- 0.700 0.065 (1.54kO.14) x 106 
- 0.705 - 0.214 (1.68 f 0.10) x 106 
- 0.610 0.065 (9.63 f 0.41) x 106 
- 0.655 - 0.210 (2.31 f 0.19) x lo6 
- 0.217 0.072 (5.09 f 0.27) x lo6 
- 0.630 - 0.210 (5.29 f 0.23) x lo6 
- 0.470 0.072 (4.62 f 0.51) x lo6 
- 0.480 - 0.210 (6.62 f 0.35) x 106 
-0.117 0.060 (2.89 f 0.25) x 106 

not observed - 0.198 - 

*The metal ions are listed according to their E;M,u,sr values in presence of thiourea. 

The electroactivity of TU is a quite general phe- 
nomenon: it must consequently be considered in 
other electrochemical techniques used for trace metal 
determinations (e.g., ASV and DPP). As the effect of 
the additive depends on the nature of MY+ (E&,tH8, 
value), this can explain some apparent discrepancies 
often encountered in electrochemical studies.“**“**” 
Conclusions such as attribution of contradictory 
behaviour (e.g. enhancement or lowering of My+ 
DPP signal with addition of TU) solely to TU 
adsorption at the DME interface,‘>” must now be 
reconsidered in the light of the results of this study. 
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Summary-The nitrogen-containing analogue of Wcrown-6, 1,4,7,10,13,16-hexa-azaoctadecane (hexa- 
cyclen)] was studied as a reagent for complexation and extraction of some metal ions. It was found that 
with this reagent and methyl isobutyl ketone, metal ions such as silver(I), mercury(H), copper(H), 
platinum(H) and palladium(H) can be quantitatively extracted and separated from iron(II1) and some 
other metai ions. _ 

During the last years a number of macrocyclic com- 
pounds (crown ethers) have been successfully applied 
in liquid-liquid extraction.‘-‘3 Up till now, mainly 
oxygen-containing crown ethers are used for alkali 
and alkaline-earth metal ion extraction.’ Only a few 
papers are dedicated to transition-metal ion ex- 
traction-with thiacrown ethers,“,‘j*” O,N-containing 
macrocycles’**J’*‘* and O-crowns.s*9s’3 

In the present paper results concerning metal-ion 
extraction with 1,4,7,10,13,16-hexa-azaoctadecane 
(hexacyclen) are reported in connection with its ana- 
lytical application, based on liquid-liquid extraction 
of ion-pairs formed between the positively-charged 
hexacyclen complexes and suitable anions, followed 
by an AAS determination. Since the hexacyclen mol- 
ecule exhibits remarkable flexibility and pronounced 
donor propertiesi it might be expected that this 
N-analogue of l&crown-6 would be a good extrac- 
ting agent for a number of metal ions that prefer 
nitrogen as a donor atom in co-ordination processes. 

EXPERIMENTAL 

Reagenis and apparatus 

All reagents used were of analytical grade. The commer- 
cially available trisulphate of the hexa-axa ion 
(hexacyclen.3H2S0, Aldrich) was used. “Free” ligand sol- 
ution (5 x IO-‘M) was prepared from hexacyclen .3H,SO, by 
boiling with barium carbonate. The standard solutions for 
Zn(II), Cd(H), Pb(II), Mn(II), Co(H), Ni(II), Ag(I) and 
Hg(II) were those produced by BDH as standards for 
atomic-absorption spectrometry (1000 pg/ml in 0.2M nitric 
acid). The metal salts used for preparation of the other stock 
metal ion solutions (5 x lo-“M) were TlNO,, FeCl,, CuCl, 
Fe% (NH,)2SO,~6H20, (NH& PQ, (NH,)&Cl, and 
(NH,),PdCl,. The working solutions (5 x 10-‘&f) were 
prepared from the stock solutions by dilution with redis- 
tilled water. The counter-ion solutions-5 x 10e4M picric 
acid (Pit) and 5 x 10m4M sodium dodecylbenzenesul- 
phonate (DBSA, surfactant counter-ion) were freshly pre- 
pared from corresponding stock solutions. 

The acidity of the aqueous phase was regulated with 
O.OlM acetate buffer solution for pH 5 and 6, and O.OlM 

*Author for correspondence. 

borate buffer for pH 9. The other pH values used, in the 
ranges 3-5 and 6-9, were adjusted with O.OlM hydrochloric 
acid, acetic acid or ammonia solution. The extraction of 
Pd(II) and Hg(I1) was studied in the pH range 311, the pH 
being adjusted to 9-l 1 by means of O.OlM sodium hydrox- 
ide. The pH values were measured with a Radelkis OP-208 
pH-meter after estimation of the extraction equilibrium. 

Atomic-absorption spectrometry (AAS) was performed 
with a double-beam spectrometer (Pye Unicam SP 1950, 
acetylene/air flame) at the best signal-to-noise ratio for each 
metal. 

All measurements were obtained at constant ionic 
strength (0.1 M NaClO,). 

Metal ion extraction 

To 2.00 ml of the metal-ion solution (5 x IO-‘M) in a 
SO-ml glass-stoppered tube, the following solutions were 
added: 1 ml of of sodium perchlorate, 2 ml of 5 x 10m4M Pit 
or DBSA, 2 ml of the buffer (or other pH-adjusting) 
solution and 2 ml of 5 x lo-‘M hexacyclen. Distilled water 
was then added to give a total volume of 10.0 ml. 

Most of the experiments were done at ambient tem- 
perature. To find the influence of temperature on the 
formation of the complexes to be extracted, some of the 
reaction solutions were first heated at 90” (water-bath) for 
30 min, cooled to ambient temperature and then extracted. 
The extraction was performed with 10.0 ml of methyl 
isobutyl ketone (MIBK). The metal-ion concentrations in 
the aqueous and organic phases were determined by AAS. 

The extraction of Cu(I) was studied with freshly meoared -_ _ 
solutions of CuCl, in order to prevent their dis- 
proportionation. 

RESULTS AND DISCUSSION 

The extraction of Ag(I), Tl(I), Zn(II), Cd(H), 
Hg(II), PbW), Fe(III), Fe(H), Mn(II), Co(II), Ni(II), 
CL@), Cu(I), Pt(II), Pt(IV) and Pd(I1) with hexa- 
cyclen was studied under various conditions. First the 
extraction time to be used in the next batch of studies 
was determined. For this purpose the metal-ion con- 
centrations were monitored for the extraction systems 
M”+-hexacyclen-Pie and M”+-hexacyclen-DBSA 
after preliminary heating [only Ag(1) was studied at 
ambient temperature] after 5, 15 and 30 min extrac- 
tion. The results obtained are shown in Table 1. It is 
evident that after 30 min practically total extraction 
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Table I. Time-dependence of metal-ion extraction (%) after preliminary heating 
(p = O.lM NaClO,) 

M”+-hexacyclen-Pit M”+-hexacyclen-DBSA 

Extraction time Extraction time 

lW+ PH 5 min 15 min 30 min 5 min 15min 30 min 
______- 

kdU* 6 48 + 5 12 f 3 99+ 1 40 f 5 68 * 3 99* 1 
Cu(I) 4 IO&-3 43 + 2 98 & 3 12k3 50 * 3 99* 1 
Cu(II) 5 73*4 82 + 3 98& 1 
I-MI) 5 77 * 4 99* 1 >99.5 71*4 99* 1 >99.5 
Pd(I1) 9 42 k 5 56 & 3 >99.5 40+4 62 + 3 >99.5 
Pt(I1) 3 18k3 50*4 98+ 1 16+3 54 * 3 98k 1 

*At ambient temperature. 

is realized in both systems, the only exception being 
Hg(II), for which 15 min shaking leads to 99% 
extraction. 

The dependence of extraction on acidity was stud- 
ied in the pH range 3-9 both at ambient temperature 
and after preliminary heating (extraction time 30 
min). The data obtained are given in Table 2 and 
show that the systems used are suitable for 
liquid-liquid extraction of Ag(I), Hg(II), Cu(I), 
Cu(II), Pt(II), Pt(IV) and Pd(I1). For these ions the 
extraction over a wide pH range with both Pit and 
DBSA as counter-ions was studied (see Figs. l-7). It 
should be mentioned that only for Ag(1) and Hg(I1) 
is quantitative extraction at ambient temperature 
realized. Heating Ag(1) solutions with the reagent 
leads to partial reduction to Ag. In spite of the fact 
that according to Figs. 5 and 6 the separation of 
Cu(I1) and Cu(1) at pH 7-8 seems possible, our 
efforts in this direction failed, because of the partial 
disproportionation of Cu(I), leading to higher results 
for Cu(I1). 

The correlation of the extraction data with the 
ionic radii of the corresponding metal ions shows that 

PH 

Fig. 1. Extraction us. pH plot for silver(I). (a) Ag(I) with Pit 
at 20°C; (b) Ag(I) with DBSA after heating; (c) Ag(I) with 

Pit after heating. 

the tendency for co-ordination by the N-donor 
groups is more important for complexation than the 
ionic dimensions are, and is maybe the crucial factor. 
It follows, however, from this fact, that in the com- 

100 - 

80 - 

3 
w 

60 - 

4oO- 2 4 6 8 

PH 

Fig. 2. Extraction US. pH plot for palladium(I1). (a) Pd(I1) 
with Pit after heating; (b) Pd(I1) with Pit at 20°C; (c) with 

DBSA after heating. 

2 4 6 8 10 

PH 

Fig. 3. Extraction vs. pH plot for platinum(I1). (a) Pt(I1) 
with Pit at 20°C; (b) Pt(I1) with DBSA at 20°C; (c) Pt(I1) 

with Pit after heating. 
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Fig. 4. Extraction 
with Pit at 20 
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PH 

US. pH plot for platinum(IV), (a) Pt(IV) Fig. 6. Extraction vs. pH plot for copper(I). (a) Cu(1) with 
‘C; (b) R(W) with Pit after heating. Pit at 20°C; (b) Cu(1) with Pit after heating; (c) Cu(I) with 

DBSA at 20°C; (d) Cu(I) with DBSA after heating. 

plexes of Cu(II), Pt(II), Pt(IV), Pd(II), Cu(I), Hg(II) 
and Ag(I), which have ionic radii ranging from 0.72 
to 1.26 A, the flexible macrocyclic molecule forms 

a0 complexes with quite a different structure. 
7 
e The data presented in Table 1 indicate that both 
w the complex formation with hexacyclen and the ex- 

20 traction of the complexes are not fast enough. This 
is confirmed also by the data presented in Figs. 2-6, 
showing that the metal is completely extracted only 
after complexation at higher temperatures. Ag(I) 

0 2 4 6 6 10 
should not be heated, as already mentioned above, 

nu and Hg(I1) is extracted quantitatively even without 
r.. 

Fig. 5. Extraction vs. pH plot for copper(H), (a) Cu(II) with preliminary heating (Fig. 7). At least in the case of 

Pit at 20°C; (b) Cu(II) with Pit after heating; (c) Cu(II) with Pt(I1) and Pd(II) the low complex formation rate can 
DBSA at 20°C; (d) Cu(II) with DBSA after heating. be related to the well known inertness of their 

Table 2. pH-Dependence of metal-ion extraction (%) at different temperatures in 
the presence of pick acid 01 = 0.1 M); all data are average values (and range) from 

3-6 experiments 

Ionic 20°C After preliminary heating 

M”+ 
radius, 

A’5 

Ag(I) 1.26 
Cd(I1) 0.97 
Co(H) 0.72 
Cu(I) 0.96 
Cu(I1) 0.72 
Fe(B) 0.74 
Fe(III) 0.64 
Hg(II) 1.10 
Mn(II) 0.80 
Ni(II) 0.69 
Pb(II) 1.20 
W(B) 0.80 
PWI) 0.80 

PH 3 PH 5 

65 k 4 99* 1 
<1 18 + 2 

0 <I 
4*1 2+1 
2*1 8&l 
0 0 
0 0 

94*2 >99.5 
0 0 
0 4&l 
0 0 

50*3 52+3 
32 f 2 52 + 3 

uH 9 pH 3 pH 5 PH 9 

87 + 5 0 
10*2 <0.5 

<l 0 
0 98 k 3 
3*1 98 k 2 
0 0 
0 0 

86+2 98 f 2 
24 k 4 0 

2+1 0 
0 0 

88+4 90+2 
21*2 98k 1 

14*2 
17+2 
7*1 

40 * 5 
98+ 1 
0 
0 

>99.5 
0 

23 + 3 
0 

95 * 2 
97 + 2 

3*1 
17+2 
3*1 
0 

82&4 
0 
0 

96 + 2 
24 + 3 

3+1 
0 

z99.5 
72 + 4 

WV 0.65 55*3 37 f 3 17+2 98 f 2 95 * 2 83 k 3 
TKI) 1.47 0 0 0 0 0 0 
Zn(II) 0.74 0 8k2 5&l 0 8&2 6+1 
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4oO--1 

PH 

Fig. 7. Extraction us. pH plot for mercury(H), (a) Hg(II) 
with Pit at 20°C; (b) Hg(I1) with Pit after heating; (c) Hg(I1) 

with DBSA after heating. 

Table 3. Separation of metal ions from 
iron(II1) [extraction of Ag(I) and Hg(I1) at 
ambient temperature, all other ions after 

preliminary heating] 
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zinc, lead, manganese, etc. This was confirmed by 
direct experiments, the results of which are presented 
in Table 3. The separation is obtained by preliminary 
heating of the sample with the reagent on a water- 
bath for 30 min, followed by a 30-min extraction 
(15 min in the case of mercury). The recovery per- 
centage (I?%) for the metal ion is a measure of the 
efficiency of the separation. It can be seen that some 
of the recoveries are rather poor. Effective separation 
from iron is realized for platinum and palladium at 
M:Fe = 1: 104, for mercury at 1: 103, for copper at 
1: lo2 and for silver at 1:5. 
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Summary-The mechanism of extraction of organic compounds by open-cell polyurethane foam has been 
investigated through a detailed study with simple aromatic compounds. Comparison with identical 
extractions into diethyl ether suggests that the basic extraction mechanism is an ether-like solvent 
extraction process. The addition of salt increases the extraction and changing the dielectric constant of 
the aqueous solution also affects the extraction. For organic compounds which have a group capable of 
hydrogen bonding, some additional factor appears to influence the extraction. This appears to be hydrogen 
bonding with the polyurethane foam; it is stronger with polyether foam and reduced by the presence of 
a strong intramolecular hydrogen-bonding group placed ortho to the hydrogen-bonding group. Thermo- 
dynamic studies support these conclusions. 

Since their origin, polyurethane polymers have been 
applied to a variety of tasks. In 1970, Bowen’ first 
used foamed polyurethane for the extraction from 
aqueous media of a variety of metal species such as 
mercury(II), gold(III), iron(III), antimony(V), mo- 
lybdenum(VI), rhenium(II1) and uranium(V1) as well 
as benzene and phenol. Because of the large sorption 
capacities (OS-l.5 mole/kg), Bowen deduced that the 
extraction was not a surface phenomena but that 
absorption into the bulk of the polyurethane must 
occur. The possibility of a solvent extraction mech- 
anism and the similarity between extraction by foam 
and by diethyl ether was reported. Considerable 
further research has dealt with the extraction of 
various inorganic compounds and metal species, a 
summary of which can be found in several reviews” 
and books.4,5 

Only a few papers have discussed the mechanism 
of the extraction process. Gesser and co-workers6s7 
described the extraction of Ga(III), regarding the 
polyurethane foam extraction as similar to an ether- 
type solvent extraction in which the neutral HGaCl, 
species was extracted. Later work by Lo and Chow8 
also found the foam-extraction of antimony to be 
similar to that into an organic solvent. This view of 
the extraction mechanism was further supported by 
Korkisch ef aL9 who examined the extraction of 
uranium and found the salting-out effects to be 
similar to those in the liquid-liquid extraction of 
uranium by ethers. More evidence was presented 
by Braun et al.,” who used Miissbauer spectroscopy 
to show the similarity between diethyl ether extrac- 
tion and the extraction by polyurethane foam. 

An alternative mechanism was postulated by 
Hamon et al.” for the extraction of cobalt and other 
metals. This mechanism, known as the “cation- 
chelation mechanism”, consisted of having the 
negatively-charged metal complexes solvated within 

the polymer matrix, with accompanying cations 
strongly solvated within “crown ether” type struc- 
tures within the polymer configuration. Since only the 
polyether-type foam can form these “crown ether” 
type structures, it is a much better extractor than 
the polyester-type polyurethane foam. Further 
research1”r4 also supports this mechanism. 

Some work has been done on the extraction of 
organic compounds by polyurethane foam since 
Bowen’s publication. Gesser et ~1.‘~ extracted poly- 
chlorinated biphenyls from water, by using foam 
plugs placed in a chromatographic column. It was 
found that organochlorine pesticides were extracted 
along with the polychlorinated biphenyls and a de- 
tailed study of the factors affecting the extraction and 
recovery of these compounds was made by Musty 
and Nickless.16 The uncoated foams gave better ex- 
traction than those coated with chromatographic 
greases, indicating an absorption mechanism. Later, 
Gough and Gesser ” looked at the extraction and 
recovery of phthalate esters from aqueous media. 
They found that a column containing foam plugs 
could remove these phthalates at the pg/l. level and 
that these compounds could be recovered by elution 
with acetone and hexane. There was no attempt to 
define the mechanism involved. Recent work by 
Ahmad et aLI looked at extraction by polyurethane 
foam as a means of separating different carboxylic 
acids in aqueous solution. 

Although there has been some speculation as to the 
mechanism of extraction for inorganic compounds, 
to date there has been very little work done on the 
mechanism of extraction of organics by untreated 
open-cell polyurethane foam. The present in- 
vestigation looked at the extraction of simple aro- 
matic compounds with the intention of determining 
whether the extraction by solvent extraction, cation- 
chelation or another mechanism. 
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EXPERIMENTAL 

Apparatus Extraction time 

Ultraviolet absorbance measurements were made with a 
Unicam SPSOO series 2 or a Varian Series 6348 spectro- 
photometer. Sodium concentration was measured with a 
Waters Millipore ILC-I Ion/Liquid Chromatonraph with a 
Wisp 710B, a model 430 conductivity detector and a 740 
data module with Waters Millipore IC Pak cation and guard 
columns. Ethanol concentraiion was measured v&h a 
Hewlett-Packard 5710A gas chromatograph with a flame- 
ionization detector, equipped with a glass column packed 
with Waters Porapak P. 

The solutions were equilibrated with the foam in boro- 
silicate glass squeezing-cells mounted within a thermo- 
statically controlled (25.0 + 0.1”) cabinet. This equipment 
was designed to produce repetitive solution-mixing and 
foam-squeezing at a rate of 30 f 0.5 cycles/min and is 
described elsewhere.r9 

Reagents 

All chemicals were of reagent grade unless otherwise 
indicated. Pure water was obtained from a Bamstead Nano- 
pure II water purification system fed with water purified by 
reverse osmosis. 

Two types of polyurethane foam were used. The polyester 
foam was obtained as Dispo T. M. plugs from Canlab, 
Winnipeg and the polyether plugs were cut from a foam pad 
obtained from a local department store. The cleaning pro- 
cess for both foam types consisted of soaking for 1 hr in 1M 
hydrochloric acid with occasional squeezing; rinsing with 
pure water; soaking for 1 hr in 95% ethanol with occasional 
squeezing; rinsing overnight in pure water; extracting with 
acetone for 3 hr in a Soxhlet apparatus; drying overnight in 
a vacuum desiccator before use. 

General procedure 

Preliminary experiments showed that 1 hr of squeezing 
was enough for equilibrium to be attained for the com- 
pounds studied. Simple aromatic compounds were used 
because they had several desirable properties such as good 
ultraviolet absorption for easy detection, enough polarity to 
dissolve sufficiently in 10% ethanol solution, and reasonable 
extraction into the foam. The 10% ethanol in water medium 
was chosen because it was able to dissolve the compounds 
tested, did not give severe evaporation problems and gave 
larger extraction values than higher ethanol concentrations 
did. Sample solutions were prepared by diluting 1 ml of an 
organic stock solution to 100 ml with 10% ethanol solution. 
The ultraviolet absorbance (A) of the sample solutions was 
measured before addition of the foam and again after the 
squeezing period. The values obtained were corrected by 
means of the values from a blank run simultaneously. The 
degrees of extraction (E) and the distribution coefficients 
were then calculated; 

E = [(A,,,,,,, - &a,W,n,,ta,I x 100% 
E volume of solution 

D=(lOOx weight of foam 

the units used being litres for volume of solution and kg for 
weight of foam. Several trials were run simultaneously and 
the standard deviations were calculated. 

The wavelength used for absorbance measurements was 
that for the highest absorbance (,l_). They were either 
taken from the Sadtler HandbookZ or the D.M.S. UV 
atlas,2’ or determined experimentally by scanning from 500 
to 200 nm with the Varian spectrophotometer. 

For many of the compounds an extraction was performed 
with diethyl ether and compared with the foam extraction. 
The ether extraction consisted of extracting the organic 
compound from 20 ml of sample solution with 10 ml of 
diethyl ether at 25”. 

RESULTS AND DISCUSSION 

Preliminary experiments showed that extraction 
equilibrium was attained within 1 hr. Further experi- 
ments indicated that a 5-ppm solution of m- 
nitrophenol in 10% ethanol reached equilibrium after 
4 min of squeezing with the foam. The same results 
were obtained with 0.25-g pieces of either polyether 
or polyester foam. For 0.40-g pieces of polyester 
foam the time for equilibrium to be reached increased 
to 6 min. The extraction with diethyl ether extraction 
reached equilibrium within 15 min. According to 
Hamon et al.” the cation-chelation mechanism can 
take up to 18 hr to reach equilibrium for 0.05-g foam 
pieces. Thus the extraction time for organics is similar 
for polyurethane foam and for diethyl ether extrac- 
tion, and is more rapid than would be expected for 
a cation-chelation mechanism. 

General survey 

The results of the general survey and for the diethyl 
ether extraction are shown in Table 1. In the solvent 
extraction with diethyl ether, more than 99% extrac- 
tion was obtained in some cases; because of the 
relative volumes of the two phases, the amount of 
solute left in the aqueous phase was too small for 
accurate measurement in these cases, so the distribu- 
tion coefficient is recorded as being greater than a 
value arbitrarily selected as the highest measurable. 
The distribution coefficients obtained in the foam 
experiments generally paralleled those of the ether 
experiments. This supports the suggestion that the 
extraction mechanism with the polyurethane foam is 
similar to that with ether. The reason for the negative 
values of D reported for the pyridine/foam systems is 
not known; since it means that the absorbance of 
the aqueous phase is greater after the extraction than 
before it, it is perhaps due to extraction of a de- 
gradation product of the foam into the aqueous 
phase, but this was not investigated. 

E$ect of salts on the extraction 

The extraction of m-nitrophenol by foam from 
various salt solutions gave the results shown in Table 
2. Korkisch et aL9 found that the salting-out 
efficiency of cations in the extraction of uranium 
by polyurethane foam was in the order 
NH: < Ca*+ < A13+. The results in Table 2 show 
that a singly-charged cation (K+) had less effect on 
the extraction than a doubly-charged cation (Ca*+). 

It was found that the effect of the alkali-metal ions 
on the extraction increased as the charge-density on 
the ion increased. This is consistent with a solvent- 
extraction mechanism, as an ion with a larger charge 
density should be more strongly solvated, thus reduc- 
ing the number of solvent molecules available to 
solvate the organic compound, which would there- 
fore be forced out of the solvent phase into the foam. 
The solvation numbers for the cations examined are 
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Table 1. Extraction of organic compounds from 10% v/v ethanol by polyurethane and diethyl ether 

D f std. devn. 

Number &_, Concentration, Polyether, Polyester, 
Compound of trials nm ppm l.lk Wg 

Axobenzene 4 314 5 (3.8 f 0.6) x IO3 (3.3 f 0.2) x 10’ 
Aniline 8 230 6 20 + 3 26k6 
Benxaldehyde 4 244 4 41 & 1 45 + 1 
Benzonitrile 4 230 6 56+ 1 53 * 2 
Toluene 4 261 100 (8 + 5) x lo* (8 f 5) x lo2 
Acetophenone 4 240 50 38&2 40*1 
m-Dinitrobenzene 4 233 5 121+3 167 + 12 
Nitrobenzene 4 251 10 124+2 116k3 
Benxene 4 254 500 (4.7 f 1.8) x IO* (4.4 &- 3.2) x lo* 
Biphenyl 4 247 8 (6.5 f 0.4) x lo3 (5.9 f 0.9) x 103 
Benzophenone 4 252 9 (1.20 f 0.04) x 103 (1.09 * 0.03) x 103 
Ethyl benzoate 4 230.5 5 (2.6 + 0.1) x Id 188&2 
Phenyl ether* 4 258 50 (2.97 + 0.09) x lo3 (2.2 + 0.2) x lo3 
Chlorobenzene 4 264 100 (6.8 + 1.6) x Id (5.6 + 1.1) x IO2 
Pyridine 4 256 10 -9*3 -4*3 
p-Nitroanailine 4 382 5 275 & 6 193*3 
o-Nitroaniline 4 281 10 264k6 208&- 11 
Triphenylphosphine 4 223 5 (5.8 f 0.2) x lo2 (5.4 + 0.8) x 102 

Conditions: 25.0 f 0.1”; polyether 0.25-g pieces; polyester 0.40-g pieces; I hr extraction time. 
*Extraction from 20% ethanol. 

Solvent 
extraction 

>500 
14 
30 
74 

> 450 
58 
67 

120 
>340 
2340 

2oo 

>330 

2 
36 

reported** to be 5.4, 8.4 and 14.0 for K+, Na+ and 
Li+ respectively, the reference ion, Cl-, being as- 
sumed to have a solvation number of 4. The degree 
of extraction also increased with the amount of salt 
added, which is also characteristic of a solvent- 
extraction mechanism, since the amount of “free” 
solvent molecules will decrease with increase in 
amount of preferentially solvated ions. The decrease 
in extraction when sodium perchlorate is added to 
the system is interesting, but the reason for it has 
not been discovered. Both ion-chromatography 
and gravimetric analysis showed that no sodium 
perchlorate is extracted. 

The effect of pH on the extraction 

Compounds such as benzoic acid, m-nitrophenol 
and aniline, which can be involved in equilibria with 
protons, were extracted into the foam only at pH- 
values at which they were in the neutral form. For 
compounds such as nitrobenzene, which exist as the 

neutral species irrespective of pH, change in the 
acidity had no effect on the degree of extraction. Thus 
the extraction mechanism involves neutral species 
and there is no evidence for a mechanism requiring 
ionic species. This observation is also consistent with 
a solvent-extraction mechanism. 

Ef/ect of ethanol concentration on the extraction 

It was found, as shown in Table 3, that as the 
aqueous phase was made less polar by increasing its 
ethanol content, the degree of extraction decreased. 
When a compound of low dielectric constant is 
distributed between a phase which has a low dielectric 
constant and another which has a high dielectric 
constant, the degree of extraction should increase 
with increase in the polarity of the polar phase. A 
compound with a high dielectric constant such as 
ethanol should not be extracted at all, and this was 
confhrned experimentally. These observations are 

Table 2. Effect of salts on the extraction of 5 nom m-nitronhenol 

salt 
Concentration, 

M Polyether Polyester 

LiCl 3.00 (1.94 f 0.03) x lo3 (6.0 + 0.5) x lOr 
NaCl 0.50 (6.5 +O.ll) x lo2 (2.6 + 0.12) x lo2 
NaCl 1.00 (8.0 f 0.1) x 10r (2.9 + 0.04) x IO* 
NaCl 1.50 (9.3 f 0.3) x lo2 (3.6 f 0.12) x lo2 
NaCl 2.00 (1.26 f 0.1) x 10’ (4.9 f 0.3) x I@ 
NaCl 3.08 (1.55 f 0.06) x 10’ (5.4 f 0.3) x 102 
KC1 3.00 (8.7 f 0.2) x 102 (3.4 f 0.1) x 102 
NaClO, 3.00 (4.1 iO.1) x 102 (2.0 f 0.1) x 102 
None 0.00 (5.5 f 0.1) x 102 (2.3 f 0.06) x 102 
CaCl, 1.00 
Na, So, 

(1.11 f 0.06) x IO3 
(1.53 f o.oij x lo3 

(3.7 f 0.1) x 102 
1.00 (4.7 f 0.2) x 102 

D f std. devn., I./kg 

Conditions: 25.0 f 0.1”; polyether = 0.25-g pieces; polyester = 0.40-g pieces; 1 hr 
extraction time; three trials for each value. 
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Table 3. Effect of ethanol concentration on extraction 

Ethanol D f std. devn., I./kg 
concentration, 

Compound % v/v Polyether Polyester 

~Nitrophenol 0 550 f 12 229 + 6 
10 441*10 180&6 
20 282 f 16 143 + 12 
30 145 k 10 17 k 6 

Benzoic acid 0 100 * 12 29.6 + 0.9 
10 111 k6 30.4 + 2.3 
20 60+8 8*5 
30 10 * 10 0 * 0.3 

Phenol 0 88 + 1 40+2 
10 79 * 1 34 * 1 
20 47&4 26 + 1 

Conditions: 25.0 f 0.10; polyether = 0.25-g pieces; 
polyester = 0.40-g pieces; 1 hr extraction time; m- 
nitrophenol(5 ppm) I, = 229 nm; benzoic acid (10 ppm) 
I = 228 nm; phenol (40 ppm) 1 = 270 nm. 

again consistent with a solvent-extraction mech- 
anism. 

Hydrogen bonding 

It was found that for many compounds an addi- 
tional factor was involved in the extraction mech- 
anism. The compounds listed in Table 4 all contain 
a phenolic or a carboxylic group, and unlike the 
compounds listed in Table 1 they all have larger 
distribution coefficients for extraction by polyether 
foam than by polyester foam, though for o- 
nitrophenol, o-methoxyphenol and salicylaldehyde 
the difference was small. This effect may be due to 
hydrogen bonding between the phenolic or carboxylic 
group and the foam. Such bonding would be stronger 
with the polyether foam and very weak with the 
polyester. This bonding is prevented by the presence 
of a strongly electron-donor group ortho to the 

hydrogen-bonding group, as in o-nitrophenol, sal- 
icylaldehyde, and o-methoxyphenol, where intra- 
molecular hydrogen bonding can take place. For the 
para and meta nitrophenols the distribution 
coefficients are much greater for the polyether foam 
than for the polyester foam, whereas for the ortho 
compound the coefficients are similar for the two 
types of foam. This cannot be attributed to a 
difference in dipole moment, because the dipole mo- 
ment gradually increases for the compounds in the 
order ortho c meta cpara. Induction effects due to 
the position of the nitro group should be minimal 
owing to the distance between that group and the 
phenol group, so it may be concluded that the strong 
intramolecular hydrogen bonding is responsible for 
preventing formation of a hydrogen bond with the 
polyurethane foam. 

The hydrogen bonding is probably stronger with 
the polyether foam, since ethers are much better than 
esters at forming hydrogen bonds. This is reasonable, 
because the ether group is easier to protonate than an 
ester group23 and the ability of a group to form 
hydrogen bonds is indicated by its protonation wn- 
stant. 

Effect of temperature on the extraction 

The degree of extraction of azobenzene and m- 
nitrophenol was measured at various temperatures, 
by use of a jacketed temperature-controlled squeezing 
cell. For the equilibrium 

Organic(,, & Organico,, 

the equilibrium constant, K, with standard enthalpy 
change AH” and standard entropy change AS” is 
given by 

In K = - AH”/RT + AS”IR 

Table 4. Extraction of compounds containing an -OH group 

D + std. devn., I.lka 

Compound 

Benzoic acid 8 
Phenol 8 
Salicylic acid 4 
Pyrogallol 4 
Hydroquinone 4 
Catechol 4 
Resorcinol 4 
p-Nitrophenol 4 
~Nitrophenol 4 
o-Nitrophenol 4 
2,CDinitrophenol 4 
2.4Dinitroohenol 4 

Number 
of trials 

L, Concentration, 
nm ppm 

228 10 
270 40 
235 10 206 f 15 
267 10 54 + 30 
293.5 40 
277.5 10 
275 10 
311 8 
229 10 
272 10 
253 10 
258 10 

Polvether Polyester 
Solvent 

extraction 

112*7 
19 f 1 

21 + 10 
60+9 
53*4 

407 * 7 
470 + 10 
128k4 
179 * 12 
382 + 23 

30*2 
34+1 
21*3 

-3*5 
8+8 

26 k 5 
28*2 

165+3 
183 & 6 
122 f 2 
213 + 16 
276 + 13 

18 
37 

7 
5 

10 
6 

100 
170 
120 
57 
93 

2&Dihydroxybenzoic acid 4 256 10 292 f 12 36+6 6 
3,5-Dihydroxybenzoic acid 4 241 10 142*8 12*3 2 
o-Tert-butylphenol 4 271 30 (4.84kO.15) x 10’ (1.32 kO.1) x 10’ >500 
2,6-Di-tert-butylphenol 4 270 50 (2.63 f 0.09) x 10’ (1.90 f 0.25) x 10’ >700 
2,4-Di-tert-butylphenol 4 258 10 (2.15 f 0.14) x lo4 (9.8 + 0.4) x lo3 
Salicylaldehyde 4 255 104*3 82 + 5 70 
o-Methoxyphenol 4 274.5 

2; 
47 f 3 33*3 24 

Conditions; 25.0 f 0.1”; polyether = 0.25-g pieces; polyether = 0.40-g pieces; 1 hr extraction time. 
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Table 5. Thermodynamic data for extraction 

Compound 

Azobenzene 

Foam 
type AH”, kJ/mole AS”, J.mole-‘.deg-’ 

Polyether -20+2 5*5 
-23+1 -3*5 

Polyester -19k2 2*4 
-22* 1 -4*4 

m-Nitrophenol Polyether -30*1 -so+3 
-31+1 -55+2 

Polyester -21*2 -21*1 
-28f5 -28&2 

Conditions: extraction from 10% ethanol; azobenzene (5 ppm) d = 314 
nm; m-nitrophenol (10 ppm) 1 = 230 nm; all values f standard devi- 
ation calculated from slope; temperature range 25”-75”. 

Assuming no chelation or precipitation and that the 
compounds exist only as neutral species, then K is 
equivalent to D. Thus by plotting In D vs. l/T, the 
values of AH” and AS” can be obtained (Table 5). 
The AS” values for azobenzene are almost the same 
for extraction into either polyether or polyester foam. 
Thus the organic compound has approximately the 
same degree of freedom in the polymer as in the 
aqueous solution, which is consistent with a solvent- 
extraction mechanism. With m-nitrophenol there is a 
decrease in entropy for both the polyether and poly- 
ester foam extractions, with the change larger for the 
polyether system. This entropy change is believed to 
be due to hydrogen bonding reducing the freedom of 
movement of the organic compound in the polymer. 
The bonding of the organic compound with the 
polyether foam is apparently much stronger than 
reported previously. The strength of the hydrogen 
bond with the foam can be estimated as about 10 
kJ/mole by subtracting the enthalpy change AH’ for 
the polyester system from that for the polyester 
system. Although this calculation is only valid if it 
can be assumed that there is no hydrogen bonding 
between the organic compound and the polyether 
foam, it at least gives a rough idea of the value. The 
calculation is useful as the intramolecular hydrogen 
binding in o-nitrophenol, salicylaldehyde and o- 
methoxyphenol has been calculated to have a bond 
strength of 30,24 30,25 and 1O,26 kJ/mole, respectively, 
which is greater than or equal to the estimated 
polyurethane hydrogen-bonding strength. 

The hydrogen bonding between the foam and the 
organic compound should occur for groups other 
than -OH which are capable of hydrogen bonding. 
A few amines were surveyed but any hydrogen bond- 
ing was not strong enough to be detected within the 
experimental error of the work. Future work with 
thiol compounds could be used to look for evidence 
of this hydrogen bonding. 

CONCLUSIONS 

The extraction of organic compounds by poly- 
urethane foam appears to occur generally by an 
ether-like solvent-extraction mechanism. This conclu- 

sion is supported by the short time required for 
extraction equilibrium to be achieved and the evi- 
dence of the salting-out phenomenon. It was found 
that the addition of inert salts increases the extraction 
efficiency and that changing the polarity of the 
raffinate phase also affects the extraction. Varying the 
pH showed no evidence of a mechanism requiring an 
ionic species. All observations were consistent with a 
solvent-extraction mechanism. However, when the 
compound contained a group capable of hydrogen 
bonding, such as -OH, an additional factor ap- 
peared to be involved. This factor is probably hydro- 
gen bonding between the polyurethane and the group 
on the organic compound. Strong intramolecular 
hydrogen bonding in the organic compound will 
negate this hydrogen bonding, and occurs whenever 
a group such as -NO2 is o&o to the -OH group. 
Because ester groups form weaker hydrogen bonds 
than ether groups, this bond is weaker in the poly- 
ester foam system. 

The solvent-extraction mechanism, modified by 
hydrogen bonding wherever applicable, may explain 
the extraction of all organic compounds by poly- 
urethane foam. Future studies on aliphatic organic 
compounds will be used to examine this. 
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DETERMINATION OF MOLECULAR NITROGEN BY 
ELECTRON-IMPACT INDUCED FLUORESCENCE 
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(Received 10 April 1987. Accepted 19 May 1987) 

Sununary-When a sample of nitrogen gas is bombarded by lOO-eV electrons, fluorescent emission from 
the nitrogen molecular ion, NT, 1s observed. The intensity of this fluorescence can be related to the 
pressure (or molar concentration) of the parent molecule, N,. The limit of detection for N, by means of 
electron-impact induced fluorescence is 5.0 x lo-* mmHg (1.6 x lo9 molecules/cm3 or 2.7 x lo-t2 mole/l.). 
The fluorescence signal is linearly related to N, presssure over a range of four orders of magnitude, and 
relative standard deviations of less than 2% are observed for replicate measurements. 

Bombardment of a compound in the gas phase with 
monoenergetic electrons can produce ionization, elec- 
tronic excitation, and/or fragmentation of the parent 
molecule. Any fragment species has the possibility of 
being formed in electronically (as well as vi- 
brationally and rotationally) excited states. The elec- 
tronically excited parent molecules, molecular ions, 
and fragments so produced may exhibit radiative 
decay (fluorescence or phosphorescence).‘-3 

The use of electrons (rather than photons) to excite 
fluorescence or phosphorescence has two potential 
advantages in chemical analysis. First, molecular 
electronic excitation by electron impact (EI) is not 
governed by the selection rules associated with opti- 
cal absorption phenomena. Hence, EI can be used to 
populate excited molecular states that may be inac- 
cessible by photon absorption, either because the 
absorption cross-sections are very small or the al- 
lowed absorption transitions are situated in spectral 
regions for which no practical photon sources exist. 
Second, if the parent molecule is itself non- 
fluorescent (irrespective of the excitation technique 
used), it may undergo fragmentation by EI to pro- 
duce luminescent products. Accordingly, it is possible 
to extend the analytical applicability of molecular 
fluorescence spectrometry to non-fluorescent analytes 
by EI-induced fragmentation followed by mea- 
surement of the fluorescence or phosphorescence of 
the fragment species2x4 

That EI is widely used as an ionization technique 
in mass spectrometry means that molecular ioniz- 
ation, excitation, and fragmentation phenomena in- 
duced by EI have been studied extensively and are 
reasonably well understood. Although the potential 

tPresent address: Department of Chemistry, Wabash 
College, Crawfordsville, IN 47933. 

*To whom correspondence should he addressed. 

applicability of EI-induced fragmentation and ex- 
citation in molecular fluorescence spectrometry has 
been evident for some time,2s4 few analytical applica- 
tions of the principle have yet been reported. 

We report here the detection and determination of 
molecular nitrogen by means of the fluorescence of 
Nt induced by lOO-eV electrons. EI of N, produces 
electronically excited parent molecules, molecular 
ions (Nt ) and nitrogen atoms, the fluorescence of 
which can be detected and utilized for analytical 
purposes. The limits of detection, linear dynamic 
range and precision of the measurements are re- 
ported. 

EXPERIMENTAL 

The apparatus used for producing electron-impact in- 
duced fluorescence from nitrogen consists of an electron 
source, a vacuum chamber and a photon detection system. 

The vacuum chamber comprises a cross of ca. 33 x 51 cm 
dimensions, with a volume of approximately 8 1. The 
chamber is differentially pumped by 2 Bakers TSU 331 
turbomolecular pumps having pumping speeds of 300 l./sec 
for N,. The pressure in the chamber is 3 x 10e8 mmHg or 
less (as measured by a Bayard-Alpert ionization gauge) in 
the absence of sample. When samples are admitted into the 
chamber, the sample pressure is measured with a capaci- 
tance manometer. 

The two compartments of the vacuum chamber are 
separated from each other by the lens assembly of an 
electron gun constructed to the design of Erdman and Zipf.’ 
The gun uses a thoria-coated iridium filament (Troyonics, 
Kenvil, N.J.) mounted on a vacuum translator (to permit 
adjustment and optimization of the filament-to-grid dis- 
tance). The filament is generally operated at 3-4 A d.c. and 
- 100 V. Electron-lens elements, consisting of gold-coated 
copper plates separated by ruby spheres, guide the electron 
beam to the electron-sample interaction region. Beam cur- 
rents of the order of 1 mA (6 x lOI electrons/se-c) are 
produced by this gun. 

Samples are admitted directly into the vacuum chamber 
through a metering valve. Fluorescence is collected through 
a fused-silica viewpoint at 90” to the electron beam, col- 

963 



964 SHORT COMMUNlCATlONS 

g6x104 - 
U 

; 
= 
v) 4x104 - 
5 
E 

2x104 - 

o- 

380 410 440 470 500 

Emwon, nm 

Fig. 1. Electron-impact induced fluorescence spectrum of 
nitrogen. All features are portions of the “main system” of 
the fluorescence spectrum of the nitrogen molecular ion. 

limated, and focused by two lenses onto the entrance slit of 
Kratos GMA 201 0.25-m grating monochromator. The 
fluorescence is detected with an RCA 8850 photomultiplier 
operated at 1.75 kV. Fluorescence signals are processed 
by EGG ORTEC photon-counting electronics and, after 
digital-to-analogue conversion, are plotted by an X-Y 
recorder. Fluorescence spectra are not corrected for the 
wavelength-dependence of the photomultiplier response. 

RESULTS AND DISCUSSION 

The visible portion (380-500 nm) of the EI-induced 
fluorescence spectrum of nitrogen at 4 x 10m4 mmHg 
is shown in Fig. 1. The spectrum is dominated by two 
features, at 391.9 nm and 427.8 nm, which have been 
assigned to the (0,O) and (0,l) components, re- 
spectively, of the B*ZZ: + X*Z: transition of N$.6,7 
All quantitative results reported here were obtained 
by using the emission feature at 391.9 nm. 

The dependence of the EI-induced N$ fluorescence 
signal on N, pressure is shown in Fig. 2. The linear 
dynamic range extends over nearly four decades of 
nitrogen pressure, from 1 x lo-’ to 9 x 10e4 mmHg 

Molecubs /cm3 

0 1 x IO’” 2 x IO” 3x10” 

I 
I I , 

Pressure, tom4 mm Hg 

Fig. 2. Analytical calibration curve for NT fluorescence at 
391.9 nm as a function of N, pressure. 

(i.e., N2 molecular densities ranging from 3 x lo9 to 
2 x lOu molecules/cm3, or molar concentrations of 
5 x lo-‘*-5 x lo-* mole/l.). The calibration curve 
exhibits negative deviation from linearity at pressures 
greater than 9 x 10m4 mmHg, primarily because of 
collisional self-quenching phenomena. 

The limit of detection for N, (defined as the 
pressure of N, producing a fluorescence signal equal 
to three times the standard deviation of the signal 
observed in the absence of any sample in the cham- 
ber) was 5.0 x lo-’ mmHg, (1.6 x lo9 molecules/cm3 
or 2.7 x lo-l2 mole/l.). This limit of detection is 
virtually equal to the minimum background pressure 
attainable in the vacuum chamber. Thus, the capabil- 
ities of the vacuum system, rather than the photon- 
detection sensitivity of the instrumentation, establish 
the limit of detection. In this gas-phase fluorescence 
measurement (as in the vast majority of conventional 
liquid-solution fluorometric determination#), the 
detection capabilities are ultimately “background- 
limited”. 

EI-induced fluorescence measurements exhibit 
good precision. For example, at a sample pressure of 
1.11 x 10V4 mmHg, ten replicate measurements pro- 
duced a mean Nt fluorescence signal of 7781 cps with 
a standard deviation of 146 cps (i.e., a relative 
standard deviation of 1.9%). The factor limiting the 
precision of these measurements was the current- 
stability of the DC electron gun (no standard addi- 
tion or internal standardization techniques were used 
in these measurements). In view of the extended 
linear range of the analytical calibration curve (Fig. 
2), standard addition techniques could be employed 
if desired. 
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Summary-A galvanic stripping procedure for rapid determination of trace amounts of lead with a 
glassy-carbon electrode is described. The method is useful for determining lead at I-200 ng/ml 
concentration. 

Recently we have demonstrated the potentiality of 
potentiometric stripping analysis’*’ for determining 
lead and thallium, for which the Ellz values are quite 
close.’ Galvanic stripping analysis (GSA), which we 
described recently: is analogous to PSA except that 
the stripping is done by a galvanic couple in the 
absence of any externally impressed emf or oxidant 
in solution; the galvanic couple used is formed 
between bare glassy-carbon and an amalgam film, 
which together constitute the electrode. During our 
electrochemical phase-formation studies of lead on a 
glassy-carbon electrode (GCE)’ it was noticed that 
the deposition of lead occurred non-uniformly, i.e., at 
selected spots, by electrocrystallization processes. 
This fact has been used in developing a sensitive 
procedure for the determination of lead by stripping 
the deposited lead (in the absence of an impressed 
emf or oxidant) by means of the localized galvanic 
couples between the lead deposited on the GCE and 
the uncovered portions of the GCE. 

EXPERIMENTAL 

Reagents 

All solutions were prepared with analytical grade chemi- 
cals and conductivity water. 
L.ead(IZ) solution, 0. I M. 
Sodium chloride, 5M. 
Acetate-acetic acid bu@r (pH S), l.OM. 

A conventional three-electrode cell with a glassy-carbon 
working electrode (Tokai & Co., 3 mm diameter), a plati- 
num foil counter-electrode and a normal calomel reference 
electrode were used. A Wenking model (Model LB 75) 
uotentiostat couoled with a Wenkina scan generator (Model 
VSG 72) was u&d for controlling&e poiential. Ai XY/t 
recorder (Digitronic Model 2000 series) was used to record 
curves of‘po?ential us. time. All the potentials were calcu- 
lated with respect to the NCE and the measurements were 
made at room temperature. 

Procedure 

Transfer a suitable volume (up to 4Oml) of sample 
solution containing c 200 ng/ml lead into a SO-ml standard 
flask. Add 5 ml each of the sodium chloride and acetate 
buffer solutions and dilute to volume with conductivity 
water. 

Transfer the solution to the electrochemical cell and 
deaerate it by passage of nitrogen for 15 min. Apply a 

potential of - 1.2 V for 5 min to deposit lead, then apply the 
GSA step by recording the potential ouput as a function of 
time, with the potentiostat in the open-circuit mode, i.e., with 
the counter-electrode disconnected from the cell. The time 
taken for stripping is the GSA signal. Prepare a calibration 
graph covering the range l-200 ng/ml lead, by applying the 
procedure to standard solutions. 

RESULTS AND DISCUSSION 

Preliminary studies indicated that the lead depos- 
ited on the glassy carbon electrode from acetate- 
buffered chloride medium at - 1.2 V for 5 min 
dissolves again (Fig. 1, curves B and C) without 
application of an external emf or a chemical oxidant 
(as required with a mercury-film GCE)! The experi- 
ments designed to investigate the driving force behind 
this dissolution, as described elsewhere: revealed that 
there is a current flow between the counter- and 
working electrodes, when the applied potential used 
in the deposition step is removed; the current pre- 
sumably arises because a localized galvanic cell is 
formed between the uncovered and the lead-covered 
portions of the GCE (there is an impedance of the 

-0.4 -0.6 -0.6 -1.0 -1.2 

Potential, V vs. NCE 

Fig. 1. Galvanic stripping curves recorded for (A) 0, (B) 20 
and (C) 200 ng/ml lead (0.1 M acetate buffer + 0.5M sodium 
chloride, total volume 50 ml, deposition potential - 1.2 V, 

deposition time 5 min). 
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Table 1. Effect of supporting electrolyte (concentration of 
lead = 20 ng/ml; ,??i = - 1.2 V vs. k%; td = 5 min) 

Supporting electrolyte 
Stripping time, 

set 

Hydrochloric acid, O.lM 
Monochloroacetic acid, O.lM 
Citrate buffer, pH 5, O.lM 
Acetate buffer, pH 5, IM 
Potassium nitrate, 0.1 A4 
Sodium chloride, 0.50M 
Acetate buffer + sodium chloride, 

0.35 
0.36 
0.07 
1.60 
3.10 
3.00 

O.lM + 0.5M 3.50 

order of 10” ohm between the working electrode and 
the NCE in the external circuit). In contrast, the lead 
amalgam formed on a hanging-drop mercury elec- 
trode in the same medium (acetate buffer containing 
chloride) is stable for about 15 min under various 
hydrodynamic conditions, in open circuit. This 

difference in behaviour is considered to confirm the 
view that the dissolution of lead from the GCE is due 
to internal galvanic action. Further confirmation was 
provided by the observation that the magnitude of 
the stripping signal was independent of the stirring 
rate during stripping. The stripping was also accom- 
panied by evolution of hydrogen (as shown by experi- 
ments similar to those described earlier4). 

Effect of supporting electrolyte 

The galvanic stripping of lead (20~ng/ml level) in a 
variety of supporting electrolytes gave E-t curves 
with no clear-cut break-points when perchlorate or 
carbonate media were used. On the other hand, with 
nitrate, acetate, chloride, citrate and acetate-chloride 
media, characteristic E-t curves were obtained, with 
the stripping time proportional to the concentration 
of lead in the initial solution. The results obtained by 
depositing lead on the GCE from various media 
(20 ng/ml lead) at - 1.2 V, then recording the E-t 
signal, are shown in Table 1, from which it is clear 
that the stripping signal is highest for 
acetate-chloride medium, followed by nitrate, chlo- 
ride and then acetate. Hence, acetate-chloride me- 
dium was used in subsequent studies. 

Choice of electrode material 

Of the various electrode materials tested, oiz. 
glassy-carbon graphite, mercury-film coated graphite, 
and mercury-film coated glassy carbon, the first gave 
the highest galvanic stripping signal in determination 
of 20 ng/ml lead. Hence, glassy carbon was chosen as 
the electrode material. 

Eflect of sodium chloride 

Various amounts of sodium chloride were added to 
0.1 M acetate buffer solutions for use in determination 
of 20 ng/ml of lead. The results in Table 2 show that 
the stripping signal increases with increasing sodium 
chloride concentration up to 0.4M, then remains 
constant on further increase to 1M chloride concen- 

Table 2. Effect of* sodium chloride 
concentration (concentration of lead = 
20 ng/ml; Ed = - 1.2 V US. NCE; 0.1 M 

acetate buffer. pH 5; t,, = 5 min) 

WCU, M 
Stripping time, 

see 

0 1.60 
0.1 1.60 
0.3 2.65 
0.4 3.50 
0.5 3.50 
0.7 3.40 
1.0 3.45 

tration. Hence OSM sodium chloride was chosen as 
optimal. 

Effect of pH 

The effect of changing the pH of the O.lM acetate 
buffer + OSM sodium chloride supporting electro- 
lyte (curve A in Fig. 2) shows that the optimum pH 
lies in the range 4-6; hence pH 5 was chosen as the 
working pH. 

Effect of deposition potential and time 

As seen from curve B in Fig. 2, the maximum 
analytical signal is obtained with deposition poten- 
tials more negative than - 1.1 V. 

Table 3 shows that the stripping signal is directly 
proportional to the time of deposition, suggesting 
possible extension of the procedure to determination 
of still lower concentrations of lead by use of longer 
deposition times. 

Calibration graph and precision 

Calibration graphs with two linear sections, one 
passing through the origin, were obtained for 

PH 

--++-+-<-- 6 

1 

I B .-.-.-. 
I \ 

p._A.c__ I 

-0.9 -04 

E, v 

Fig. 2. Effect of pH (curve A) and deposition potential 
(curve B) on the galvanic stripping signal for 20 ng/ml lead 
(O.lM acetate buffer + 0.5M sodium chloride, time of 

deposition 5 min). 
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Table 3. Effect of deposition time 
(concentration of lead = 20 ng/ml; Ed = 
-1.2 V DS. NCE; O.lM acetate buffer 

+ 0.5M NaCl; pH 5) 

Deposition Stripping 
time, min time, set 

1 0.14 
2 1.42 
4 2.80 
8 5.60 

l-200 ng/ml lead, with a deposition time of S min. 
The slope changed at N 10 ng/ml lead concentration. 
The coefficient of variation for 10 replicate deter- 
minations of 20 ng/ml lead was found to he 2%. 

Analyses of synthetic samples corresponding to sea- 
water, deep-sea water and Great Salt Lake water, to 
which 20 ng of lead per ml had heen added, gave 
results correct within f 1.5%. 
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Summary-A spectrophotometric method has been developed for the determination of piperazine and its 
salts (citrate, phosphate, and tartrate) without prior separation, based on the interaction of piperazine 
or any of its salts with phenothiazine and N-bromosuccinimide in aqueous methanol. The products exhibit 
absorption maxima at 448, 595 and 645 nm. Measurements are made at 595 nm. Beer’s law is obeyed 
in the concentration range O.s5 pg/ml for piperazine salts and 0.>3 pg/ml for piperaxine hexahydrate. 
The method is rapid, simple and successful for analysis of some pharmaceutical preparations. 

Piperazine is a potent anthelmintic drug used for 
treatment of threadworms and roundworms in both 
humans and animals. Various techniques have been 
used for assay of piperazine and its salts in the pure 
form and different dosage forms. They include non- 
aqueous titration’s2 gravimetry,3s4 near infrared spec- 
trophotometry,‘s6 calorimetry,“’ complexometry,i2 
liquid chromatography’3 and polarography.‘4 

Phenothiazine and bromine have been used for 
detection of secondary amines by production of blue 
to blue-green colours. Is The chemistry of this reaction 
has been suggested to involve the reaction of phen- 
azathionium perbromide (formed from bromine and 
phenothiazine) with the secondary amine to give a 
thiazine dye. In this work, the principle of the 
reaction is used to determine piperazine and its salts 
with phenothiazine and N-bromosuccinimide (NBS). 

Reagents 
EXPERIMENTAL 

All chemicals and solvents used were of analytical grade. 
Phenothiazine solution, 0. I2 mg/ml, in methanol. Prepared 

fresh daily. 
NBS solution, 0.1 mglml, in distilled water. Prepared fresh 

daily. 
Standard piperazine solution. Prepared by dissolving 100 

mg of piperaxine hexahydrate, tartrate, citrate or phosphate 
(100% purity calculated on a dry basis), in 100 ml of 
distilled water. Working standards covering the range 
10-100 pg/ml are made by further dilution. 

Procedure 

Pipette 0.5 ml of a working standard or sample piperazine 
solution into a lo-ml standard flask. Add 0.5 ml of pheno- 
thiaxine solution and 1 ml of NBS solution. Mix well and 
heat on a boiling water-bath for 30 set, then cool to room 
temperature. Make up to volume with ethanol. Measure the 
absorbance in l-cm cells against a reagent blank at 595 nm. 

For greater precision use SO-ml flasks and five times the 
volumes of the various reagents, and shake the flasks during 
the heating period. 

*Author to whom correspondence should be addressed. 

For piperazine phosphate tablets. Weigh and powder 20 
tablets. Transfer an accurately weighed quantity equivalent 
to 50 mg of piperazine phosphate to a lOO-ml standard flask. 
Add 70 ml of distilled water, agitate gently for 5 min, then 
dilute to volume with distilled water. Filter through a dry 
paper and reject the first portion of filtrate. Pipette 5 ml of 
further filtrate and dilute it to volume in a 50-ml standard 
flask with distilled water. Apply the procedure to 0.5 ml of 
this solution. 

For elixir. Transfer an accurately measured volume of 
elixir, equivalent to 30 mg of piperazine citrate, to a lOO-ml 
standard flask, dilute it to volume with distilled water and 
mix well. Pipette 10 ml of this solution into a 50-ml standard 
flask and dilute it to volume with distilled water. Apply the 
procedure to 0.5 ml of this solution. 

RESULTS AND DISCUSSION 

Piperazine and its salts (citrate, phosphate or tar- 
trate) react with phenothiazine and NBS in aqueous 
methanol to form intensely blue products which 
exhibit three absorption peaks at 448, 595 and 645 
nm (Table 1). Figure 1 shows the absorption spectra 
of the product from piperazine phosphate and 
of a reagent blank. Measurement at 595 nm is 
recommended. 

The optimum concentration of phenothiazine for 
maximum colour intensity was 6 Rg/ml in the reac- 
tion mixture, which corresponds to addition of 0.5 ml 
of the phenothiazine reagent (Fig. 2) when a lo-ml 
standard flask is used. The NBS concentration 
is rather critical; concentrations below or above 
0.01 mg/ml in the reaction mixture, which cor- 
responds to 1 ml of NBS reagent per 10 ml, markedly 
decrease the sensitivity and the reproducibility of 
the method (Fig. 3). This can be attributed to the 
production of other oxidation products of pheno- 
thiazine by the action of NBS in a similar manner to 
that reported for bromine.16 

At room temperature the blue colour developed 
immediately and remained stable for 20 min. Heating 
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Table 1. Spectral data for reaction of piperazine and its salts with 
phenothiazine and NBS 

f, lO’I.mole-‘.cm-’ Beer’s law 
Piperazine range at 595 nm, 
compound 440nm 59Snm 645 nm wlml 

Hexahydrate 1.69 2.25 2.02 0.5-3.0 
Phosphate 1.61 2.18 1.96 0.5-5.0 
Citrate 1.73 2.35 2.12 0.5-5.0 
Tartrate 1.62 2.20 1.98 0.5-5.0 

0.1 - 

---_____ 

- 
350 390 430 470 510 550 590 630 690 

Wovelength (nm) 

Fig. 1. Absorption spectra of the piperazine phosphate (4 ag/ml) product (-) and reagent blank (- - -), 
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Fig. 2. Effect of phenothiazine concentration on the absorbance of the piperazine phosphate (3 &nl) 
product. 

for OS-2 mm in a boiling water-bath increased in the 
absorbance by about 10%. Further heating, slightly 
decreased the absorbance. Heating for 30 set in a 
boiling water-bath is recommended. 

0.5 c 

%!5%bddO 

NBS concentration (pg /ml 1 

Fig. 3. Effect of NBS concentration on the absorbance of the 
piperazine phosphate (3 rg/ml) product. 

Water, ethanol, methanol, 2-propanol, dioxan, 
acetone and dimethyl sulphoxide were tested as 
diluents for the reaction mixture for piperaxine and 
its salts. Water is unsuitable as it produces turbidity 
owing to precipitation of phenothiaxine. The wave- 
length for maximal absorption is not affected by the 
choice of solvent, but the molar absorptivity is de- 
pendent on it (Table 2). Ethanol is preferred as 
diluent. 

Table 2. Effect of different solvents on 
absorbance (at 595 nm) of the reaction 
product of piperazine tartrate (3 
cg/ml) with phenothiazine and NBS 

Solvent Absorbance 

Ethanol 0.283 
Methanol 0.243 
2-Propanol 0.268 
Dioxan 0.268 
Acetone 0.277 
Dimethyl sulphoxide 0.261 

TAL. Y,, I--F 
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Table 3. Assay of piperaxine and its salts alone and in pharmaceutical preparations by the proposed (“IO-ml”) 
method and an official method 

Nominal Proposed method Official 
piperaxine method, 
content, Found; Added, Recovery,* found,* 

Sample g % g % % 

Piperaxine hexahydrate - - - 99.1 f 0.6 
Piperaxine phosphate 

99.3 f 0.87 
- - - 99.5 f 1.0 

Tablets 0.3/tablet 
99.6 f 0.75 

99.6* 1.1 OS/tablet 99.4 * 1.0 98.9 f 1.6 
t = 1.96, F = 0.451 

Piperaxine citrate - - - 98.9 f 1.1 
Elixir 14/100 ml 

99.4 f 0.q 
92.2 f 1.1 lO/lOO ml 99.3 + 0.8 91.7 f 1.3t 

t = 1.47, F = 0.71: 
Piperaxine tartrate - - - 98.9 f 0.4 - 

*Average of 10 determinations, f standard deviation. 
tBP (1980) method. 
&J.S.P. (1980) method. 
STheoretical values at 95% confidence limit: t = 2.26, F = 3.18. 

The reaction is strongly pH-dependent, the blue 
colour being completely discharged on addition of a 
few drops of O.lN acid or alkali. The use of phos- 
phate or McIlvaine’s citric acid-phosphate buffers” 
in the pH range 6-8 also lowers the molar absorp- 
tivity. 

Beer’s law is obeyed at 595 nm over the concen- 
tration range of OS-3 pg/ml for piperazine hexa- 
hydrate and OS-5 pg/ml for piperazine salts. 

The reproducibility of the method was checked by 
ten replicate determinations at the 3+g/ml level for 
piperazine hexahydrate, citrate, phosphate or tar- 
trate, and the standard deviation was found to be 
between 1.3 and 2.4%. Table 3 shows the results for 
application of the proposed method for the deter- 
mination of piperazine and its salts in the bulk drugs 
and some commercial preparations. 

In the t- and F-tests, there were no significant 
differences between the calculated and theoretical 
values (95% confidence) for comparison of the pro- 
posed method with the official methods (Table 3), 
indicating similar precision and accuracy. 

Under the reaction conditions used, other second- 
ary amines such as morpholine, piperidine etc. give a 
positive reaction, but this is also the case with the 
official gravimetric method. However, the problem of 
interferences does not arise in the analysis of the 
commercially available plain dosage forms. Com- 
monly encountered pharmaceutical additives in the 
dosage forms, such as lactose, mannitol, starch, gum 
acacia and tragacanth do not interfere. On the other 
hand, hexamine, citric acid, sodium citrate and 
sodium bicarbonate in the amounts found in pharma- 
ceutical preparations decrease the recovery of piper- 
azine in analysis by the proposed method, which is 
therefore not suitable for assay of effervescent formu- 
lations which contain these compounds. 

The proposed method is simpler, faster and more 
sensitive than the BP and USP official methods, and 
the method does not require the prior extraction 
needed in some other methods.*,9 
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NICKEL(I1) AND HYDROGEN IONS 
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Departament de Quimica Analitica, Universitat de Barcelona, 08028 Barcelona, Spain 

(Received 21 July 1986. Revised 21 May 1987. Accepted 29 May 1987) 

Summpry-The system formed by 2-mercapto-3-phenylpropanoate (MPP), nickel(H) and hydrogen ions 
in 30% (v/v) ethanol-water at 25” and Z = 1OOmM (nitrate) has been characterized by means of 
glass-electrode potentiometry. Protonation constants for 2-mercapto-3-phenylpropanoate and formation 
constants for the complexes Ni,(MPP):- and Ni(MPP):- are reported. 

The formation and composition of several stable 
complexes formed by mercapto-acids with metals 
have been reported in the literature. Mercapto-acids 
have been recommended as reagents for sensitive 
calorimetric methods and as powerful masking 
agents in spectrophotometric analysis and complex- 
ometric titrations. More recently, these ligands have 
been proposed as simple models for the study of the 
co-ordination of metal ions with biologically inter- 
esting organic molecules. 

Although mercaptoacetic and 2-mercaptopro- 
panoic acids have been the most commonly used 
mercapto-acids, little information is available about 
derivatives containing an aryl substituent. Never- 
theless, our preliminary studies have indicated that 
these aryl-substituted ligands may also have useful 
analytical applicationsiJ and that, as a consequence, 
the determination of their complexing activity with 
metal ions might be of interest. 

In a previous investigation on the complex 
equilibria between nickel(I1) and 2-mercapto-2- 
phenylacetic acid,3 the formation of a mixture of the 
polynuclear complexes M,Lj- and M,L:- and the 
mononuclear ML:- was found. The formation of 
polynuclear species between mercapto-acids and 
nickel(I1) has long been known&’ and is mainly due 
to the presence of the sulphur atom, which acts as a 
strong electron-donor, as well as a strong n-electron 
acceptor, thus favouring the formation of complexes 
with sulphur bridges between two or more metal ions. 

In the present work the system formed by nickel(I1) 
and 2-mercapto-3-phenylpropanoic acid has been 
examined in order to continue the study of the 
influence of the presence of aryl substituents on the 
complexing activity of 2-mercapto-acids. No study of 
complexation by this ligand appears in the literature, 
probably owing to its not being commercially avail- 
able, its insolubility in water (which necessitated 

*Author for correspondence. 

study in 30% v/v ethanol-water), and the poor 
stability of its solutions. 

EXPERIMENTAL. 

Materials 

2-Mercapto-3-phenylpropanoic acid was prepared from 
2-mercapto-3-phenylpropenoic acid previously obtained as 
described by Campaigne and Cline,8 by reduction of the 
double bond with sodium amalgam,9 acidification, and 
extraction with diethyl ether. Recrystallization from petro- 
leum ether (b.p. 30-50’) yielded a product with m.p. 47-48”. 
(Found: C 59.3%, H 5.5%, S 17.5%. C,H,,O,S requires 
C 59.32%, H 5.53%, S 17.59%). The purity of the reagents 
was periodically tested by iodometric titration.‘O Freshly 
prepared solutions were used for each titration. 

A standard stock solution of nickel was prepared from 
its nitrate (Merck) and made slightly acid with dilute nitric 
acid (Merck). The metal concentration was determined 
gravimetrically with dimethylglyoxime.” 

Potassium hydroxide solutions were freshly prepared 
under nitrogen from potassium hydroxide pellets (Merck) 
and standardized against potassium hydrogen phthalate 
(Merck). 

All solutions were prepared from demineralii doubly 
distilled water, boiled and cooled under nitrogen, and 
absolute ethanol (Merck) so that all of them contained 30% 
v/v ethanol. To control the ionic strength they were made 
up to a nitrate concentration of 1oomM by the addition of 
potassium nitrate (Merck). 

High-grade nitrogen (S.E.O.) was passed successively 
through a vanadate solution,‘* concentrated sodium hy- 
droxide solution, water and background electrolyte, kept at 
25”, prior to use. A purified nitrogen atmosphere was 
maintained in the vessel during the titrations, and all 
solutions were thoroughly flushed with nitrogen before use. 

Method 

Formation constants for the nickel complexes were deter- 
mined by potentiometric titrations in a double-walled vessel, 
kept at 25 f 0.05” by circulation of water. 

The free hydrogen-ion concentration was measured with 
a Radiometer PHM84 pH-meter equipped with a wide- 
range glass electrode, Radiometer GZOZB, and a calomel 
reference electrode, Radiometer K401, with an agar- 
agar/potassium chloride salt bridge. 

The electrode system was calibrated in terms of hydrogen- 
ion concentration by performing strong acid us. strong base. 
titrations. The logarithm of the autoprotolysis constant of 

971 



972 ANALYTICAL DATA 

Table 1. Summary of the titration data used for calculating stability constants 

No. of C,,, C MPP 9 
System Titration points mM mM - log[H] range 

MPP-H + 1 40 2.015 2.3-l 1 .O 
2 51 4.034 2.411.2 
3 45 4.218 2.8-10.9 
4 51 4.260 2.3-l 1.1 
5 40 4.528 2.2-l 1.2 
6 59 6.054 2.9-l 1.3 
7 61 8.273 2.3-l 1.3 

Ni*+-MPP-H+ 1 45 0.212 0.833 3.36.9 
2 47 0.306 1.319 3.3-7.6 
3 35 0.408 1.667 3.e9.9 
4 51 1.019 3.973 296.5 
5 54 2.038 8.270 2.86.2 
6 52 3.058 11.873 286.1 
7 47 4.062 16.253 2.6-6.2 
8 51 6.116 24.898 2.4-6.0 

the medium under the experimental conditions was found to 
be 14.20. 

Experimental solutions containing ligand, metal and ni- 
tric acid were titrated, the hydrogen-ion concentration being 
varied by adding potassium hydroxide. Acid solutions con- 
taining the metal ion were titrated with base to check the 
acid concentration and to allow the E” value to be calcu- 
lated. Before the titrations reached the equivalence point, an 
aliquot of ligand solution was added and the titration 
continued. 

The total metal-ion concentration was kept constant by 
adding, after each addition of titrant, an equal volume of 
metal ion solution with a concentration twice that of the 
metal ion in the cell. 

Data treatment 

The general equilibria involving metal M2+, ligand L*- 
(i.e., deprotonated 2-mercapto-3-phenylpropanoic acid, 
MPP) and H+ ions can be written as: 

pM + qL + rHsM,L,H, 

The associated overall formation constant is denoted by 

p% e complexation titration data were processed with the 
ESTA cornouter oroaram librarv.13*i4 The initial models 
were obtai&d from the shapes of the formation curves, 
&( -log[Al), and the deprotonation curves, Q (- log[H]), 
Zr,, being defined as: 

T,_-[Al l+CILe[Hl 
Z,= ( n > 

TM 

where [A] = (T, - PI] + [OH])/& n BLH. (I-II”, TL = total 
ligand concentration, TM = total metal concentration and 
TH = total hydrogen-ion concentration. 

0 is defined as: 
T,?,-T, 

9=7 M 
where T$ = calculated total concentration of protons in the 
system at the observed - log[H], ignoring the presence of all 
metal complexes. 

Initial estimates of the formation constants were obtained 
by using the BETA task of the ESTA library, which 
calculates values for the formation constant of a single 
species from the emf reading at each titration point, sup 
posing that this particular species is the only one present in 
the system. 

A set of possible models was deduced from plots of 
experimental formation and deprotonation curves, and 
from the BETA task of ESTA. For each model, four 
different criteria for model selection were applied simul- 
taneously. (i) Search for the minimum value of the objective 
function being minimized. (ii) Search for the best fit between 
experimental and calculated formation and deprotonation 
curves. Both functions have proved to be very sensitive to 
species composition and provide a good tool for studying 
the degree to which trends correspond in the calculated and 
observed data.is (iii) Calculation of the degree of formation 
of each species. It is important to check that all the proposed 
species exist in significant concentration over a reasonable 
range of data. (iv) Application of chemical knowledge. 

Formation constants were refined by using the ESTA 
optimization module. Its weighted objective function may 
be minimized with respect to either emf or total electrode- 
ion concentration. The weighting for each titration point 
was based on the standard deviations of the titration volume 
(0.005 ml) and emf (0.1 mV). The objective functions shown 
in Tables 2 and 3 are based on emf residuals. 

The computer programs MINIQUAD”v” and SUPER- 
QUAD’s were also used for comparison purposes. The same 
weighting as in ESTA was used in SUPERQUAD. 

All calculations were done with a VAX 1 l/750 computer. 

Table 2. Protonation constants determined in this study at 25” and I = lOO.OmM NO; (30% v/v 
ethanol-water): number of points = 473, number of titrations = 7 _ 

program log 8012 Complementary informationt 

ESTA 10.533 f 0.001* 14.490 f 0.002 
MINIQUAD 10.528 f 0.002 14.477 f 0.003 
SUPERQUAD 10.533 +_ 0.002 14.492 f 0.003 

*Standard deviations given by the programs. 

lJ = 17.4 R = 0.004 (R,,, = 0.001) 
(I = 6.38E-07 R = 0.005 
sigma = 4.36 

tU, in ESTA output: &v(emf“ - emfc)2]/(N - rtr) where N = no. of points, np = no. of refined parameters; 
in MINIQUAD output: H(T; - T:)* where T, = total concentrations. Sigma = sample standard deviation 
from SUPERQUAD output. R = Hamilton R factor; R,,, = Hamilton R-limit. 
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0 66 

0 57 

0 29 

0 
, 

-LOG [A] 

Fig. 1. Ni*+-MPP-H+ experimental formation curves. Different symbols refer to different titrations 
(i.e., from left to right, titrations 14). 

RESULTS AND DISCUSSION the parameters and the data was indicated by reason- 
2-Mercapto-3-phenylpropanoate has two pro- able values obtained for the ESTA objective function 

tonation constants that can be assigned to the thiol and the MINIQUAD and SUPERQUAD outputs. 
and carboxylate groups. As shown in Table 1, seven Values for the protonation constants are presented in 
protonation titrations were done with initial ligand Table 2. 
concentrations of 2-4mM. A satisfactory fit between The system Ni2+-MPP-H+ was studied by doing 

2.00 
r Y 

+ - 

0 

2.00 2.45 2.91 3 36 3.62 4.27 4.73 5.16 564 6.09 6.55 7.00 

-LOG [H] 
Fig. 2. Ni2+-MPP-H+ experimental deprotonation curves. The symbols have the same meaning as in 

Fig. 1. A plot of A VS. -log[Hl appears as a solid tine. 
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Table 3. Formation constants determined in this study at 25°C and I = lOO.OmM NO; (30% v/v ethanol-water): number 
of points = 382, number of titrations = 8 

Model Program logs,,, log&40 logS,,cl Complementary information - 

A ESTA 37.086 f 0.006 15.185 + 0.004 U = 19.8 
MINIQUAD 

R = 0.007 (Rhm = 0.002) 
37.092 f 0.010 15.161 f 0.016 U = 1.77E-06 R = 0.004 

B ESTA 11.663 f 0.014 37.202 f 0.005 15.208 & 0.002 U = 7.92 
MINIQUAD 11.549 f 0.050 

R =0.004 (R,, = 0.002) 
37.195 f 0.015 15.178 If: 0.015 U = 1.45E-06 R = 0.003 

Table 4. Literature formation constants of nickel complexes of similar ligands 

Ligand P 4 r h3s,, Conditions Reference 

Mercantoacetic acid 4 6 0 
1 2 0 

49.84 
13.04 

1 1 0 6.2 
3 4 0 33.267 
2 3 0 22.68 
4 6 0 49.849 
1 2 0 13.009 
1 3 0 14.987 

25” 
O.lM KC1 

20” 
0. I A4 NaClO, 

4 

5 

3 4 0 32.219 
4 6 0 49.157 
1 2 0 12.759 

25” 6 
O.SM KNO, 

2-Mercaptopropanoic acid 1 1 0 6.052 
3 4 0 30.709 
1 2 0 13.144 

25” 7 
0.5M KNO, 

2-Mercapto-2-phenylacetic acid 3 4 0 40.437 25 3 
2 3 0 28.819 1M NaClO, 
1 2 0 16.717 (50% v/v ethanol-water) 

65.71 - 

71.43 - 

t: 57.14 - 

i 

s 

8 42.66 - 

0 
I I I 

3.00 3.45 3.91 4.36 4.62 5 27 5 73 6 16 6.64 709 7.55 6 00 

-LOG [H] 

Fig. 3. Species distribution as a function of -log[H]. Ligand concentration = 16.OmM; metal 
concentration = 4.OmM. 
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eight titrations with initial metal concentrations Of 

0.2-6mM (Table 1). The upper concentrations used 
were limited by the insolubility of the ligand or the 
metal complex. 

Analysis of the formation curves (Fig. 1) and of 
the deprotonation curves (Fig. 2) suggests that 
not only mononuclear species are formed in the 
Ni2+-MPP-H+ system, since not all the points fall on 
a single curve. This was confirmed by the fact that the 
species 340 was found to account for 75% of the 
nickel at pH z 5.0 in the titrations with higher metal 
and ligand concentrations, 120 being the major spe- 
cies at higher pH values irrespective of component 
concentration. No evidence was found for the for- 
mation of the following species, which were also 
tested in the search for the best model: 130, 112, 122, 
121, 11-2, 11-1, 12-2, 12-1, 230, 460, 342 and 341. 

The inclusion of the species 111 causes a relatively 
large improvement in the fit (ESTA weighted sum 
of squared residuals changing from 19.8 to 7.9; 
MINIQUAD sum of squared residuals changing 
from 1.77E-06 to 1.45E-06) but its extent of for- 
mation is low, gradually ranging from 1% in 
titrations 1 and 2 to 10% in titrations 7 and 8. 
Therefore, although the existence of the complex 111 
is highly probably, the inclusion of the species in the 
final model should be considered at least doubtful. 

The inclusion of the species 110 results in a 
very slight improvement of the fit (ESTA weighted 
sum of squared residuals changing fom 19.8 to 16.6; 
MINIQUAD sum of squared residuals changing 
from 1.77E-06 to 1.71E-06). As the species was found 
to be formed only to a maximum of 8% in titrations 
1 and 2, it was not considered further. Moreover, 
simultaneous optimization of the complexes 111 and 
110 results in the rejection of the latter whichever 
computer program is used. 

Two models proved, eventually, to fit the experi- 
mental data, namely model A which includes only the 
species 340 and 120, and model B which also includes 
the species 111. Values for the formation constants 
are given in Table 3. Program SUPERQUAD 
was not applied to the data since it cannot handle 
addition of more than one titrant. 

Values reported in the literature for the formation 
constants for complexes of similar ligands with 

nickel(H) are shown in Table 4. Comparison of these 
values with those obtained in the present work 
confirms the previously stated trend’ towards com- 
plex stabilization when an aryl substituent is present 
in the ligand molecule. 

Figure 3 shows the species distribution for the 
Ni*+-MPP-H+ system computed from the constants 
reported in Table 3 (model B) for total concen- 
trations of 16mM 2-mercapto-3-phenylpropanoate 
and 4mM nickel(H). 
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Summary-Cetyltrioctylammonium sulphathiazole, sulphadoxine and sulphadimethoxine membrane 
electrodes are proposed for the potentiometric determination of sulpha-drugs. The construction and basic 
characteristics of the electrodes are discussed 

A number of methods have been suggested for the 
determination of sulpha-drugs, such as titrimetry,’ 
spectrophotometry,2 chromatography,3 polarogra- 
phy4 and Raman spectrometry.5 Some of these meth- 
ods have shortcomings in selectivity or accuracy, or 
require expensive apparatus. Ion-selective electrodes 
have several well known advantages and have been 
extensively developed as electrochemical sensors in 
the last two decades. The only electrode sensitive to 
sulpha-drugs given so far in the literature was that 
developed by Hazemoto et aL6 This electrode was 
based on the ion-pair complex of the iron(IIkbatho- 
phenanthroline chelate with the sulpha-anion, em- 
bedded in a liquid membrane. The electrode has a 
limited linear response range down to 1mM and 
contains nitrobenzene as membrane solvent, which is 
toxic. More recently, results for the determination of 
some sulpha-drugs by potentiometric titration with 
an Hg(II), Cu(II) or Ag(I) ion-sensitive membrane 
electrode as indicator have been reported,‘-” but 
the methods lack selectivity and sensitivity, and can 
be used only for titration of the drugs at rather 
high concentrations. Baiulescu et al.* have made an 
effort to prepare an electrode sensitive to sulpha- 
methoxazole for use in sulpha-drug determinations 
by direct potentiometry, but without much success, 
the electrode function being linear over only a narrow 
range of activities and non-reproducible, and the 
response slope being only 33 mV/decade. 

In the work described in this paper, a new type of 
membrane electrodes sensitive to sulpha-drugs in 
anionic form was constructed, and various factors 
influencing the electrode functions were studied. It 
was found that electrodes made with cetyltrioctyl- 
ammonium sulphathiazole or sulphadoxine as 
electro-active material gave the best response. The 
electrodes can be successfully applied in the poten- 
tiometric determination of sulpha-drugs. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus and reagents 

The emf values were measured at room temperature, in 
stirred solutions, with a PXJ-1B model digital pH/mV-meter 
(Jiangsu Electroanalytical Instrument Factory) a sulpha- 
drug-ion-selective electrode as indicator electrode, and a 
saturated calomel electrode (model 232, Shanghai Deikuong 
Electronic Factory) as reference electrode (with 1M sodium 
nitrate in the outer compartment). The pH measurements 
were made with a glass<alomel electrode pair (models 231 
and 232. Shanghai Deikuona Electronic Factorv). 

All reagents-used were 07 analytical grade, -except the 
cetyltrioctylammonium iodide and cetyltributylammonium 
iodide, which were synthesized’* in our laboratory, and the 
tris(hydroxymethyl)aminomethane, which was a biochem- 
ical reagent. Doubly distilled water was used throughout. 

Preparation of standard solutions 

Buffer solution. Fifty ml of O.SM sulphuric acid were 
added to 66 ml of lM tris(hydroxymethyl)aminomethane 
and the mixture was diluted to 1 litre. The buffer had pH 
8.63 and ionic strength 0.05M. 

Standard sulpha-drug solutions. Sodium sulphathiazole 
(0.1387 g) was dissolved in water and the solution diluted 
to volume in a SO-ml standard flask, to give a O.OlM 
standard solution. Working standards were made by succes- 
sive dilution of the O.OlM solution with the tris buffer. A 
standard sodium sulphadiazine series was prepared in a 
similar manner. As the other sulpha-drugs tested cannot be 
dissolved directly in water, they were first dissolved in an 
appropriate amount of lM sodium hydroxide, then the 
solutions were adjusted to pH 8-9 with 1M sulphuric acid, 
and diluted with appropriate amounts of the tris buffer, 
taking into account the ionic strength due to the salts 
produced during neutralization. 

Preparation of the ion-pair complexes 

Cetyltrioctylammonium sulphathiazole. Cetyltrioctylam- 
monium iodide (0.11 g) was dissolved in 15 ml of chloro- 
form. The solution was shaken in a separating funnel for 15 
min with 15 ml of O.OlM sodium sulphathiazole, then the 
chloroform solution of the ion-pair complex was separated, 
and treated repeatedly with the sodium sulphathiazole solu- 
tion until no iodide was found (test with silver nitrate 
solution) in the aqueous layer. The organic layer was filtered 
through a dry filter, dried with anhydrous sodium sulphate, 
and evaporated to dryness, resulting in a yellowish product. 

Cetyltrioctylammonium sulphamethoxine, sulphadimeth- 
oxine, and ion-pair complexes of other quaternary ammo- 
nium cations with sulpha-drug anions were prepared in a 
similar way as above. 

911 
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Electrode construclion 

At one end of a PVC tube (12 mm outer diameter, 8 mm 
inner diameter, cu. 75 mm long) a shallow hole of 1.5 mm 
depth and 10 mm diameter was bored. A copper disk 
fl.j-I.4 mm thick, 10 mm diameter) was inserted-into the 
hate, with an outlet wire soldered on the inner side, The 
outer side of the copper disk was eiectropfated with piati- 
nnm or gold. Platinum plating conditions: Pt(NH,)$12 
3-6 g/l., KC120 g/l., DMSO IO-20% (v/v), pH 6-8, current 
density 1 A/dm2, room temperature. Gold plating con- 
ditions: K,JAu(SO~)~HY] 6 g/l., K2Na2Y 2.5 g/l. 
(Y = EDT& K,SO, 2 g/l., K,HPO, 2 g/l., CdCI, 0.05 g/l., 
pH 9.5, current density 0.5 A/dm*, room temperature, 
graphite anode. 

A 0.34ml portion of 0.005M solution of the ion-pair 
complex in dibutyl phthalate was mixed with 2.4 ml of5% 
PVC solution in tetrahvdrofuran. Two dross (24 drons = 1 

” 

ml) of the mixed solution were spread on the outer surface 
of the electrode disk and dried, this step being repeated twice 
more. A transparent uniform membrane was thus formed 
on the metai surface. The electrode was preconditioned in 
0.001M sulpha-drug solution for f-2 hr, and was then ready 
for use. When not in use, the electrode can be stored in air. 

Measuring ceil 

The emf measurements were made at constant pH and 
constant ionic strength, and the junction potential was kept 
constant. The following cell was used: 

Suipha-drug 
electrode (pH ~O.O)M/WNaNo~iSCE 

Procedure 

Twenty sulpha-drug tablets were weighed and finely 
powdered. A portion of the powder, equivalent to about 0.5 
mmole of the sulpha-compound, was weighed out accu- 
rately, dissolved in a m~nirnu~ amount of 1M sodium 
hydroxide, transferred to a 5O-ml standard flask and diluted 
to volume with the tris buffer, then anaiysed (after 25- or 
50-fold dilution), by a standard-addition method or a 
calibration curve method. 

For the analysis of tablets containing sulphamethoxazole 
and trimethoprim (co-trimoxazole, abacin), the sample solu- 
tion was left for 2 hr on a water-bath (ca. 50”) to let the 
undissolved trimethoprim settle. After filtration, the filtrate 
was anafysed for Sulpbamethox~oIe as described above. 

RESULTS AND DISCUSSION 

Comparison of electrroactive materiab 

The elect of divers etectroactive materials (based 
on the ion-pair complexes of quaternary ammonium 
salts with various sulpha-drugs) on the electrode 

function has been studied. The characteristic per- 
formances of electrodes made with the ion-pair com- 
plexes of anionic species of some sulpha-compounds 
with ~tylt~aIkylammonium salts containing alkyl 
groups of different carbon chain length, are listed in 
Table f . It is seen that the electrode based on the 
ion-pair complex of cetyltrioctylammonium with sut- 
phathiazole or sulphadoxine shows the best response 
characteristics, giving a linearity range from 1 x 10e5 
ta I x lO-2M with a nearly Nernstian anionic re- 
sponse dope of ca. 58 mv~con~ntration decade, the 
detection Emit being 2.5 x IPM. The ejectrode 
made with cety~t~octy~ammon~um-sulphadimeth- 
axine as electroactive material gives nearly the same 
electrode performance. However, the electrode made 
with the ion-pair complex with cetyltributylam- 
monium gives only sub-Nemstian slope of 46-50 mV/ 
concentration decade with a shorter Iinearity range 
down to only clt, 10m4M, and the electrodes made 
with cetyltrimethylammonium ion pairs cannot be 
used successfully for sulpha-drug determinations. 

It is evident that the effect of increasing molecular 
weight of the long carbon-chain system (quaternary 
ammonium ions in this case) here plays an important 
role in the ~~rovement of the electrode perform- 
ance, and the arder is cetyltrioctylammonium> 
cetyltributylammonium > cetyltrimethylammonium. 
Our tests with a benzalkonium (dodecyldimethylben- 
zylammonium) salt has shown that it is inappropriate 
for the purpose. Similar phenomena have been ob- 
served in our studies on the phenytoin ion-selective 
electrodes, where the electrode performances are in 
the order cetyltrioctylammonium > dodecyltriheptyl- 
ammonium > cetyltrimethylammonium > tetra- 
butylammonium.‘2 

As sufpha-drugs contain a common sulphanil 
group in their structure, it is of importance to test the 
response of a given sulpha-drug-sensitive electrode 
toward divers sulpha-drugs. The response character- 
istics of the Cety~trioctyIammonium-s~phathi~ole~ 
sulphadoxine and sul~hadimethoxine electrodes are 
listed in Table 2. It can be concluded from the 
experimental results that the electrodes tested re- 

Table 1. Comparison of electroactive materials 

Ion-pair complex 
_._ Slope, Linearity range, Detection limit, 

Anionic species CatIonic species -mvi1iX c M M 

Sulphadoxine CTMA 12.0 * 3.0 10-3-~0-2 

CTBA 46.5 + 1.5 10-4-10-t 2 X 10-s 
CTOA 57.7 + 0.6 IO-5-10-2 2.5 x 10-b 

Sulphadimethoxine CTMA 12.0 * 3.5 10-J-10-2 
CTBA 47.0 4 1.3 2 x 10-4-t@“’ 5 x 10-s 
CTOA 57.6 & 0.5 10-~-10-t 5 X 10-b 

S~phath~~o~e CTMA 17.0 it 2.4 IO-a-to-2 
CTBA 50.0 f 0.9 10-4-10-2 f x to-5 
CTOA 58.0 4 0.6 10-5-10-Z 2.5 x 10-e 

Sodium sulphathiazole sample solution. Slopes are given as average values from 3 parallel 
measurements. Membrane concentration 5 x 10-3M. 
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Table 2. Response characteristics of some sulpha-drug sensitive electrodes to divers sulpha-drugs other than 
sulohathiazole 

Electrode 

CTOA-sulphathiazole 

Sulpha-drug 

Sulphamethoxazole 
Sulphadoxine 
Sulphadimethoxine 
Sulphacetamide 
Sulnhadiazine 

Slope, Linearity range, Detection limit, 
-m V/log C M M 

58.0 + 1 .O 3 x lo-‘-lo-* 1 x 10-S 
54.3 + 0.6 IO-d-10-2 2 x 10-S 
so.7 + 0.4 10-4-10-2 1 x IO-5 
44.0 f 1.0 10-3-10-2 
43.0 + 1.5 lo-~-lo-* 

Sulphanilamide 20.0 f 1.5 
CTOA-sulphadoxine Sulphamethoxazole 55.5 * 1.5 

Sulphadoxine 53.5 & 0.6 
Sulphadimethoxine 50.0 + 0.4 
Sulphacetamide 46.0 f 0.6 
Sulphadiazine 47.0 f 1.5 
Sulphanilamide 21.0 + 3.0 

CTOA-sulphadimethoxine Sulphamethoxazole 54.1* 2.3 
Sulphadoxine 54.0 f 0.6 
Sulphadimethoxine 50.3 k 0.6 
Sulphacetamide 42.0 + 1.7 
Sulphadiazine 40.0 & 0.6 
Sulphanilamide 23.0 + 2.5 

Values are given as average values from 2 or 3 measurements. 

lo-3-lo-* 
3 x 10-5-10-2 1 x 10-S 
5 x lo-S-10-2 2 x 10-S 

10-4-10-2 2 x 10-5 
lo-‘-lo-2 
lo-‘-lo-* 
lo-‘-lo-* 

6 x 10-5-10~2 2 x lo-5 
7 x IO-S-10-2 1 x to-5 

10-4-10-2 1 x 10-S 
lo-‘10-2 
10-3-10-2 
lo-‘-lo-* 

spond to all sulpha-drugs tested, except sul- 
phaguanidine and trimethoprim, which are only 
slightly soluble in the basic medium used. Sul- 
phathiazole shows the best response characteristics 
(in the sense of response slope, linear response range, 
and detection limit) of the sulpha-drugs tested, and 
sulphanilamide gives the worst. 

It is noteworthy that the cetyltrioctylammonium- 
sulphadoxine electrode and the cetyltrioctylam- 
monium-sulphadimethoxine electrode response to 
sulphadoxine and sulphadimethoxine with a nar- 
rower linearity range and lower response slope than 
the cetyltrioctylammonium-sulphathiazine or sul- 
phamethoxazole electrodes. The electrode responses 
toward different sulpha-drugs are in the main similar 
for the various electrodes tested, deteriorating in the 
order sulphathiazole, sulphamethoxazole > sulpha- 
doxine, sulphadimethoxine > sulphacetamide, sul- 
phadiazine > sulphanilamide. 

As the cetyltrioctylammonium-sulphathiazole, sul- 
phadoxine and sulphadimethoxine electrodes can all 
respond to a number of sulpha-drugs, it is therefore 
possible to use them as general-purpose indicator 
electrodes in the potentiometric determinations of 
sulpha-drugs. 

Influence of substrate metal 

Coated-wire electrodes have been widely used in 
analytical practice. However, in some cases, it is 
dfficult to make electrodes of this type that have the 
same electrode performance, even if they were made 
in parallel under the same conditions. The liquid- 
membrane electrodes suggested in the literature for 
sulpha-drugs require an internal reference electrode 
with an internal reference solution and an organic 
solvent such as nitrobenzene has to be used for the 
liquid-membrane, and such a construction is more or 
less complicated and needs careful handling so that it 

is not tipped over. To avoid all these inconveniences, 
the sulpha-drug sensitive electrodes proposed in this 
paper are of all-solid-state construction. Neither a 
liquid membrane nor an internal reference electrode 
is needed, and the electrode is convenient to use. 
Electrodes made under the same conditions yield 
nearly the same performances, the average response 
slope for the cetyltrioctylammonium-sulphathiazole 
electrodes being - 58.0 f 0.6 mV/decade (gold- 
plated) or - 56.8 + 1.8 mV/decade (copper substrate) 
with linearity range 1 x 10-‘-l x IO-*M. Electrode 
performances with copper, gold-, and platinum- 
plated metal substrates are listed in Table 3. It has 
been found that the gold- or platinum-plated metal 
substrates exhibit better electrode response and can 
be used for at least 3 months, with the electrode slope 
remaining constant and the reproducibility in emf 
measurements being better than f 1 mV for five 
successive measurements in 10-4-10-*M sul- 
phathiazole solutions, whereas the electrode made 
with a copper substrate exhibits a shorter life-span 
and poorer reproducibility in emf measurements ( f 2 
mV under the same conditions as above), and dark- 
ens at the interface of the substrate metal with the 
electroactive material. 

As a conventional gold- or platinum-plating bath is 
not stable enough or uses poisonous cyanide, and a 
relatively high concentration of the expensive metal 
salt is needed, we have suggested new plating meth- 
ods, with plating baths which are stable for several 
months and easy to operate, with less than 0.5 g of 
the expensive metal salt being needed. They yield a 
poreless layer on the copper substrate. 

It is sufficient to use 5 or 6 drops of the mixed 
liquid to prepare the electroactive membrane (dried 
after each 1 or 2 drops), and membranes that are too 
thick (9 drops) yield slower responses and higher 
membrane resistances. If the electroactive membrane 



980 .%OU-ZHOU YAO et a/. 

Table 3. Comparison of electrode substrates* 

Usage time, monrhs 1 2 3 

Gold or platinum Slope, -mV/log C 58.0 k 0.6 58.0 k 0.6 51.9 * 0.9 
Linearity range, M 10-5-10-r 10-5-10-J 3 X lo-5-10-r 
Detection limit, M 2.5 x 10-b 3 x 10-6 7 x 10-6 

Copper Slope, -mV/log C 56.8 _+ 1.8 56.0 k 1.5 50.0 f 1.5 
Linearity range, M 10-5-10-2 1o-4-1o-r lo-‘10-Z 
Detection limit, M 2 x 1o-6 8 x 1O-5 8 x 1O-5 

*Eleetroactive material: cetyltrioctylammonium sulphathiazole. Measured in sodium sul- 
phathiazole solutions (pH 8.63, I = 0.05M). 

is too thin (less than 4 drops applied), the potential 
readings tend to drift. 

Eflect of pH 

The effect of pH on the response of the 
cetyltrioctylammonium-sulphathiazole electrode at 
different sodium sulphathiazole concentrations (ionic 
strength 0.05M) was studied. The potential observed 
was not affected by pH variation in the range from 
8.0 to 11.5, so the direct potential measurements for 
calibration of the electrode were done at pH 8.63 (tris 
buffer). For the cetyltrioctylammonium-sulpha- 
doxine electrode and the cetyltrioctylammonium-sul- 
phadimethoxine electrode, the pH ranges in which 
the potential remains constant are 8.0-12.0 and 
8.2-12.0 respectively. Outside these ranges, the poten- 
tial tends to higher values and is not stable. 

Selectivity 

Sulpha-drugs may be determined by poten- 
tiometric titration with Ag(I), Hg(I1) or Cu(II), with 
end-point detection by use of the appropriate ion- 
selective electrode.‘-” However, many other sub- 
stances interfere and have to be removed or masked 

Table 4. Selectivity coefficients for the cetyltrioctylam- 
monium sulphathiazole electrode (mixed-solution method) 

Interferent c, Kl 
Sodium acetate 1 x lo-) 5.2 x IO-” 
Sodium chloride 1 x lo-4 2.5 x 1O-2 
Sodium sulphate 1 x lo-* 5.1 x 10-5 
Ampicillin 1 x lo-3 1.6 x IO-’ 
Urea 1 x lo-4 1.3 x 10-r 
Sodium borate 1 x lo-4 3.7 x 10-Z 
Sodium aminosulphonate 1 x 10-r 1.4 x IO-3 
Sodium dl-a -aminopropionate 1 x lo-’ 1.3 x 10-r 
Streptomycin sulphate 1 x 10-r 8.0 x 1O-5 
Sodium citrate 1 x 10-j 3.6 x 1O-3 
Sodium glutamate 1 x 10-j 5.0 x IO-’ 
Sodium benzoate 1 x lo-’ 1.4 x 10-z 
Disodium orthophosphate 1 x lo-’ 6.3 x 1O-3 
Sodium oxalate 1 x 10-r 1.5 x lo-’ 
Potassium bicarbonate 1 x 10-j 7.8 x IO-’ 
Glucose 1 x 1o-2 1.8 x 1O-3 
Potassium bromide 3 x lo-4 3.0 x lo-2 
Potassium iodide 2 x 10-a 3.6 x 1O-2 
Sodium sulphide 4 x 1o-4 6.3 x 1O-4 
Potassium thiocyanate 2 x Io-4 0.2 
Potassium cyanide 1 x 1o-3 5.0 x lo-2 

Primary ion-sulphathiazole (sodium salt). 
Solution pH 8.63, I = 0.05M. 

beforehand. Interference by some of these substances 
and other compounds, with the response of the 
cetyltrioctylammonium-sulphathiazole electrode, 
were studied by the mixed-solution method. The 
results obtained are listed in Table 4. The selectivity 
coefficients are listed in Table 5. It is seen that no 
significant interference is caused by sulphide, chlo- 
ride, bromide, iodide, phosphate, carbonate, oxalate 
and cyanide, which are severe interferents in the 
titrations with Ag(I), Hg(I1) or Cu(I1). 

Table 5 shows that the selectivity coefficients are, 
in the main, of the same order of magnitude for the 
electrodes tested and decrease in the order sul- 
phathiazole, sulphamethoxazole > sulphadoxine, sul- 
phadimethoxine > sulphacetamide, sulphadiazine > 
sulphanilamide, i.e., in nearly the same order as the 
electrode response discussed above. 

Response time 

The sulpha-drug sensitive electrodes of all-solid- 
state construction exhibit fast dynamic response, 
which is a most important factor in direct poten- 
tiometry. The response time is less than 15 set in 
>lOwSM solutions and 20-25 set in 10-6-10-7M 
solutions. 

Membrane concentration effect 

The effect of different concentrations of the electro- 
active material in the dibutyl phthalate plasticizer, on 
the electrode performance, was investigated. The 
results showed that the optimum membrane concen- 
tration is O.OOSM. When higher or lower membrane 
concentration was used, the linearity range was nar- 
rower, the response slope smaller, and the membrane 
resistance greater, resulting in less stable potential 
readings. 

Applications to x&ha-drug determination 

The cetyltrioctylammonium-sulphathiazole elec- 
trode was used in the direct potentiometric deter- 
mination of sulpha-drugs at mg/ml or lower concen- 
tration level. The results for sulphadiazole, 
sulphamethoxazole, sulphadiazine and sulphaceta- 
mide determinations gave an average recovery of 
99.3% with standard deviation 1.3%. The electrode 
can also be applied to the determination of sulpha- 
drugs in pharmaceutical tablets and solutions. The 
sulpha-drug content can generally be determined 
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Table 5. Selectivity coefficients of some sulpha-drug sensitive electrodes toward 
different sulpha-drugs (mixed-solution method) 

Sulpha-drug 
(Name and R*) 

Sulphamethoxazole (SMZ) 

4 

CTOA-ST CTOA-SDM’ CTOA-SDM 

1.00 0.99 0.99 

Sulphadimethoxine (SDM) 0.93 0.96 1.02 

C’-‘3 

0CH3 

Sulphadoxine (SDM’) 1.08 1.02 1.05 

Sulphacetamide (SA) 

- COCH, 

Sulphadiazine (SD) 

0.18 0.30 

0.14 0.25 

0.13 

0.13 

Sulphanilamide (SN) 0.05 0.06 0.03 

Primary ion-sulphathiazole (sodium salt). Z$, values are given as average values 
from 3 parallel measurements. C, = lo- M. Solution pH = 8.63. Z = 0.05M. 
CTOA = cetyltrioctylammonium. 

*General formula for sulpha-drugs: H,NC,H,SO,NHR. 

without preliminary filtration or other separation with trimethoprim, which is widely used and known 

treatment. The results are in good agreement with as co-trimoxazole. 

those obtained by the pharmacopoeia1 method. The In the standard-addition method, a small error in 
mean relative standard deviations were 0.9-5.7% potential may give rise to a relatively large error in 
(Table 6). The electrode can also be applied to the the concentration found. In order to minimize the 

determination of sulphamethoxazole in a mixture error in determination, a modified method proposed 

Table 6. Analysis of pharmaceutical preparations 

Found 
Pharmaceutical 
preparation Nominal content Electrode method Pharmacopoeia1 method 

Sulphadiazine tablet 0.5 g/tablet 0.498 + 0.012 0.508 f 0.002 

Co-trimoxazole tablets* 0.4 g/tablet (sulphamethoxazole) 0.392 f 0.013 0.407 f 0.003 
Sultrin tablets7 0.17 1 g/tablet (sulphathiazole) 0.170 + 0.002 No result 
Sulphacetamide sodium 15% (sulphacetamide sodium) 14.79 f 0.09 14.85 f 0.09 

ophthalmic solution 

*Each tablet contains 0.08 g of trimethoprim and 0.4 g of sulphamethoxazole. 
tEach tablet contains 0.171 g of sulphathiazole and 0.013 g of urea. 
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by Carmack and Freiser13 for direct potentiometry by 
use of a calibration curve was employed. The poten- 
tial measurements were repeated several times. Re- 
sults with large deviations were rejected and the mean 
values calculated. 
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Summary-An electrode selective for trimethoprim is based on the ion-pair complex of trimethoprim with 
silicotungstate, and gives rapid response to change in trimethoprim concentration over the range 
3 x lo-‘-2 x lo-*M with a response slope of 51.0 f 1.5 mV/decade. No significant interferences are 
caused by sulpha-drugs. The electrode can be used for the potentiometric determination of trimethoprim. 

Trimethoprim, 2,4 - diamino - 5 - (3,4,5 - trimethoxy - 
benzyl)pyrimidine, is now widely used in conjunction 
with sulpha-drugs, most commonly sulphamethoxa- 
zole, because the anti~crobi~ activity is greater than 
when the sulpha-drug is used alone. Non-aqueous 
titrimetry,‘2 HPLC or ultraviolet spectrophoto- 
metry ‘*3A have been suggested for the determination 
of trimethoprim alone or mixed with sulpha- 
methoxazole. The titrimetric method suffers from 
lack of selectivity, and other basic substances may 
cause interference. The other methods require 
expensive instrumentation. We have found that the 
sulpha-drug may be determined potentiometrically in 
pharmaceutical preparations containing trimetho- 
prim, by use of an electrode sensitive to the sulpha- 
drug. In the present paper, a trimethoprim-selective 
efectrode is reported and proposed for use in 
pharmaceutical analysis. 

EXPERIMENTAL 

Apparatu and reagents 
The apparatus used was the same as that previously 

reported,s except that the trimethoprim ion-selective elec- 
trode was used as indicator electrode. All reagents used were 
of analytical grade. Doubly distilled wateer was used 
throughout. 

Preparation of solutions 

Buffer solution. Sodium hydroxide solution (L&f, 50 ml) 
was mixed with 428 ml of IM acetic acid and the mixture 
diluted to 1 litre. The buffer had pH 4 and ionic strength 
0.05&f. 

Standard trimethoprim solution. Trimethoprim (0.2903 g) 
was dissolved in the minimum amount of 36% acetic acid 
solution, and the solution was adjusted to pH 4 with sodium 
hydroxide solution, and diluted to volume in a 5%ml 
standard flask with the buffer, to give a 0.02M standard 
solution. Standard series were prepared by successive dilu- 
tion to f0-z-IO-6M with the btier. 

Preparation of the electroactive component 

20 
Trimethoprim silicotungstate was prepared by mixing 
ml of 0.02M silicotungstic acid and 40 ml of O.OlM 

trimethoprim. The precipitate was filtered off on a porosity- 
4 sintered-glass crucible, washed several times with water 
and dried under vacuum. Other trimethoprim compounds 
(e.g., dipicrylaminate, phosphotungstate) were prepared 
similarly. 

Preparation of the electrode 
The electrode of solid-state type was prepared as de- 

scribed previously.’ The electroactive membrane had a 
thickness of cu. 0.1 mm. 

The PVC-membrane trimethoprim silicotungstate elec- 
trode was prepared essentially as befom6 A 0. 1M potassittm 
chloride solution was used as the internal reference solution, 
An Ag/AgCl electrode was used as internal reference elec- 
trode. 

The electrode was preconditioned in 0.001&f tri- 
methoprim solution for 3 hr. 

Procedure 

For the analysis of trimethoprim tablets, twenty tablets 
were weighed and finely powdered. A portion of the powder, 
equivalent to about 0.5 mmole 01 trimethoprih, was 
weighed out accurately, dissolved in a minimum amount of 
36% acetic acid, and the solution was adjusted to pH 4 with 
dilute sodium hydroxide solution, and diluted to volume 
in a SO-ml standard flask with the acetate buffer solution. 
A I or 2 ml portion was pipetted, made up accurately to 
50 ml with the buffer, and analysed by a standard-addition 
method. 

For the analysis of tablets containing trimethoprim and 
sulphamethoxazole (co-trimoxazole, abacin), after treat- 
ment with acetic acid solution and adjustment to DH 4, the 
sample solution was diiuted to cu. 30 ml with &e acetate 
buffer, and left for ea. 2 hr on a water-bath fca. 60’1 for the 
undissolved sulphamethoxazole to settle. After filtration, 
the filtrate was analysed for trimethoprim as above. 

Determination in a single drop with an inverted electrode 
T%e trimethoprim ion-selective electrode was placed Up- 

side down as shown in Fig. 1, with a saturat& calomel 
electrode fixed at a distance of ea. 1 mm above it. After the 
electrode pair had been washed and wiped dry, the solution 
under test was placed on the electrode surface with a SO+ 
microsyringe. Potential measurements were performed re- 
peatedly on the sample solution and on two standard *Author for correspondence. 
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- 
3 

Fig. 1. Single-drop method using an inverted solid-state 
trimethoprim ion-selective electrode. I-Trimethoprim ion- 
selective electrode; 2-SCE; 3-outlet; 4--sample solution 

drop. 

solutions having trimethoprim concentrations bracketing 
that of the sample. 

RESULTS AND DISCUSSION 

Electrode performance 

Electrodes made with the trimethoprim salts of 
different anions as electroactive material were pre- 
pared and their performances were compared. All 
experiments were made in stirred trimethoprim 
acetate solutions at pH 4 and ionic strength of 0.05M. 
The electrodes tested were of all-solid-state type. 
Results for the trimethoprim silicotungstate, dipicryl- 
aminate, and phosphomolybdate membrane elec- 
trodes are shown in Fig. 2. It is seen that the 
trimethoprim silicotungstate electrode yields the best 
response toward trimethoprim, linear from 2 x 10m2 
to 3 x 10m5M with a slope of 51.0 f 1.5 mV/concen- 
tration decade and a detection limit of lo-‘M. 

PVC membrane electrodes were also prepared in 
order to compare the performances of the various 
electrode types. No significant differences were found 

OW 12 6 

PC 

Fig. 2. Calibration curves (PH = 4, Z = O.OSM). Trimetho- 
prim silicotungstate (I), trimethoprim dipicrylaminate (2), 
and trimethoprim phosphotungstate (3) electrodes (solid- 
state). PVC membrane trimethoprim silicotungstate elec- 

trode (4). 

Fig. 3. Effect of pH on the potential of the trimetho- 
prim ion-selective electrode. Membrane concentration: 

I-lo-*A4; 2-lo-3M (I = 0.05M). 

between the linearity ranges and the response slopes 
of the two types, but the solid-state type is easier to 
make and more convenient to handle, because the 
internal reference electrode and the internal reference 
solution are eliminated. Electrodes made under the 
same conditions gave practically the same electrode 
function. 

Sulpha-drugs are amphoteric. As we have suc- 
ceeded in preparing electrodes sensitive for sulpha- 
drugs in anionic fotms attempts were made to obtain 
an electrode sensitive for the cationic sulpha-drug 
species, but without success: electrodes made with 
the compounds tested, such as those of sulphadi- 
methoxine, sulphaguanidine and sulphadiazine with 
silicotungstate, phosphotungstate, tetraphenylborate 
and dipicrylaminate, responded rather poorly to 
sulpha-drugs in cationic form, and the electrode 
function was linear over only a narrow concentration 
range, with a response slope which was very low, 
2(r30 mV/concentration decade. The reason for this 
is that sulpha-drugs can be dissolved only at rela- 
tively low pH (< 1.54.5), where the interference of 
the hydrogen ion cannot be neglected. However, 
some of these electrodes, such as the sulphadi- 
methoxine tetraphenylborate electrode, the sulpha- 
diazine dipicrylaminate electrode and the sulpha- 
dimethoxine phosphomolybdate electrode, can give 
satisfactory response to trimethoprim with a slope of 
44-50 mV/concentration decade and a linearity range 
from 2 x lo-* to 10m4M. 

Znfuence of pH 

Figure 3 shows the influence of pH on the response 
of the trimethoprim silicotungstate electrode at 
different trimethoprim concentrations (I = 0.05M). 
The pH range where the potential remains constant 
is 3.5-6.5. At pH >7, trimethoprim tends to precip- 
itate, causing the potential to decrease. The potential 
also decreases at pH < 3. The direct potential mea- 
surements for calibration of the electrode were made 
at pH4 (acetate buffer). 



Trime~op~m-sel~tjve membrane electrode 98.5 

Table 1. Selectivitv coefficients (mixed-solution procedure) 

Interferent -log c, -log K,, 

Sulphadimethoxine 4 1.64 
Sulphaguanidine 4 1.60 
S~phad~a~ne 4 1.50 
Suiphanilamide 4 1.96 
Sulphacetamide 4 1.72 
Sulphamethoxazole 4 1.17 
Sodium chloride 2 3.10 
Potassium chloride 2 2.85 
Potassium bromide* 3 2.41 
Potassium iodide* 3 2.43 
Potassium thiocyanate* 3 2.52 
Ammonium suIphate 2 2.96 
Calcium chloride 2 3.51 
Glutamic acid* 3 2.80 
Alanine 3 3.25 
Urea* 3 2.59 
Oxalic acid 3 2.20 
Citric acid 3 2.41 
Chlo~heniramine 5 -0.50 
Glycopyrrolate 5 -0.49 
Atropine sulphate 5 -1.28 
Glucose 1% No interference 
Starch 0.5% No interference 

Trimethoprim silicotungstate solid-state electrode, PI-I = 4, 
I = 0.05M. 

*~pamt~solution procedure. 

Selectivity 

Selectivity coefficients for 23 substances were deter- 
mined with the t~me~oprim ion-selective electrode. 
The results (Table 1) shows that the electrode has 
rather good selectivity for trimethoprim, and most 
sulpha-drugs do not interfere significantly. Therefore, 
it is possible to determine trimethoprim even in the 
presence of other sulpha-drugs, e.g., in co- 

trimoxazole. It is seen that no significant interferences 
are caused by several inorganic compounds, amino- 
acids and pharmaceutical ingredients such as starch 
and glucose, but chlorpheniramine, atropine and 
glycopyrrolate are likely to cause interference. How- 
ever, these substances will rarely be contained in the 
same pharmaceutical preparation as trimethoprim. 

Response time and life-span 

The response characteristics of the all-solid-state 
electrode were evaluated with trimethoprim acetate 
solutions of different concentrations but identical 
acidity (pH 4) and ionic strength (Z =0.05&f), the 
emf being recorded as a function of time. The re- 
sponse time of the electrode in 10W6M solution is 
about 1 min, in 10-4-10-SM solution 15-30 set, and 
in 10-2-10-3A4 solutions < 10 sec. 

The electrode can be used for at least 3 months 
with practically unimpaired performance. 

Applications to trimethoprim determination 

The trimethoprim silicotungstate membrane elec- 
trode was applied to the potentiometric deter- 
mination of t~methoprim. The results are listed in 
Tables 2 and 3. 

For the standard addition method, a computer 
program was written for use with double and multiple 
addition techniques, based on the following equation, 
and an R-x correlation table was compiled for 
convenience: 

. ~lao+x\ 

R _ ;; ‘og(Gm+ 
m lOO+mx 

log - 
( > lOO+m 

Table 2. Determination of t~methop~m 

Standard-addition method Single-drop method 

Taken, Found, Error, Taken, Found, Error, 
w mg % 1(8 I@ % 

1.50 1.55 3.3 12.0 12.3 2.5 
2.60 2.70 3.8 17.0 16.5 2.9 
4.40 4.30 2.3 26.0 27.0 3.8 
5.20 5.30 1.9 32.0 31.5 1.6 
5.80 5.55 4.3 41.0 42.0 2.4 

Pha~a~uti~l 
preparation 

Table 3. Analysis of pharmaceutical preparations 

S~ndard-addition Single-drop Pha~acopoeial 
method method method’ 

Co-trimoxazole 
(trimethoprim 0.08 g/tablet; 
sulpha methoxazole 0.4 g/tablet) 

0.0805,0.0791 0.083 
0.0770,0.0810 0.079 
0.0792 0.081 

Average: Average: 
-0.0794 0.081 

Trimethop~m 
tablet (0.1 g/tablet) 

0.1007,0.0940 
0.0997,o. 1025 
0.0997 

Average: 
ml997 

0.099 0.098 
0.095 0.095 
0.100 0.099 

Average: Average: 
0.098 0.097 
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where x = CJC,, M = 100 VJV, (m is an integer 
from 1 to loo), AE, = E, - E,, AE,,, = E,,, - E,. This 
is applicable for any number (m) of additions of V, 

ml of a solution of known concentration C, to V, ml 
of solution of unknown concentration C,. As C,/C, 
is usually between 25 and 200, and VJV, is between 
0.01 and 0.05, the value of x was set at 20-250 in steps 
of 0.1. Results were processed on an IBM personal 
computer. 

A distinct advantage of the all-solid-state electrode 
construction is that it can be adapted for analysis of 
only one or two drops of sample solution by keeping 
the electrode inverted and injecting the sample into 
the limited space between the indicator electrode and 
the reference electrode, to form a miniature detection 
cell. Because no stirring is involved, the emf reading 
is stable, and the reproducibility is good. Results for 

YAo et al. 

the determination of trimethoprim in aqueous sam- 
ples and pharmaceutical preparations by this tech- 
nique are listed in Tables 2 and 3. It is seen that the 
proposed method is applicable to determinations at 
pg level. 
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DIODE-ARRAY DETECTORS IN FLOW-~N~ECT~~N 
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Summary-The application of diode-array spectrophotometers ta multi-component analysis by flow- 
injection analysis is reported. Two different aspects are considered: (a) the obtainment of a reproducible 
spectrum cor~s~nd~ng to the maximum of the ??IA peak, and ($1 the rna~~ti~ treatment involved 
in determining the mixture of components. The spectrum is recorded by two different procedures 
according to the type of injection system used. The mixtures are resolved with the aid of three different treat- 
ments: (a) a linear equation system, (b) a multi-component analysis program (Hewlett-Packard) and (c) 
a graphical method (multi-wavelength linear regression analysis), All three procedures have been applied 
to the determination of Fe(H) and Fe(III) with a mixture of l,lO-pbenanthroline and sulphosalicyhc acid. 

Flow-in~~i5n anaiysis (FIA) is an analytical tech- 
nique of well-known potential, and its application to 
simultaneous determination of several analytes in the 
same sample is a subject of growing interest.’ One 5f 
the ways to increase its potential in the resolution 
of complex mixtures is the use of image detectors. 
Diode-array ~e~trophot5meters are image detectors 
capable ofcompletely recording an ultraviolet-visible 
spectrum in about 0.1 sec. Despite their increasing 
use as HPLC detectors and their potential advan- 
tages,* they have only very recently begun to be used 
in FIA. For example, Vithanage and Dasgupta3 have 
applied diode-array detectors (DADS) to the study of 
proton-iigand and metal-&and equilibria occurring 
in the FIA-peak gradient zone. Valcarcel et al. have 
reported the simultaneous determination of Fe(U) 
and Cu(I1) with a mixture of specific chromogenic 
reapnts,4 the metal concentrations being calculated 
by means of a linear equation system. The use of 
DADs results in faster analyses thanks t5 the possi- 
bility of making several simultaneous measurements 
at various wavelengths. Although there are a number 
of procedures available for optimization of the wave- 
lengths to be used, 5-8 the resolution of mixtures on 
the basis of a few linear equations is i~~~~~~ble to 
systems having extensive spectral overlap. 

Derivative spectra are known to be more selective 
than absorption spectra9 (zeroth-derivative). This in- 
creased selectivity has been exploited in the deter- 
mination of a given component in a sample by 
making measurements at a single wavelength. Diode- 
array detect5rs considerably facilitate the obtainment 
of derivative spectra. The application of a mdti- 

*To whom all correspondence should he addressed. 

component analysis program to these spectra 
has allowed the resolution of mixtures of analytes 
with strongly overlapped spectra and the cancellation 
of matrix effects.10-‘2 Derivative spectra have 
recently been applied to the resolution of a 
quatemary mixture by use of a combined FIA-DAD 
system.‘3 

The aim of this work was to expand the use of 
DADS in the simultaneous determination of several 
species by FIA by exploiting all the information 
obtainable from the absarption and derivative 
spectra of each analyte. 

Mul~~omp5nent analysis with an FIA-DAD 
system involves two essential aspects, namely (a) the 
recording of the spectrum under conditions of maxi- 
mum sensitivity and repraducibility, and (b) the 
mathematical treatment of the information gathered, 
to resolve the analyte mixture. 

This paper reports tw5 different procedures fur 
spectrum recording, and three methods for treating 
the results, namely: (a) the resolution of a system 
consisting of one equation per analyte; (b) multi- 
component analysis (MA) by a computation program 
supplied by Newlett-Packard; (c) multi-wavelength 
linear regression analysis (ML&X), a linear re- 
gression graphical method. All three procedures have 
been applied to the simultaneous determination 
of Fe(H) and Fe(II1) by use of a mixture of 
1 , 1 0-phenanthroline and sulphosalicylic acid as 
chromogenic reagent. The results obtained by the 
three methods are compared and discussed. 

FXPRRIMEN’E’AL 

Reagents 
Stock iron solutions containing 1000 ppm Fe(H) and 

Fe(W) were prepared by dissolving Fe(NH4),(S04), . &I20 
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and FeNH,(SO,),. lZH,O, respectively, in 0.05M sulphuric 
acid and standardized both titrimetrically with a standard 
dichromate solution and p-diphenylaminesulphonate as in- 
dicator and gravimetrically by weighing as Fe,O, . Working 
solutions were prepared by appropriate dilution with de- 
gassed distilled water. The concentration of the Fe(H) 
solution was checked daily by titration with standard di- 
chromate solution. 

I, lo-Phenanthroline (Phen) solution 0.5%. Prepared from 
1, lo-phenanthroline hydrochloride. 

Suiphosalicylic acid solution (SSA), 2.5%. 
Acetate buffer, IM, pH 5.7. Adjusted with sodium hy- 

droxide. 
The stock reagent solutions were used to prepare those 

injected into the manifolds, as follows. 

Manifold A: 1 mM Phen, 15 mM SSA, 0.2M acetate buffer. 
Manifold B: 10 mM Phen, 25 mM SSA, 0.2M acetate buffer. 

All solid reagents used were of analytical grade. 

Apparatus and manifolds 

A Hewlett-Packard 8451A diode-array spectrophoto- 
meter furnished with a 128-K RAM HP-82909A module, an 
HP-9 12 1 floppy disk drive, an HP-98155A keyboard and an 
HP-7440A plotter was used as the detection and data- 
processing system. An HP-82940 GPI/O interface was used 
to control the automatic injection valve. Other equipment 
included a Gilson Minipuls-2 peristaltic pump and a Hellma 
178.712-QS flow-cell (inner volume 18 ~1, optical path 
length 10 mm). 

An automatic Tecator V-200 and a manual Rheodyne 
5020 injection valve were used in manifolds A and B, 
respectively. All reaction coils and sample loops were made 
from PFTE tubing of 0.5 mm bore. 

Normalized standard spectra 

Three pure standard solutions of each component of the 
mixture, with a concentration lying in the linear concen- 
tration range and giving absorbance readings lower than 
1.0, were prepared. The batch solutions were injected in 
triplicate and a spectrum for each standard was obtained 
by averaging the three spectra obtained. A normalized 
spectrum for unit concentration was obtained for each 
component by regression of the absorbance us. concen- 
tration. These normalized spectra were used as references 
for resolution of mixtures. 

RESULTS AND DISCUSSION 

Recording of spectra 

The HP-8415A spectrophotometer is capable of 
recording a whole spectrum (190-820 nm) in 0.1 set 
every 0.7 sec. Such a high recording speed allows a 
vast amount of information to be gathered from an 
FIA peak, yet a mixture can be resolved from a single 
spectrum. In order to ensure the greatest possible 
sensitivity and reproducibility, the spectrum was 
recorded at the maximum of the FIA peak. The first 
few attempts at recording spectra at high speed failed 
because of the poor reproducibility of the results 
obtained in successive injections. The reproducibility 
was improved by increasing the integration time, T,, 

the period over which the spectrophotometer is con- 
tinuously measuring the spectrum, the end of which 
is marked by delivery of the spectrum. Obviously, 
since FIA signals are transient peaks, T, should be as 
short as possible. Relative standard deviations not 

greater than 1% were achieved for integration times 
of 0.3 set or longer. Thus, a T, of 0.4 set, sym- 
metrically distributed about the residence time of the 
FIA peak, was chosen for further experiments. 

Flow-injection analsysis is characterized by the fact 
that the dispersion of the sample in the manifold is 
a reproducible function of time. Thus, the repro- 
ducibility of the sample image obtained at a given 
time will depend chiefly on the reproducibility of the 
time elapsed between image recording and the refer- 
ence time. Every FIA recording features two points 
that are eligible as a reference time, namely sample 
injection and sample arrival at the detector. A suit- 
able computer program facilitates recording of spec- 
tra under preselected conditions (wavelength range, 

l time interval, integration time, etc.). 

The simplest approach uses sample injection as 
the reference time. Obviously, the injection should 
be synchronized as accurately as possible with the 
triggering of the program handling the spectrum 
recording, in order to ensure reproducibility; this is 
made possible by the use of an automatic valve, the 
control scheme of which is depicted in Fig. l(A). 

A suitable alternative is to record the spectra once 
a preselected time has elapsed after arrival of the 
sample at the detector. This needs no synchron- 
ization, so the analyst can inject the sample manually 
and then execute the recording program. 

A computer-controlled injection system (manifold 
A) allows the recording of spectra in both ways, 
whereas a manual system (manifold B) can only cope 
with the second of the two. 

Figure 2 shows the flow diagrams of the programs 
used to control the recording of the spectra. 
FIARECl uses the first few injections to calculate the 
residence time, TR; the spectrum is recorded from 
further successive injections at TR - (T/2) set after 
each. 

FIAREC2 employs the first few injections to calcu- 
late the time elapsed between the start and the 
maximum of the FIA peak, T’, the spectrum being 
subsequent19 recorded at T’ - ( T,/2) set after arrival 
of the sample at the detector. 

FIARECl and FIAREC2 were used in conjunc- 
tion with manifolds A and B, respectively. 

Data treatment 

The analytes were determined by processing the 
information abstracted from the spectra of the mix- 
tures, by three different procedures, as follows. 

(a) By solving a system of two linear equations 
based on the absorbances of the two complexes, 
measured at their respective absorption maxima (510 
and 486 nm). The equations concerned were: 

Manifold A 

A,,, = O.O682[Fe*+] + 0.0255[Fe3+] 

Ad86 = O.O634[Fe*+] + 0.0280[Fe3+] 



Diode-array detectors 

COMPUTER 

Fig. 1. Schemes of the flow-injection manifolds. S = sample; I.V. = injection valve; L = reaction coil; 
D = diode-array detector; W = waste. (A) V,, = 120 ~1; flow-rate 0.95 ml/min; L = 270 cm; TR = 39 set, 
(B) V,, = 8 ~1; flow-rate 1.07 ml/min; L = 50 cm TR = 7 sec. In manifold A the sample is injected into 
the reagent stream (normal FIA mode) while in manifold B the reagent is injected into the sample stream 

(reverse FIA mode). 

Manifold B 

A,,, = 0.1658[Fe2+] + 0.0538[Fe3+] 

A,,, = 0.1 548[Fe2+] + 0.0562[Fe3+] 

(b) By use of the multi-component analysis (MA) 
program supplied as part of the Hewlett-Packard 
spectrophotometer bundled software. This is written 
in machine code and is therefore modifiable only by 
experienced programmers. It uses spectra from pure 
standards of accurately known concentration as 
reference, and yields the analyte concentrations that 
give the best least-squares fit between the calculated 
spectrum and that obtained for the mixture. This 
program was applied to the absorption spectrum and 
the first, second and third-derivative spectra over the 
selected wavelength ranges. The derivative spectra 
were run with the aid of the bundled software. 

(c) By application of a graphical linear regression 
method known as multi-wavelength linear regression 
analysis (MLRA). For simultaneous spectropho- 
tometric determination of several components in a 
mixture to be achieved, each species must absorb 
according to Beer’s law, and the absorbances must be 
additive. For a binary mixture, both conditions can 
be summed up in the equation 

A,,, = a, dC, + a,dC, (1) 

where a, and a2 are the molar absorptivities of the 

two species, d is the optical path-length and C, and 
C, are the respective concentrations. 

The molar absorptivities at each wavelength can be 
calculated from the absorbance of a pure standard 
solution of each component: 

A,, = a,dC,, (i = 1 or 2) (2) 

where A,, is the standard absorbance at each wave- 
length and C,, the corresponding ,concentration. 

If the same cell is used to measure both species, 
and C,, = C,, = 1, appropriate substitution and re- 
arrangement gives 

A,,/& = (l/C,) - (C,IC,)(&l&) (3) 

Plotting the values obtained at different wave- 
lengths as A,]/A, us. A,/A, gives a straight line 
with slope and intercept which allow calculation of C, 
and Cr. 

Optimization of manifold parameters 

Because of the lower molar absorptivity of the 
Fe(III) complex, the optimization was aimed at in- 
creasing the sensitivity of the determination of the 
ferric ion. This was accomplished by applying the 
univariate method. 

The sensitivity of the reaction between Fe(II1) and 
SSA increases with pH, but the injection of Fe(I1) 
yields a signal when alkaline media are used. A pH 
of 5.7 was therefore chosen as a compromise. It 
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Fig. 3. Spectra obtained for 20 ppm of Fe(III) (1) and 8 ppm’Fe(I1) (2) with a normal nFIA manifold. 
A, absorption spectra; B, first-derivative spectra; C, second-derivative spectra; D, third-derivative spectra. 

should he pointed out that the volume injected into 
the manifold was kept rather low in order to avoid 
the appearance of double peaks. 

Mixture resolution 

A series of 12 mixed solutions containing various 
amounts of Fe(I1) and Fe(II1) in the ranges 0.25155 

and 3-20 ppm, respectively, and [Fe(II)]/[Fe(III)] 
ratios from 0.6 to 40, were prepared for manifold A. 
Similarly, another set of 14 solutions with Fe(I1) and 
Fe(II1) contents in the ranges 0.5-5.2 and l-12.4 
ppm, respectively, in ratios from 0.25 to 16, were 
prepared for manifold B. The conventional and the 
first, second and third-derivative spectra (Fig. 3A-D) 

were processed over the whole wavelength range 
covered (40&650 nm). 

The results obtained in the resolution of the 

Fe(II)-Fe(II1) mixtures (Tables 2 and 3) are shown as 
the correlation between the concentrations taken and 
found, for the different calculation procedures used. 

The real achievement of this work is not the 
accurate calculation of the concentration of a given 
species in the presence of a higher concentration of 
another, but rather the possibility of simultaneously 
determining both under all types of conditions. 

As would he expected from the degree of spectral 
overlap, the classical method of mixture resolution 
based on a linear equation system resulted in substan- 

Table 1. Definition of variables used by FIARECl and FIARECZ 

Variable Meaning 

AS ‘Y’ if residence time must be determined 
BS ‘Y’ if another sample or standard is injected 
L Wavelength of maximum sample absorbance 

Ll, L2 Lower and upper limit of the useful wavelength range 
M Number of averaged spectra 

TYJJ 
Number of injections used for measuring residence time 
Residence time for each injection 

T2 Average residence time 

T& 
Integration time 
Time interval between start and maximum of FIA peak 

T5 Average T4 
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Table 2. Least-squares statistical data for fits of calculated vs. added concentrations (manifold A) 

Fe’+ Fez+ 

Correlation Correlation 
Intercept is Slope zk s coeff. (IP) Intercept * s Slope & s coeff. (RZ) 

Linear equations 
-0.33 f 0.97 1.06 f 0.09 0.937 O.f0 If: 0.08 0.95 & 0.01 0.998 

Multicomponent analysis 
Absorption spectrum 0.32 f 0.37 0.97 f 0.03 0.988 -0.12 & 0.08 1.02 * 0.01 0.998 
First derivative 0.45 f 0.50 0.97 k 0.05 0.978 -0.05 f 0.08 0.99 * 0.01 0.999 
Second derivative 0.10 &OS6 1 .OO f 0.05 0.976 -0.03 If: 0.07 0.99 + 0.01 0.999 
Third derivative 0.02 + 0.65 I .OI & 0.06 0.967 0.01 f 0.07 0.98 + 0.01 0.999 

MLRA 
400-600 nm 0.42 + 0.40 0.96 & 0.04 0.986 -0.15 kO.09 1.02 f 0.01 0.998 
420-580 nm 0.24 + 0.40 0.97 f 0.04 0.987 -0.11 *Oo.08 1.01 + 0.01 0.999 

tial errors and hence in poor precision, as cart be seen 
from the deviation from linearity and the low cor- 
relation coeEcient obtained. 

The use of a calculation program (MA) operating 
throughout the visible spectrum provides better re- 
sults for the slope, intercept and precision: However, 
deviations from linearity are still significant and the 
slope is rather low for Fe(III) and high for Fe@), 

The application of the MA program to the deriva- 
tive spectra results in considerably improved results, 
particularly for Fe(II). The precision achieved is 
virtually independent of the spectral mode and the 
best slope and intercept are obtained for the first and 
second-derivative spectra. 

Although the use of derivative spectra also im- 
proves the slope and intercept for FelfIIf, increasing 
the derivative order results in poorer precision as a 
result of the concomitantly decreasing spectral 
signal. 

It should be noted that manifold l3 yiefds more 
precise results than manifold A, probably because of 
the greater sensiti~ty it produces. 

The MLRA treatment, as applied to the whole 
wavelength range, yields similar results to those 
obtained by multicomponent analysis, but has 
two significant advantages, namely the resolution 
procedure is straightforward and transparent to 
the analyst-whereas that of MA is obscure 
and inaccessible-and (most important), it makes 

selection of the most suitable wavelength range for 
resolution of the mixture quite a simple task. The 
reliability of mixture resoln~on has been reported 
to depend strongly on the wavelength range 
selected,” but up till now the selection has been made 
empirically. 

The MLRA program provides the user with the 
wavelength range that gives the’ best linearity of 
response. This is illustrated in Fig. 4 for a mixture 
containing 0.52 ppm Fe(II) and 8.32 ppm Fe(III). In 
this case, deviations from linarity are observed only 
near the ends of the wavelength range, where the 
absorbance values are significantly smaller. This is 
consistent with the findingi that one of the requisites 
for accurate mixture resolution with the aid of the 
MA program is that al1 species to be determined must 
absorb significantly in the selected wavelength range. 
Narrowing of the spectral interval to 42G580 nm 
results in a better fit, as can be seen from Tables 2 and 
3. This range narrowing also resulted in slight im- 
provements in the results obtained by MA from the 
absorption spectra, though not from the derivative 
spectra. No other wavelength range assayed yielded 
better results. 

CONCLUSIONS 

This paper demonstrates the ~ssibili~y of accom- 
plishing simultaneous determinations by FIA with 

Table 3. Least-squares statistical data for fits of calculated US. added concentrations (manifold B) 

Fe3+ Fez+ 
-..- 

Correkition Correlation 

Normal spectrum 
First derivative 
Second derivative 
Third derivative 

400-600 nm 
420-580 nm 

Linear equations 
-0.09 zt 0.26 1.l2-tO.04 0.983 0.17 rf: 0.09 0.88 + 0.03 0.986 

Multicomponent analysis 
0.03 _t 0.08 0.9s * O.OI 0.998 0.06 + 0.02 1.036 f 0.006 0.9996 
0.09 & 0.06 1.02 i_O.Of 0.999 0.06 * 0.03 0.994 + 0.009 0.999 t 
0.08 f 0.08 I.os+o.or 0.999 0.05 + 0.03 0.99 * 0.01 0.999 
0.02 kO.15 1.07 & 0.02 0.994 0.06 & 0.03 0.99 f OxJl 0.999 

MLRA 
0.02 f 0.08 0.9s * 0.01 0.998 0.05 * 0.02 1.04 f 0.006 0.9996 
0.04 & 0.07 0.96 * O.OI 0.999 0.05 + 0.02 1.029 & 0.006 0.9996 
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Fig. 4. MLRA plot for a mixture of 8.32 ppm Fe(H) and 0.52 ppm Fe(B). Data obtained with manifold 
B. (A) Wavelength range, 401X650 nm; Fe(II1) found, 8.22 ppm; Fe(I1) found, 0.60 ppm; regression 
coefficient, r* = 0.997. (B) Wavelength range, 420-580 nm; Fe(II1) found, 8.26 ppm; Fe(I1) found, 0.58 

ppm; regression coefficient, r2 = 0.9994. Absorbance measurements made at 4-nm intervals. 

the aid of a diode-array detector. Most of the repro- 
ducibility problems encountered in working at high 
spectrum-recording speeds are overcome by both 
procedures proposed, which afford a reproducibility 
of the order of 1% at absorbance values not greater 
than 1.5. 

As can be seen from Tables 2 and 3, the resolution 
of mixtures with highly overlapped spectra yields 
poorly correlated results by the linear-equation 
method, but the MA and MLRA programs result in 
better fittings. The results provided by both MA and 
MLRA when applied to the absorbance spectrum are 
comparable in accuracy and precision, but, the best 
fittings are obtained by MA and the first and second- 
derivative spectra obtained by use of manifold B. 

The most outstanding features of the MLRA pro- 
gram are probably its transparency to the user and 
the possibility of selecting the wavelength range best 
suited to the particular mixture to be resolved. 
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Summary-Anodic stripping voltammetry with a hanging-drop mercury electrode is used for deter- 
mination of traces of Zn, Cd, Pb and Cu in white sugar. The sample (1.5 g) is decomposed by ignition 
in oxygen in a specially modified system. 

Anodic stripping voltammetry (ASV) is a very sensi- 
tive and selective technique for trace metal analysis of 
sugars. A mercury electrode,7-‘0 either hanging drop 
(HMDE) or thin-film (TFME), is used. 

The present work was a study of the best condi- 
tions for determination of traces of zinc, cadmium, 
lead and copper in refined white sugar by ASV with 
the HMDE. It also included development of a 
modified method for the oxygen-flask combustion of 
sugar samples large enough for trace-metal analysis. 

The original Hempel t~hnique” has undergone 
various modifications in the past’2-2o but has not been 
specifically modified for dealing with large sugar 
samples. 

EXPERIMENTAL 

Apparatus 

A model 174 A polarograph (Princeton Applied Re- 
search, PAR) was used in conjunction with a model RE 
0074 X-Y recorder and model 9323 HMDE kit, and an 
Ingold model PT-800 platinum wire auxiliary electrode. The 
calomel reference electrode was a PAR model 933 1, used in 
a model 9332 salt-bridge consisting of a thin polypropylene 
tube closed at the end with a piece of polymer, which 
deteriorated and was later replaced by a piece of polyether 
sulphone (I.C.I.). The electrodes and nitrogen inlet were 
assembled in a PAR model 9301 polarographic cell. 

The HMDE was cleaned according to Oehme,” and the 
capillary tube was siliconed with PAR 9356 solution. 

The modified combustion @ask 

A IO-litre round-~ttorn~ flask is used, fitted with a 
34/35 socket. The modified sample holder is shown in Fig. 
1. It consists of a borosilicate glass cup (1) 25 mm high and 
18 mm in diameter, with many holes (2-3 mm diameter) all 
round its wall, and a slightly rounded bottom. It is attached 
to a tube (2) to form an S-bend to prevent molten sugar 
from passing down the tube. This tube is 83 mm long and 
7 mm in bore, and fused into the stopper (6) of the flask. 
Two insulated copper-wire leads (l-mm diameter single 
electrical wire in an ordinary insulator) are connected at one 

*Present address: Chemistry Department, College of Edu- 
cation, University of Salahaddin, Erbil, Iraq. 

end by a 16-mm length of platinum wire (0.34.5 mm 
diameter), which is bent in a U-shape and sealed into a 
borosilicate tube 75 mm long and 7 mm in bore (3) so that 
only 10-12 mm of it (5) is outside the tube. The tube is 
sealed into the stopper (6) so that the plating wire is about 
IO mm from the bottom of the sample cup. The tube 
carrying the cup is led out of the stopper at a right angle and 
carries a tap (7) near the end. The two wire leads are 
connected externally (4) to a 10-V d.c. power supply and a 
switch. 

Reagents 

Triply distilled mercury (99999% pure, Fluka), analytical 
grade chemicals from BDH or Fluka. and distilled demin- 
eralized water were used throughout. The buffers and 
supporting electrolytes were further purified by electrolysis 
with a large-area mercury pool as cathode.22 

Standard stock solutions 1000 ppm. Zinc, cadmium, lead 
and copper were dissolved in the minimum necessary vol- 
ume of nitric acid (1 + 1)23 and the solutions were diluted to 
the appropriate volume and stored in polythene bottles.24 
Solutions for calibration were prepared daily by dilution of 
the stock solutions. 

Alkaline pyrogallol solution.2s 

Sample decomposition. N.B. The ignition must be done 
behind a transparent safety board. Wrap the sugar sample 
(up to 1.5 g) in a piece of filter paper as usual for 
oxygen-flask combustion, and place the product in the CUD, 
with the paper fuse coming out-through one of the holes and 
touching the platinum wire. Place 25 ml of 0.5M nitric acid 
in the flask, insert the sample holder, invert the assembly 
and clamp it vertically in place. Connect the leads to the 
10-V d.c. power supply, and the oxygen tube to a vacuum 
pump. Apply the vacuum for 5-10 min. Close the tan and 
connect the tube to a safety bottle half-tilled with d&ihed 
water, and thence to an oxygen cylinder. Open the tap to 
admit oxygen into the flask at a slow and constant rate 
(*O.S I./mm). Switch on the 10-V supply for a few seconds 
until the fuse has started to bum. The sample will then 
begin to burn and continue burning while oxygen is admit- 
ted continuously at a rate sufficient to maintain steady 
~rnb~tion. The rate of addition of oxygen is controlled by 
means of the tap-too fast a flow causes splashing in the 
wash bottle, and overvigorous combustion. When the com- 
bustion is complete, close the tap and leave the flask for 
30 min, shaking it periodically in the last 10 min to complete 
the absorption of combustion products. At this stage a 
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RESULTS AND DISCUSSION 

From Fig. 2 it seems in general that the best 
sensitivity is obtained at pH 3.6-4.2. 

For selection of the supporting electrolyte, a crite- 
rion used in column chromatography,26 but not pre- 
viously employed* in the same manner in ASV, was 
chosen, namely the resolution (R,) given by the 
formula 

6 

Fig. 1. The modified sample holder for use in combustion. 
1, Sample cup; 2, 0, - inlet; 3, tube protecting wire leads; 
4, wire leads; 5, P&wire; 6, ground glass stopper of the flask; 

7, tap. 

further 1.5 g of sample can be burned if desired, and the 
procedure can be repeated, with the same absorbent, as 
many times as required to bring the concentration of any 
metal to a measurable level. Finally the solution is trans- 
ferred quantitatively to a IOO-ml standard flask and made 
up to the mark for analysis. 

ASV determination. Pipette 50 ml of sample solution into 
the ASV cell. This solution should be about O.lM in nitric 
acid and contain not more than 50 pg each of Cl, K and Ca, 
1.5 pg each of As, Sb, Bi, Co and Ni, and 4.5 pg of Fe. Add 
solid sodium acetate carefully until the pH is 4 (pH-meter). 
Assemble the ASV cell with the three electrodes, and the 
nitrogen inlet. Pass nitrogen (freed from oxygen by passage 
through the alkaline pyrogallol solution) through the test 
solution for 5 min, then maintain a blanket of nitrogen over 
the solution surface throughout the analysis. Form the 
hanging mercury drop by turning the micrometer syringe 
three divisions. Start the stirrer at a suitable speed, keeping 
the drop steady in place. Deposit the metals at - 1.2 V for 
5 min. Stop the stirrer, and allow 30 set rest time, during 
which the sensitivity, pen position efc. can be adjusted. Scan 
the potential in the positive direction in the differential mode 
at 10 mV/sec with a modulation amplitude of 25 mV. 
Measure the stripping current (i) for the sample before and 
after the addition of each of five successive O.Ol-ml portions 
of a mixture containing 100 pg/ml zinc and copper and 
lOpg/ml .cadmium and lead. Pass nitrogen through the 
solution for I min after each addition. Plot the i values vs. 
the volume of standard mrxture of the metal ions added. 

*During the revision of this paper, the use of this method 
was independently reported by Wang er aL2’ 

where Ep, and Epz are the peak potentials of two 
adjacent peaks, for which W, and W, are the baseline 
widths and the b(,,,, values are the peak-widths at 
half-height (Fig. 3). For complete resolution, R, 
should not be less than 1.5. 

Table 1 shows the R, values obtained with various 
supporting electrolytes, together with the Ep values, 
and Table 2 shows the values for other character- 
istics. The best overall values of R, were obtained 
with potassium hydroxide or sodium acetate solu- 
tions as supporting electrolyte. 

It is obvious from equation (1) that R, can be 
improved by an increase in Ep or by narrowing of the 
peaks by changing from one supporting electrolyte to 
another. 

The effect of the electrolytes on the sensitivity of 
measurement is indicated by the values of ip (given in 
Table 2) for 10 ng/ml of each metal ion in the 
mixture. 

The seven supporting electrolytes examined can be 
divided into two groups. Those in the first group 
(potassium hydroxide and sodium acetate) are suit- 
able for all four metal ions, separately or in a mixture. 
Of the others, which form the second group, sodium 
citrate, and potassium hydroxide + sodium sulphate, 
or potassium nitrate or sodium tartrate all give high 
sensitivity for copper and zinc, but the first, second 
and third of these are not suitable for zinc because of 
the very broad peaks they give (large b,,, values). For 
the same reason sodium citrate is unsuitable for 
copper. 

Another supporting electrolyte useful for zinc is the 
mixture of potassium hydroxide and sodium 
perchlorate, but it is not useful for copper, which 
gives two unresolved peaks and overlaps with the 
lead peak. 

0 3 4 5 6 

PH 

Fig. 2. Effect of pH on sensitivity. 
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Applied potential 

Fig. 3. Measurement of various parameters for two adjacent 
peaks. 

Most of the supporting electrolytes gave low sensi- 
tivity for cadmium and poorer resolution of the lead 
and cadmium peaks, but gave satisfactory re- 
producibility. 

The final factor in choosing the supporting electro- 
lyte was the correlation coefficient of the calibration 

graph, which proved best for the sodium acetate 
buffer, which was therefore the chosen supporting 
electrolyte. 

The optimal instrument settings and other condi- 
tions were established as those given in the experi- 
mental section. 

Interferences 

Mutual interference of the four metals of interest 
was investigated by increasing the concentration of 
one of them to 500 pg/ml and examining its effect on 
the determination of the other three at the 2qg/ml 
level. For copper and zinc as analytes the maximum 
error was not more than 10%. Lead was affected by 
all three of the other metals but the error reached 
20% only at interferent levels > 500 pg/ml. Cadmium 
was similarly affected by copper and lead but not 
zinc. 

In refined sugar, the concentrations of these metals, 
except for cadmium, are usually the same within an 
order of magnitude. Their concentrations may be up 
to two orders of magnitude greater than that of 
cadmium. 

These findings suggest that for calibration and 
standard addition it would be best to use mixtures of 
all four ions. This was confirmed experimentally and 
it was found that good straight lines could be ob- 

Table 1. Values of R, and I?, for the supporting electrolytes used 

No. Electrolyte 

1 Na acetate 
2 Na citrate 
3 KOH 
4 KOH + Na, SO, 
5 KOH + KNO, 

6 KOH + NaClO, 
7 KOH + 

Na tartrate 

Ep, V 

Zn Cd Pb 

-0.98 -0.575 -0.410 
- 1.01 -0.600 -0.455 
-0.98 -0.565 -0.375 
-1.01 -0.575 -0.395 
- 1.01 -0.565 -0.380 

- 1.06 -0.580 -0.465 
-1.01 -0.590 -0.425 

cu 
R, for pairs of peaks 

Zn-Cd Cd-Pb Pb-Cu 

0.0 
-0.063 
+0.03 
+0.01 
+0.03, 
-0.10 
+0.02 
-0.03 

3.5 1.5 3.2 
2.8 1.3 2.4 
3.9 1.7 3.5 
3.4 1.5 3.0 
2.9 1.5 3.2 

3.5 0.9 * 
3.2 1.4 3.0 

*Overlap with the unresolved peaks for Cu. 

Table 2. Effect of supporting electrolytes (numbered as in Table 1) on the selectivity and 
sensitivitv of the ASV method 

Electrolyte 
Metal 

ion 1 2 3 4 5 6 7 

bin, mV 60 86 60 93 93 58 65 
Zn2+ ip, A p 28.3 12.0 29.3 64 29.4 35 37 

cv, % 0.1 0.6 1 1 2 I 10 

b,,,, mV 55 58 55 60 60 60 55 
Cd’+ ip, pA 10.6 10.8 12.3 5.8 6.8 9.8 7.7 

cv, % 0.1 0.7 0.7 4 1 4 6 

Pb’+ 
b,,,. mV 55 58 55 63 60 58 55 
ip, @A 7.2 11.2 13.7 11.1 9.6 6.6 14.3 
cv, % 0.3 0.6 0.6 1 5 5 0.6 

b,,,, mV 65 95 60 68 60 * 70 
CU2f ip, p A 19.5 28.8 25.3 40.8 30.8 * 43.8 

cv. % 0.2 1 0 0 4 * 0.8 

*Two unresolved peaks. 
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Table 3. Interference effects (deviation for 2-ng/ml analyte concentration) 

Analysis 
Groups mode* Zn Cd Pb cu 

1 Ca*+, Na+, K+, Cl- A Error, % 1 6 1 2 
cv, % 1 7 3 2 

A Error, % 6 13 11 > sot 
2 Bi’+, Sb(III), As(II1) cv, % 8 9 7 8 

B Error, % 2 5 4 9 
cv, % 5 7 6 8 

f-A Error, % 8 9 4 39 
3 Ni*+, Co*+, Fe’+ 1 cv, % 7 7 8 I 

B Error, % 2 5 2 2 
cv, % 5 6 6 5 . 

*A = calibration graph; B = standard-addition. 
?A r-test (1 -PC) = rs/p) showed that the difference (B -p) is not significant at the 95% 

confidence level (N = 2) except at this value. 

tamed in both cases with r = 0.92 for zinc, 0.97 for 
cadmium, 0.99 for lead and 0.95 for copper. 

For the purpose of this study, interferences from 
other ions likely to be found in refined sugar were 
considered in three groups and examined for group 
1 ions at l-pg/ml level and for groups 2 and 3 ions 
at 30 ng/ml. The ions in the last two groups are 
usually expected to be present only at ultratrace level. 
Table 3 shows that the effect can be considerably 
reduced by using the standard-addition method in- 
stead of a calibration graph. 

The recommended procedures have been applied to 
samples of refined white sugar, and Table 4 shows the 
results, together with those of a comparison of the 
modified oxygen-flask method with dry ashing35 and 
wet digestion as a means of destruction of the organic 
matter. Direct analysis without destruction of the 
organic matter (Direct I) was also compared with the 
method of Cormier et aL5 (Direct II). 

The accuracy of the three decomposition methods 
was tested by determining the recovery of 250 pg of 
metal ion added to 1.5 g of sugar sample. 

Since the method of determination was always the 
same, the difference in the reproducibility of the 
methods should be mainly due to the method of 
destruction. Paired-comparison by the t-test showed 

that there was no significant difference between the 
performance of the three methods (95% confidence 
level). 

However, the oxygen-flask method allowed use of 
smaller samples and was much faster. The recommen- 
ded method can be performed with a 1.5-g sample in 
only 40-50 min, compared to a 50-g sample-size and 
up to about 24 hr analysis time for the other two 
methods. 

The recovery showed good accuracy for zinc by all 
three methods. Lower accuracy, though still within 
experimental error, was obtained in only three cases, 
namely for cadmium by the oxygen-flask method, 
lead by wet digestion and copper by dry ashing. 

Direct analysis of sugar solutions, i.e., without 
destruction of the organic matter, gave low results by 
both the recommended procedure and the method of 
Cormier et al. Possible reasons are that in the direct 
method only the free metal ion is measured, and that 
the high sugar concentration might disturb the ASV 
to a considerable extent. 

This problem, however, was not pursued. It is 
considered that destruction of the organic matter is 
necessary, and best achieved by the recommended 
procedure. 

Extensive work with the recommended oxygen- 

Table 4. Comparison of methods B = mean of five determinations CV = coefficient of 
variation multiplied by JL 2, R = recovery for 250 pg of added analyte) 

Method Zn Cd Pb CU 

x, &zlg 0.88 0.0029 0.20 1.15 
O,-flask cv, % 6 I 14 11 

R, % 100 90 100 99 

8, /x/g 0.81 0.002 0.21 0.78 
Dry-ashing cv, % 13 14 6 10 

R, % 100 98 100 92 

x, /Q?g/g 1.01 0.0024 0.13 1.25 
Wet cv, % 6 16 I 13 

digestion R, % 101 97 91 100 

x, /Jgg/g 0.046 Nil 0.014 0.029 
Direct I cv, % 3 - 10 6 

x, w/g 0.039 Nil 0.01 0.02 
Direct II cv, % 6 - 7 9 
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flask method showed that use of more than 1.5 g of 
sample or ignition in air or with too slow a rate 
of oxygen flow resulted in imperfect burning, melting 
of the sugar and sometimes loss of sample by un- 
burned sugar fatting through the holes in the cup. 
Too fast a flow of oxygen, which would be needed for 
a larger sample size, caused over-vigorous burning 
and ejection of some of the sample; such conditions 
were thought to be unsafe for the flask, although no 
hazard was experienced during several trials. It is 
certainly much safer to repeat the whole procedure 
with two (or more) 1.5-g samples, but without chang- 
ing the absorbent. Either a 5 or IO-litre flask can be 
used, but it is probably safer to use the larger size. 

Acknowledgement-The authors wish to thank Dr R, A. 
Chalmers for assistance in revision of the paper. 
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Summary-Four types of working electrode (glassy-carbon and gold rotating-disk electrodes and two 
types of gold-film electrode) have been used in determination of traces of mercury by differential-pulse 
anodic-stripping voltammetry, and the analytical parameters of the procedures compared. The technique 
has been applied to the analysis of river sediments. The lowest limit of detection (0.02 fig/l.) was obtained 
with the gold rotating-disk electrode. Two procedures have been found optimal for analyses of sediment 
samples; determination with the gold rotating-disk electrode and solution-exchange after the pre- 
electrolysis, and dete~ination with the gold-film electrode prepared in sirlr in the sample extract. The 
sample pretreatment involved a separation of the 0.45-63 pm fraction, mineralization with a mixture of 
hydrochloric and nitric acids (3 : 1 or 1: 3) under atmospheric pressure in a fused silica vessel, followed 
by irradiation with ultraviolet light, after addition of hydrogen peroxide (to destroy organic matter). The 
most serious interference is from iron; this can be prevented by adding fluoride or pyrophosphate. The 
procedure is an alternative to the AAS determination of the total mercury content in sediments, especially 
with heavily polluted samples (mercury concentrations up to 0.01%). 

Electrochemical stripping analysis has heen used for 
the determination of mercury much less often than 
for that of cadmium, lead and some other heavy 
metals, for which differential-pulse anodic-stripping 
vol~mmet~ (DPASV) with a hanging mercury drop 
electrode (HMDE) or a mercury film electrode 
(MFE) has heen used routinely for a great variety of 
natural samples.‘,2 The main reason for this is that 
mercury can be determined easily and with good 
sensitivity by flameless AAS methods (the cold 
vapour method and various procedures uti~i~ng 
amalgamation preconcentration of mercury), and 
there are the well-known difficulties when solid elec- 
trodes are used for electrocheqical determinations of 
mercury. 

Glassy-carbon electrodes have been mainly used in 
recent dete~~nations of mercury in waters5 and in 
air;6 gold eIectrodes have been applied to the analysis 
of waters,7-9 urine,*O fish”*‘2 and the atmosphere.” 

Among the important locations where mercury is 
accumulated and which may serve as indicators of 
general mercury pollution, are the bottom sediments 
in natural aquatic ecosystems.14 Flameless AAS has 

*Present address: Cit of Prague Planning Board, Environ- 
mental Studio (A i P OHA), HradEanskb nim. 8, 118 54 
Prague 1, Czechoslovakia. 

SO far been most often used for the determination of 
mercury in river and reservoir sediments,‘5916 but 
electrochemical stripping analysis may be a useful 
alternative, especially with strongly indust~aliy pol- 
luted sediments with higher mercury con~ntrations, 
where the somewhat higher limit of detection of the 
electrochemical method is unimportant. 

Sediments are materials with a very wide range of 
compositions and the extracts obtained after sample 
decomposition by concentrated acids may contain 
large con~ntrations of elements interfe~ng in the 
DPASV determination of mercury. The most serious 
interference can he expected from iron, which is 
commonly present in sediments at concentrations 
several orders of magnitude higher than those of 
other metals. The average natural concentration of 
iron in the pelitic Fraction of sediments corresponds 
roughly to the level in the geochemical shale stan- 
dard,” i.e., 4.7%. For this reason, the present paper 
deals in some detail with interferences by iron and 
some other elements in the DPASV determination of 
mercury. 

htrtanents 
The DPASV measurements were made with a three- 

electrode circuit, the instrument used being a PA-4 polar- 
ographic analyser permitting partial automation of electro- 
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chemical stripping measurements, with an XY 4105 plotter 
and a rotating-disk electrode (RDE) (Laboratomi Piistroje, 
Czechoslovakia). The working electrodes were a gold 
rotating-disk electrode (AuRDE), prepared by pressing a 
gold rod into a PTFE mantle,‘” and a glassy-carbon 
rotating-disk electrode (GC-RDE), obtained from Labora- 
torni Piistroje, which was used directly or served as the 
support for preparation of a gold-film electrode (AuFE). 
The active surface area of each electrode was 7.3 mm2. A 
saturated silver-silver chloride electrode was used as the 
reference electrode and was connected with the test solution 
by a bridge filled with the base electrolyte, which was 
exchanged before each measurement. All the potentials in 
this work are referred to this electrode. A platinum wire 
served as the counter-electrode. The electrolysis vessels were 
made of fused silica and had volumes ranging from 20 to 
50 ml. The optimal instrumental parameters were found 
experimentally: potential scan-rate, 10 mV/sec; pulse ampli- 
tude and frequency, + 50 mV and 0.2 set, respectively; RC 
time constant, 100 msec; electrode rotation rate, 1500 rpm; 
pre-electrolysis time, 1, = 40-480 set; rest period before the 
stripping step; 10 sec. These parameters were used for all the 
measurements, unless stated otherwise. When the GC-RDE 
and the gold electrodes were used at low mercury concen- 
trations, the test solutions were deaerated by passage of 
nitrogen that had been freed from traces of oxygen by 
bubbling through an acidic solution of a chromium(H) salt 
and then an alkaline solution of sodium anthraquinone-2- 
sulphonate; the absorption solutions were continuously 
regenerated by amalgamated granular zinc. Traces of mer- 
cury vapour present in the nitrogen from the oxygen 
scrubber were absorbed by bubbling the gas through a 
concentrated solution of potassium permanganate in sul- 
phuric acid. The measurements were made at laboratory 
temperature and all the solutions were allowed to attain this 
temperature prior to measurement. 

Chemicals 

A stock 1 mg/ml solution of mercuric ions was prepared 
by dissolving 1 g of purified mercury in several ml of nitric 
acid, boiling off oxides of nitrogen, and diluting to 1 litre 
with redistilled water. The solution concentration was peri- 
odically checked by complexometric titration. Solutions of 
lower concentration were prepared immediately before mea- 
surement by diluting the stock solution with redistilled 
water. A stock 1 mg/ml solution of gold(III) was pre- 
pared I9 by dissolving 100 mg of pure gold (Safina, Czecho- 
slovakia) in a small amount of aqua regia, evaporating 
to dryness, dissolving the residue’in 5 ml of concentrated 
hydrochloric acid and diluting with redistilled water to 
100 ml. Solutions of the other metals (Cu, Cd, Pb, As, Zn, 
Ni, Co, Bi, Se, Mn, Fe, Cr) and of the masking agent ions 
(F-, P24-) were prepared at 1 mg/ml concentration from 
p.a. salts (Lachema, Czechoslovakia). 

Dilute solutions of mineral acids (perchloric, nitric, hy- 
drochloric) in the range O.l-1M and their mixtures were 
used as the base electrolytes for DPASV, since the sediment 
decomposition procedures used aqua regia or the Lefort 
mixture (hydrochloric acid-nitric acid, 1: 3 v/v) and sub- 
sequent &&ion by factors of 50 and 100. A O.lM potassium 
thiocyanate solution was also used as the base electrolyte in 
measurements with the GC-RDE. The solutions for the base 
electrolytes and for the sample mineralization were prepared 
from semiconductor grade hydrochloric or nitric acid, or 
p.a. chemicals (Lachema, Czechoslovakia). For mea- 
surements close to the limit of determination, the base 
electrolvtes were freed from traces of mercury by passage 
through a thin layer of a selective sorbent- baieh on-a 
2.3-eoithionroovlmethacrvlate (ETPMA) and ethvlenedi- 
meth&rylaie @DMA) copolymer, prepared at ihe De- 
partment of Polymers, Institute of Chemical Technology, 
Prague.” The water used was distilled twice in fused silica 
apparatus. 

Elecrrode preparation and acrivarion 

Before use, the GC-RDE and the AuRDE were rubbed 
down with wet metallographic papers Carbimet Nos. 320 
and 400 (Buehler Ltd., USA) and then polished with an 
aqueous suspension of alumina (VEB Chemiewerk, GDR, 
grades 1 and 3) and finally on “Microcloth” (Buehler, Ltd., 
USA). The electrodes were rinsed with redistilled water and 
activated by cyclic polarization in O.lM perchloric acid (ten 
cycles from -0.5 to +0.5V for the GC-RDE and twenty 
cycles from -0.2 to +I.8 V for the AuRDE; the latter 
electrode was always maintained for 10 set at -0.2 V and 
for 30 set at + 1.8 V). The AuRDE was then cyclically 
polarized from -0.2 V to + 1.8 V with a potential &an-rate 
of 200 mV/sec, until the voltamuerograms were reoro- 
ducible. The electrodes were stored dryand the activa’tion 
procedure above was always repeated after their pro- 
longed storage. The gold-film electrodes (AuFE) were 
prepared by depositing gold on the GC-RDE while it was 
rotating, either before the determination, in which case 
O.lM hydrochloric or perchloric acid containing Au(II1) 
was used, or in situ, during the determination, by adding 
Au(II1) to the test solution, analogously to the preparation 
of an MFE.2’ In the first method, the electrolysis current was 
integrated and the amount of the gold deposited was 
calculated. The cleaning and activation procedures applied 
between individual determinations will be discussed later 
together with the measurement reproducibility. 

Sampling of sedimenrs and sample pretreatment 

Representative (mixed) samples were taken from the 
upper layers ((r5cm) of river sediments with a plastic 
core-samplep 50 mm in diameter. The samples were 
transferred to I-litre polyethylene bottles and treated imme- 
diately. The wet samples were sieved on two nylon sieves in 
two steps and the fraction with particle size below 63 pm 
was separated, as is most often recommended for the 
determination of heavy metals.14 The lower size limit was 
0.45 pm, determined by the pore size of the membrane filter 
used for the removal of water from the sample by pressure 
filtration (Sartorius SM 16510 apparatus, FRG). The 
samples were then dried at laboratory temperature and 
stored in glass bottles fitted with ground-glass stoppers. 
Samples of 0.1-0.2 g of the dry sediment were mineralized 
in 5 ml of aqua regia or the Lefort mixture in sealed silica 
ampoules, by heating with an infrared lamp to a maximum 
of 60” for 60min. This procedure has given better results 
than the decomposition at 110” in a PTFE autoclave with 
a steel mantle. The autoclave decomposition led to more 
complete destruction of organic matter, but caused very 
high blank values (up to several pg/l.), apparently arising 
from adsorption of mercury on the PTFE, either from the 
atmosphere or from previous experiments. Liberation of the 
adsorbed mercury during the decomposition procedure was 
not suppressed by prolonged leaching of the Teflon vessel 
with concentrated acids. 

After the decomposition step the extract was allowed to 
cool and was diluted to 50 ml with redistilled water. The 
remaining organic matter, which would interfere in the 
DPASV determination (causing depression of peak height, 
an increase in the residual current and electrode passivation), 
was removed by, oxidative photolysis, which is often used in 
sample treatment prior to electrochemical stripping deter- 
mination.23 To do this, the extract was diluted by a factor 
of 5 or 10 and a 50-ml portion plus 200 ~1 of 30% hydrogen 
peroxide solution was sealed in a silica ampoule, which was 
then exposed to ultraviolet radiation from a low-pressure 
lamp (RVK 400 W, Tesla, Czechoslovakia), while being 
cooled with air so that the solution temperature did not 
exceed 60”. An irradiation time of 2 hr was sufficient. 
Decompositions with the Lefort mixture yielded extracts 
with lower residual organic matter levels and thus an 
irradiation time of 1.0-1.5 hr was sufficient. 



Determination of mercury 1003 

RESULTS AND DISCUSSION 

The DPASV determination of mercury was studied 
on all four types of working electrode. With the 
GC-RDE, the highest sensitivity was obtained with 
0.1 M potassium thiocyanate as supporting electro- 
lyte, which is in agreement with the literature.2k26 The 
stripping peak (E, = + 0.04 V) is well developed and 
about twice as high as that obtained in a non- 
complexing medium (e.g., with perchloric acid).27 In 
chloride solutions the sensitivity is decreased, appar- 
ently owing to the formation of mercurous chloride, 
which passivates the electrode.26 In the determination 
of mercury on a GC-RDE, an increase in the sensi- 
tivity has often been observed2*s29 in the presence of 
other metals, especially when mercury is co-deposited 
with copper or cadmium. We have found that the 
maximum sensitivity is attained with a five-fold ratio 
of cupric ions to mercury or a ten-fold ratio of 
cadmium ions. Higher ratios of copper lead to a 
decrease in the sensitivity, whereas higher ratios of 
cadmium are without further effect. The optimal 
pre-electrolysis potential is - 1 .O V. 

In determinations with the AuRDE, the best re- 
sults were obtained by using O.lM perchloric acid 
containing a small amount of hydrochloric acid. This 
electrolyte has been recommended for the stripping 
step after solution-exchange, in determinations of 
mercury in media with high chloride contents, e.g., 
sea-water* or mineralized biological samples,12 with 
gold electrodes. Analogous conditions are encoun- 
tered in analyses of sediment extracts after decom- 
position with hydrochloric acig. Solutions with high 
concentrations of chloride irreversibly damage the 
electrode surface at positive potentials, owing to 
dissolution of gold. 3o However, the addition of a 
small amount of hydrochloric acid to the perchloric 
acid is necessary, as the mercury stripping peak is 
then shifted to more negative potentials where the 
residual current is lower and the peak distortion 
smaller. It has been verified experimentally that the 
optimal hydrochloric acid concentration is 3mM, 
which ensures a sufficient shift of the peak 
(E, = +0.68 V) without damaging the AuRDE, even 
at the very positive potentials (+ 1.8 V) at which the 
AuRDE is cleaned and activated. The optimal pre- 
electrolysis potential is +0.2 V. The solution- 
exchange after pre-electrolysis was done manually. 

At the end of the pre-electrolysis time tr, (and the 
rest period) the electrode system was switched off and 
the potential scan-rate set to zero. The reference 
electrode and the counter-electrode were rinsed with 
distilled water and the outside Teflon body of the 
AuRDE (not the active surface!) was wiped carefully 
with a piece of tissue paper. The sample solution was 
then replaced by a similar volume of pure base 
electrolyte. The electrode system was then switched 
on again and the stripping stage executed under 
normal conditions (scanned at 10 mV/sec). The whole 
procedure took 30 set and was always done under the 
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Fig. 1. Dependence of the mercury stripping peak height on 
the concentration of Au(III) in 0. IM HCI, for the preformed 
AuFE. E Mauj = -0.5 V, t,(Au) = 240 (A) and 480 (8) set, 
RDE rotation rate 1500 rpm. DPASV of mercury in O.lM 
HCIO.,, EmHI) =O.OV, rWHsj = 360 (A) and 120 (B) set, 
C Hg= 10 yg/l. (A) and SOpg/l. (B). Sensitivity, lOnA/mm; 
experimental points are the averages of three deter- 

minations. 

same conditions. The AuRDE was reactivated in the 
exchange-solution. 

With the AuFE prepared prior to the deter- 
mination, factors affecting the sensitivity of mea- 
surement were studied, primarily the thickness of the 
gold film, which depends, for a given rotation speed 
and temperature on the Au(II1) concentration in the 
solution, and the time and potential of the deposition. 
Figure 1 gives the dependence of the mercury strip- 
ping peak height on the Au(II1) concentration; the 
optimal concentration is c,, = 5 x IO-‘M. The effect 
of the electrolysis time and potential at this Au(II1) 
concentration is depicted in Fig. 2; the optimal values 
are zD(*“, = 240 set and EmA,, = -0.5 V, with a 
rotation rate of 1500 rpm. For determining the lowest 
mercury concentrations, close to the limit of deter- 
mination, the sensitivity is highest when gold films 
only a few monolayers thick are used (cAU = 5 x 

d 

0 I I I I I I , 

0.15 0.5 0.25 O-O.25 -0.5-0.75-1.0 

E Dll”) (“) 

Fig. 2. Dependence of the mercury stripping peak height 
on the electro-deposition potential of gold (EwA,,) for 
the preformed AuFE. c_,~,,,, = 5 x 10-5M in 0.M HCl, 
rmAU, = 240 set, RDE rotation rate 1500 rpm. For the 
conditions of DPASV of mercury see Fig. 1; tWHr) = 240 set; 
I ,.,* = 10 pg/l.; experimental points are the averages of three 

determinations. 
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Ftg. 3. A typical stripping curve for mercury on the pre- 
formed AuFE. For details of the electrode preparation see 
Fig. 2; EocAU, = -0.5 V. The DPASV determination in O.IM 
HClOJ3mM HCl, cHa = 30 pg/l., rD(nII) = 120 set, ED(aIIj = 

0.0 V. Sensitivity 10 nA/mm. 

10-6&f). If the mercury concentration amounts to 
several tens of p&/l., it is more suitable to use a 
thicker gold film corresponding to several tens of 
monolayers (cAU = 5 x 10m4M or 10m4M), which is 
m~hanically more stable. Figure 3 shows a typical 
recording for the dete~ination of mercury under 
these conditions; in 0.1 M perchloric acid/3mM 
hydrochloric acid the Ep value is +O.% V. If the 
chloride concentration is higher the solution must he 
exchanged after the pre-electrolysis, as in measure- 
ment with the AuRDE. 

The conditions for the preparation of the AuFE 
in situ are identical with those above. The optimal 
concentration of Au(III) in the test solution is 
5 x 10e5M, with ED = -0.5 V. At gold concen- 
trations above 1 x 10m4M the mercury stripping peak 
splits. Compared with the AuFE prepared prior to 
analysis, the electrode prepared in situ gives a some- 
what poorer sensitivity, apparently owing to a stron- 
ger interaction between gold and mercury during 
their co-deposition on the GC-RDE surface and a 
lower efficiency of the stripping of the mercury from 
the bulk of the gold film. The AuFE prepared in situ 
is also more strongly affected by interferents (iron 
and residual organic matter) than the other gold 
electrodes. On the other hand, the procedure is less 
time-consuming and there is no danger of damage to 
the gold film during manipulation, or problems with 
aging and passivation of the film, which is formed 
anew during each determination. 

Cleaning and reactivation procedures between in- 
dividual determinations are necessary for the at- 
tainment of reproducible results. Decrease in the 
sensitivity, and gradual passivation of the electrode 
surface, during repeated determinations without reac- 
tivation are especially pronounced with the AuRDE 
(Fig. 4). The reactivation procedures and the relative 
standard deviation estimates are listed in Table 1 for 
the electrodes studied. 

The calibration plot parameters in the region of the 
lowest mercury concentrations and the limits of 
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Fig. 4. The decrease in the sensitivity of the AuRDE over 
ten DPASV cycles without reactivation of the electrode. For 
conditions see Fig. 3; cue = 10 fig/l. I&s) = +0.2 V. A-1st 
DPASV cycle after acttvation for 60 set at + 1.8 V in the 

base electrolyte; &lOth cycle. Sensitivrty 10 nA/mm. 

determination are given in Table 2. The limits of 
determination were calculated from the calibration 
slopes.3’ The plots are linear up to approximately 
200,40, 80 and 100 pg/l. for the GC-RDE, AuRDE, 

Table 1. Reactivation procedures and the re- 
producibility of DPASV of mercury 

Electrode Procedure %I(%) 

GC-RDE 
GC-RDE 
GC-RDE 
GC-RDE 
AuFE (preformed) 
AuFE (preformed) 
AuFE (in situ) 
AuFE (in situ) 
AuRDE 
AuRDE 

A 15.1 

: 13.6 9.9 
D 3.5 
A 17.2 
E 3.3 

6 4.2 2.1 
A 23.1 
H 3.5 

Conditions: 10 measurements; GC-RDE-O. 1 M 
KSCN, pH 2, f200 jq/l. Cu(II), c,,r = 40 jig/l.; 
AuRDE, AuFE-O.1 M HClOJ3mM HCI, 
c Hg = 10 Ygll. 

Pretreatment and reactivation: A-repeated mea- 
surements with no treatment; B-60 set re- 
polishing with damp fdter paper (Filtrak 390) and 
30 see polarization at +O.S V: C-polarization 
for 30 see at +0.5 V without mechanical treat- 
ment; D-60 set repolishing with A&O, sus- 
pension and 30 see polarization at +0.5 V; E-60 
set polarization at +0.8 V in O.lM HCIO, with- 
out mechanical treatment; F-removal of the Au 
film (mechanical), followed by 60 set repolishing 
of GC-RDE with Al,O, suspension and 60 set 
polarization at + 1.2 V; G-dissolution of the 
Au film, foliowed by 60 set polarization at f 1.2 
V without mechanical treatment; H--60 set 
polarization at + t .8 V without mechanical treat- 
ment. If not stated otherwise, the polarization 
reactivation was done in the test solution. 
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Table 2. Parameters of the calibration plots (I = acur + b) in the DPASV determination of mercury 

Corr. Limit 
Number of a fs,, b ks,, COCK, of detn., 

Electrode measurements, n nA.l. pg-’ nA r Pggll. 

GC-RDE (A) I 18.3 f 1.3 -80*47 0.9877 13.9 
GC-RDE (B) I 15.9 f 0.3 -15&8 0.9988 3.2 
AuRDE 9 1034 f 21 79 f 5 0.9988 0.02 
AuFE (preformed) 9 138.5 f 1.7 83*8 0.9995 0.3 
AuFE (in situ) 9 95.6 f 1.3 44*31 0.9993 1.8 

Conditions: GC-RDE-O.lM KSCN, pH 2 (A); O.lM KSCN, pH 2 + 100 p&l. Cu(II) (B); ED = - 1.0 V, 
r,=360 set, c = O-60 pg/l., reactivation for 30 SW at +0.5 V after repolishing. AuRDE-O.lM 
HCl0,/3mM H%l; ED = +0.2 V, ro = 480 set, cus = 0.0-0.4 pg/l., reactivation for 60 set at + 1.8 V. 
Preformed AuFE-film preparation: O.lM HCI, c~, = 5 x 10-5~, EDcau, = -0.5 V, fWAUj = 240 set, 
1500 rpm; determination: O.lM HClOJ3mM HCl, EwHIj = 0.0 V, fWHSj = 360 set, cus = &8 pg/l., 
reactivation for 60 set at +0.8 V in O.lM HCIO,. AuFE in siru-O.lM HCl0,/3mM HCl, 
C Au = 5 x 10-5M, ED = -0.5 V, to = 480 set, cHg - - 5-40 pggll., reactivation for 60 set at + 1.2 V. 

preformed AuFE and AuFE prepared in situ, 
respectively. 

Interference removal and determination in sediment 
samples 

On the basis of the experiments above, two elec- 
trodes were selected for practical application: the 
AuRDE, because of the low limit of determination, 
and the AuFDE prepared in situ, for higher mercury 
concentrations, because of the simple procedure with- 
out the solution-exchange which is necessary with the 
AuRDE. Both electrodes yielded good re- 
producibility, provided they were properly reac- 
tivated. A summary of interferences is presented in 
Table 3. 

Considering the values in Table 3 and the concen- 
trations of these elements common in sediments, 
there is no danger of interference from most of the 
elements examined. An exception is iron, which com- 
monly occurs at the l-100 mg/l. level in the sediment 
extracts. Under the given conditions, iron is reduced 
on the gold electrode and the E, value for the DPV 
peak is +0.54 V, so this peak strongly interferes with 
the mercury stripping peak. This effect is strongest 
with the AuFE prepared in situ, in media with high 
chloride concentration, which cause the mercury 
peak to shift towards more negative potentials. These 
effects have been verified with solutions simulating 
the composition of sediment extracts and with real 
samples. The interference can be suppressed by ex- 

200 r 

01 I I I I I 
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Fig. 5. Interference of iron in DPASV of mercury on the 
AuRDE and suppression of the interference by addition of 
fluoride. For conditions see Fig. 4; reactivation of the 
AuRDE for 60 see at + 1.8 V, I-without iron, 2,3,4-l, 5, 
10 mg/l. Fe(III), respectively, 5-10 mg/l. Fe(III)/500 mg/l. 

F-. Sensitivity 10 nA/mm. 

Table 3. Maximum permissible concentrations of the interfering metals in the 
DPASV determination of mercury* 

c-, mgil. 

Element AuRDE AuFE in situ 

Cd(II), Pb(II), Zn(II), Co(II), Ni(II), Mn(I1) 100 50 
Cu(I1) 10 3 
As(III), Bi(III), Cr(II1) 1 0.5 
Ag(I), Se(IV) 0.5 0.2 
Fe(II1) 0.5 0.1 

*O.lM HCl0,/3mM HCl, cus = 10 pggll. 
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100 

i- 

Fig. 6. Determination of mercury in a sediment extract 
by DPASV on the AuRDE with medium-exchange. Test 
solution: aqua regiu diluted 50-fold, ultraviolet-irradiated 
for 2 hr; I, = 120 set, Eo = +0.2 V. Exchange for O.lM 
HC10,/3mM HCl + 100 mg/l. fluoride after the pre- 
electrolysis. Electrode reactivation for 60 see at + 1.8 V. 
~siti~ty 5 ~/~. I-Sample, 2-1st standard addition 

(5 pg/l.), 3-2nd standard addition (10 ~g/l.). 

150 r 
3 

100 - 

E 2 

,o 

~ 

50- 1 

Oi 0.3 0.4 
E(V) 

Fig. 7. Determination of mercury in a sediment extract 
by DPASV on the AuFE formed in situ. Test solution: 
Lefort mixture diluted 50-fold f 500 mg/l. F-, ultravioiet- 
irradiated for 2 hr; to = 480 set, F,, = -0.5 V, c,, = 
5 r IO-‘&f. Electrode reactivation for 60 set at i-1.2 V. 
Sensitivity, 25 nA/mm. f-Sample, Z-1st standard 
addition (10 kg/l.), 3-2nd standard addition (20 pg/l.). 

changing the solution for a pure base electrolyte after 
the pre-el~troiysis, or by masking the iron; for the 
latter purpose, addition of pyrophosphate or fluoride 
yielded the best results (Fig. 5). For typical iron 
concentrations in the extracts, the optimal concen- 
trations are 100 mg/l. pyrophosphate and 500 mg/l. 

Table 4. Recovery test for the samples decomposed 
in Lefort mixture, followed by the DPASV deter- 

mination of mercury with the AuRDE 

Taken, Irg lg Found, pg /g * Recovery, % 

0 (blank) 4.8 - 
5 10.4 112 

10 15.3 105 

*The values are the averages of three determinations. 

fluoride. In determinations with the AuRDE with 
solution-exch~ge, the residues of iron can be masked 
by addition of these reagents at concentrations about 
a fifth of these just quoted. 

Typical recordings for the determination of mer- 
cury in a sediment extract are given in Fig. 6 for the 
AuRDE and solution-exchange and in Fig. 7 for the 
AuFE prepared in situ, without solution-exchange. 
The mercury was determined by double standard- 
addition. The accuracy of the procedure was tested 
by recovery tests from spiked dilute aqun regia (1: 10). 
For ens = lO~g/l., the mean relative error of six 
determinations was -4.8% (s, = 7.3%) for the Au- 
RDE and - 7.4% (3, = 11.4%) for the AuFE pre- 
pared in situ. For cHe = 1 pg/l., the corresponding 
values were 79.5% (s, = 12.9%) with the AuRDE. 

The whole procedure for the mercury deter- 
mination was verified by the recovery test for which 
the results are given in Table 4. A standard mercury 
solution was added by micropipette, prior to decom- 
position, to the silica minerali~tion vessel containing 
a 0.2-g sample of sediment. The recovery of the 
mercury added was found from the difference be- 
tween the value found and a value corresponding to 
the mercury originally present in the sediment. 
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Summary-The “end effects” in flow-analysis and process systems are investigated theoretically on the 
basis of the axially-dispersed plug-flow model. Three-section systems consisting of reactor, fore- or 
after-section and additional section are used. In the additional section back-mix flow is assumed to exist. 
The corresponding Peclet number has been found to be 0.01. The difference between the system responses 
to a delta-function input signal for finite and infinite length of the fore- or after-section is studied. Both 
the statistical moments of the system responses and the actual response curves are used for that purpose. 
The results can be used to evaluate the length of the fore- and after-sections needed in real flow-analysis 
and process systems in order that the phenomena taking place downstream or upstream of these two 
sections, respectively, will not play an important role in the system response. 

The hydrodynamic modelling of flow analysis and 
process systems is based on the fact that the per- 
formance of the whole physical system is mainly 
governed by certain sections of it. For that reason 
only these are included in the physical model and 
corresponding mathematical model. Quite often, 
however, various processes that occur in those sec- 
tions but are not included in the model may consider- 
ably affect the performance of the system, e.g., the 
shape and magnitude of the response in stimulus- 
response experiments.’ The deviation of the real 
behaviour of the system from that predicted by the 
model constitutes the so-called “end effect”. Obvi- 
ously the development of an adequate mathematical 
model of a flow-analysis or process system is closely 
related to identification of the conditions under which 
the end effects can be neglected. 

The systems considered in this investigation are 
usually composed of tubular elements so it is very 
convenient to describe the flow pattern by the axially- 
dispersed plug-flow model:’ 

acjat = DLa2CpX2 - uaclax (1) 

(the symbols are defined in Table 1). In this case the 
problem is reduced to investigation of the require- 
ments for assuming that the fore- and the after- 

length and being part of the reactor and there is an 
additional section which represents those parts 
of the real system which are not included in the 
mathematical model. The end effects produced by the 
dispersion processes in the additional section will 
be considered separately according to whether they 
occur downstream of the after-section (Fig. 1 b) or 
upstream of the fore-section (Fig. lc). In both cases 
a delta-function input is assumed for simplicity. 

When the end effects originating downstream of 
the after-section are investigated it is convenient to 
place both the injection and the detection points in 
the reactor (Fig. lb). The mathematical description 

1 I Innor coct ions I . - (0) 

G6’Q 5rn X0 

, . cd - (b) 

sections of the system (Fig. la) which are included in 
the model have infinite lengths. -x, x,ao 

;m 

- ad 
I 

f 
1 
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THEORETICAL CONSIDERATIONS 
I I 

The model system will be regarded as consisting of Fig. 1. Schemes of multi-sectional flow systems: (a) general 

three main sections, analogously to the one con- 
scheme of a flow-analysis or process system; (b) and (c) 

sidered earlier,2 as shown in Fig. la. The fore-section 
schemes for investigation of the “end effects” downstream 

or after-section are regarded as having “infinite” 
of the measurement point and upstream of the injection 

point, respectively. 



consists of the following set of partial differential 
equations in dimensionless quantities and variables? 

The corresponding initial and boundary conditions 
are: 

and C,(- a3,8) and cad(a, 0) must be finite. 
The solution of equations {2)-(4) in the Laplare 

domain for X, = 0 is 

Table 1. Symbols and definitions* 

Concentration (kmole/mJ) 

=[lQa”cdr]/ V,: integral average concentration 

in the test-secti’on (kmoIe/m3) 
= e/cM : dimensionfess con~~tration 

Laplace transform of C 
Diameter (m) 
Axial dispersion coefficient (m2/sec) 
Relative error 
‘Xm - x0: length of the test-section (mm) 
Number of points of the response curve used for 
calculation of E: [equation (IS)j 
Laplace complex variable 
= ML/D,: Peclet number 
= [p/(JJP) -e o.25p5 
Time (NC) 
Linear flow-rate (m/set) 
Voiumetric flow-rate (m’/sec) 
= nM:/4: volume of the test-section (m’) 
= KJY.&~: volume of the test-section if the diameter 
is d (m3) 
Axial position (m) 
= x/t: dimensionless axial position 
Positive root of equation (11) 
= v,jv 
Dimensionkss Dirac delta-func~on 
= r~/ V( : dimension&s time 
ith moment of the response curve about the origin 
(equation (M)] 

J 

m 
= C(O - p,)* de: variance of the response curve 

0 

*Subscripts a and ad refer to the after-section and the 
additional section, respectively (Fig. 1); subscripts f and 
r refer to the fore-section and the reactor, respective&; 
subscripts o and m refer to the beginning and the end of 
the test-section; subscript e refers to the beginning of the 
additional section; subscript 63 refers to the case of an 
infinitely long after-section. 

The statistical moments of the output signal about 
the origin can be calculated’ from 

The equations obtained for the mean (pir ) and the 
variance (a2) of the output signal are as follows: (7) 

exp[-P&(X,_ I)] (8) 
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For convenience it will be assumed that the di- 
ameters of the sections (Fig. 1) are all equal, i.e., 
yr = y. = ysd = 1. In this case, if the Peclet number of 
the additional section is equal to that of the after- 
section then the assumption of infinite length for the 
after-section is valid and there will be no end effects. 
The strongest end effects would be expected when the 
hydraulic conditions in the additional section re- 
semble those in an ideally mixed tank.) This condition 
will exist if the corresponding Peclet number is zero, 
but this value cannot be used for calculations because 
the Peclet number very often appears in the denomi- 
nator [e.g., in equations (7) and (8)]. For that reason 
it is necessary to find a value for the Peclet number 
such that the corresponding response curve will be 
practically identical with that for an ideally mixed 
tank, which for delta-function input is described by 
the equation’ 

C = exp[-81 (9) 

Physically, a closed vessel (i.e., a vessel for which 
fluid moves in and out by plug-flow alone)’ with small 
Peclet number, resembles a perfectly mixed tank. For 
delta-function input the behaviour of such a vessel is 
described by:* 

C = exp[O.SP(l - O/2)] f (2yf cosy, + Py, sin y,) 
,=I 

xexp[-yfO/P]/(yf + P2/4 + P) (10) 

where y, is the ith positive root of 

tan y = Py/(y* + P*/4) (11) 

For C > 0.01 and P I 0.01 the concentration 
profiles calculated by means of equations (9) and 
(lo), Fig. 2, are identical within 0.33% error. Later, 
the hydraulic regime corresponding to P = 0.01 will 
be considered as back-mix flow. 

If the length of the after-section is increased, the 
end effects obviously decrease. For a given set of 
Peclet numbers of the sections of the system there is 
some critical length of the after-section at which the 
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Fig. 3. Error in assuming infinite length for the after-section 
(the mean is used); P = P, = P,; P_, = 0.01. 

error caused by the end effects will not exceed some 
previously selected value. For longer lengths the end 
effects can be neglected. Two approaches can be 
applied for determining the critical length. They 
correspond to the two most frequently used methods 
for processing response curves, viz. the method using 
the statistical moments of the response curves, and 
the method of curve-fitting. 

According to the first approach the mean and 
variance of the response curve are calculated for 
infinite length and a given finite length of the after- 
section. The relative error introduced assuming 
infinite length of the after-section is then calculated as 
a function of the real length. 

E = ho0 -p,l/fl, or E = (62, -d~/d (12) 

The dependence of E on the length of the after- 
section in the special case of equal Peclet numbers for 
the reactor and the after-section corresponds to hav- 
ing both the injection and detection performed within 
the section being investigated. The results obtained 
are presented in Figs. 3 and 4. Figure 5 illustrates the 
influence of the after-section length on the relative 

P=lO 

01 n 

Fig. 2. Response curves for different values of the Peclet 
number of a closed vessel (-), and the response curve for 

an ideally mixed tank (---). 
Fig. 4. Error in assuming infinite length for the after-section 

(the variance is used); P = P, = P,; P_, = 0.01. 
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Fig. 5. Error in determining the reactor Peclet number 
on the basis of assumption of infinite vessel length; 

P=P,=P,; P,,=O.Ol. 

error in determination of the reactor Peclet number 
when the end effects are neglected. In this case, for a 
given value of P, the mean is calculated from 
equation (7). This value is then used in equation (13) 
to find the Peclet number of the reactor, on the 
assumption that the reactor is an infinitely long tube.’ 

P,_ = 2/@, - I) (13) 

Similar investigations using the variance instead 
of the mean have been reported by Bischoff and 
Levenspie13 and the results obtained are in good 
agreement with those presented in Fig. 4. 

Figures 3 and 4 show that the influence of the end 
effects on the relative error [equation (12)] increases 
if moments of higher order are used. This is explained 
by the fact that back-flow in the additional section 
makes the concentration in the tail region of the 
response curve approach zero more slowly. The 
influence of the tail on the statistical moments of the 
curve greatly increases with increase in their order: 

p,= m 
s 

CO’dO (14) 
0 

This means that when the statistical moments of 
the output signal are used (e.g., parameter identifi- 
cation, determination of sample frequency in flow 
injection analysis4) the result is very sensitive to the 
end effects. Furthermore, the tail of the experimental 
response curve contains the least accurate infor- 
mation, so the errors associated with the computation 
of the corresponding moments can be quite large. For 
these reasons, when experimental response curves are 
processed the necessary information should be ex- 
tracted, whenever possible, without using the tail 
portion. A suitable option for this is curve-fitting. In 
that case another criterion for determination of the 
critical length should be used, namely that it is that 
length over which the portion of response curve used 
is identical, within some previously determined error, 
with the corresponding portion of the curve calcu- 
lated on the basis of an infinitely long tube. This is 

+ 
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Fig. 6. Response curves obtained for different finite values 
of the after-section length (-) and for infinite after- 

section length (---); P, = P, = 10; Pad = 0.01. 

the second approach for determining the critical 
length. Figure 6 illustrates the influence of the after- 
section length on the shape and magnitude of the 
response curve. 

The inverse Laplace transform of < [equation (S)] 
is performed numerically by its expansion into a 
series of Chebyshev polynomials of the first kind for 
P, I 5 and into a Fourier sine series for P, > 5.5 

In the present investigation the portion of the 
response curve used lies between the two points 
corresponding to a concentration equal to 5% of that 
at the peak maximum. The influence of the after- 
section length on the mean relative error [equation 
(15)] between response curves calculated for that and 
for infinite length is illustrated in Fig. 7. 

(15) 

It can be : seen that according to the second 
approach the “critical” lengths are reduced to a 
considerable extent in comparison with the corre- 
sponding values determined by the first approach 
(Figs. 3-5). This result is very important in practice, 
because it is quite often inconvenient or not even 
possible to use a very long after-section, as would 

E t 
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Fig. 7. Error in assuming infinite length for the after-section 
(the response curve is used); P = Pa = P,; Pd = 0.01. 



Fig. 8. Error in assuming infinite length for the after-section, 
for different values of P,; P, = 20, Pad = 0.01. 

be required by the first approach, for small Peclet 
numbers. The response curves obtained when such 
long after-sections are used are practically indis- 
tinguishable from those calculated for after-sections 
only half as long. 

The dependence of the relative error [equation (15)] 
on the values of the Peclet numbers of the reactor and 
the after-section are presented in Figs. 8 and 9. These 
results show that the “critical” length of the after- 
section depends mainly on its Peclet number. 

The end effects due to dispersion processes up- 
stream of the fore-section will be investigated with a 
three-sectional system (Fig. lc) similar to that already 
discussed (Fig. lb). This system is described by the 
following set of partial differential equations: 

acad acad Yad a2 cad 
x+Y”dX-ji- ax2 

-=O; (XI -A’,) (16) 
ad 

(-X,IX<O) (17) 

(18) 

Fig. 9. Error in assuming infinite length for the after-section, 
for different values of P.; P, = 20, Pa,, = 0.01. 
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Fig. 10. Error in assuming infinite length for the after- 
section, for different values of Pad; Pa = P, = 20. 

The initial and boundary conditions are analogous 
to those of equations (2x4). The Laplace domain 
solution for X0 = 0 is 

- bad - %)k - qf)exp[-2PfqfXeI) (1% 

Equations (5) and (19) are identical with the excep- 
tion that qr and qa are interchanged. This means that 
the conclusions made for the end effects occurring 
downstream of the measurement point (Fig. lb) are 
valid for the end effects originating upstream of the 
injection point (Fig. lc). For that reason it can be 
concluded that the “critical” lengths of the fore- and 
after-sections are equal. 

In practice the flow pattern in the additional 
sections very often differs from back-mix flow. This 
situation is illustrated in Fi,g. 10. It can be seen that 
with increase in Pd the influence of the end effects is 
strongly diminished and the corresponding “critical” 
length becomes much more shorter in comparison 
with the value calculated for Pd = 0.01. 

CONCLUSIONS 

On the basis of the results obtained in this study 
the following conclusions can be drawn. 

(1) For Peclet numbers equal to or less than 0.01 
back-mix flow exists. 

(2) The “critical” lengths of the fore- and after- 
sections of a given flow-analysis or process system are 
equal. 

(3) When curve-fitting is used for processing ex- 
perimental response curves, the “critical” length is 
reduced considerably in comparison with that found 
when the statistical moments of the curves are utilized 
for obtaining the necessary information. 

(4) When the flow pattern in the additional sections 
deviates from back-mix flow, the “critical” length 
becomes shorter. 
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OXYDATION VA~A~~QUE DE LA QUININE ET 
DE QUELQUES ANALUGUES 

APPLICATION AU DOSAGE D’UN NOUVEL ANTIPALUDEEN: 
LA MEFLOQUINE 

ii Jk%+AknOl et M. ffAMON 

Laboratoire de Chimie ~aly~qu~~ Fact&e des Sciences F~~a~utiq~ et 3jolo~qu~~ 3, rue 3. B. 
Clement, F 92 290 Chatenay Malabry, Prance 

M. CHASTAUNIER et M. CI-LWNEAU 
Laboratoire des gaz, Faculte des Sciences Pharmaceutiques et Biologiques, 4 avenue de Wbservatoire, 

F 75 270 Paris Cedex 06, France 

IWurn&L”oxydation vanadique de la methoxy-6 quinoliine montre la possibiliti de Ia formation d’un 
complexe initial entre le cation vanadique VO; et l’oxygbne ether-oxyde. L’ouverture de la molecule au 
niveau de l’homocycle conduit alors principalement P l’acide pyridane-2 carboxylique-3. Dans le cas de 
la quinine ou de la mefloxine, l’attaque initiale se situe prkferentiellement au niveau de la fonction alcool 
secondaire qui permet dans un premier temps, la formation d’acides quinoleine carboxyliques-4. be derive 
a&de provenant de la rn~~~u~~e est, contr~rement d celui de la quinine, totalement resistant B l’oxydatinn 
vanadique, et cette propriete permet une consommation reproductible de reactif et l’&ablissement d’un 
dosage simple de ce nouvel antimalarique, 

Summary-Oxidation of tf-methoxyquinoline with vanadate shows the possibility of initial complex 
formation between the dioxovanadium(V) ion VO: and the ethereal oxygen atom. The opening of the 
homocycle yields mainly 2-pyridone-3-carboxylic acid. In the case of quinine or metloquine, the VO; ion 
p~fer~tially forms a pentagonal chefate with the secondary alcohol function. Oxidation of this complex 
initially produces q~noline-4~r~xyl~ acids. The acid that results from mefloquine is stable in the 
reaction salution and this property allows a reproducible consumption of reagent and a quantitative 
determination of this new antimalarial drug. 

Lors de prk&lents travaux dans notre laboratoire SW 
les derives de i’is~uino~~~ne’~ et du chro~nne3 il a 
et6 reman@ que la ptisence d’un ou plusieurs 
groupements &her-oxyde SW une molecule favorise 
considerablement l’oxydation de celle-ci par le pent- 
oxyde de vanadium. 

L’objet de ce travail est done 1’Ctude dans les 
mEmes conditions ex~~mentales de ~oxydatjon de 
certains derivi?s quinolkiques porteurs de ce groupe- 
ment; Ia quinoltine est en effet a la fois un isomere 
de position de l’isoquinoleine et I’analogue azote du 
dkhydro chromanne. 

Notre choix a port6 initialement sur la methoxy-6 
quinolkine en raison du fait que la quinine, molecule 
d’intMt th&apeutique, porte egalement un substi- 
tuant methoxyte dans cette position. 

Nous avons ensuite 6tendu cette etude H la quinine, 
a la quinidine et I la dihydroquinidine, mais aussi et 
surtout & un antimalarique de synthese: la mefloquine 
dont la structure est voisine de celle de h quinine. Le 
point commun reside en la prksence en position 4 
d’un groupement alcod secondaire qui permet de 
relier la fragment quinoltique a un hedrocycle azotb 
entierement hydrogene. Cette structure est sus- 
ceptible de favoriser une oxydation rapide en raison 

de Ia possibilite de la formation initiale d’un ch&tc 
pentagonal stable entre f’oxygcne de la fonction 

alcool, I”azote pipkidinique ou quinuciidi~qu~ et b 
cation vanadique VO: . 

PARTIE EXPERIMENTALE 

Rfkcrif 
SolUrion ~~~~~~~~~ &%I (exprime en cations vaua- 

dique VO$). Dans un recipient contenant 300 ml dune 
solution d’hydroxyde de sodium IM, introduire 19 g de 
pentoxyde de vanadium et porter a ibullition jusqu’ii dis- 
solution tot&. Apres refroidissement, transvaser dans une 
Bole jaugee de IO00 ml, y ajouter lentement 420 ml d’acide 
sulfurique S&f, 200 ml d’acide sulfurique 9M et apr& 
~fro~~ss~ent completer avec de l’eau dill&e. La concen- 
tration en acide sulfurique de &a&f ainsi prepare est de Hf. 

Soft&on a% sutfate de fer(iI] et d’ummonium @, f M. 

Mode ophatoire gheral 
Une priae d’essai comprise entre 20 et 200 rmales de 

produit organique est introduite dans une fiole conique 
rod&e de 100 ml. Cinquante ml de solution s~fovan~q~ 
y sont ajout6.s et l’ensemble porti: au bain marie bouillant 
sous refrigerant ii reilux. La cinetique de la reaction est 
suivie par dosage du vanadium(V) en ex&, en prklevant a 
des temps dCtermints une partie aliquote du melange reac- 
tionnel, jusqu’a oxydation compl&e de la mokcule. Le 
dosage est efl’ectue i l’aide de la solution de sulfate de fer(I1) 
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et d’ammonium avec indication potentiomCtrique du point 
d’&quivalence (Ckctrodes platine-calomel). Pour Etude du 
mkanisme rkactionnel de I’oxydation, la quantitk de sub- 
stance $ oxyder et le volume de rkactif indiquks prt- 
&demment, sont muItipliCs par 5 dans le but d’isoler plus 
facilement des quantitks suffisantes de compods r&c- 
tionnels. 

Microdosage de la m@oquine 

Une prise d’essai voisine de I1,5 mg de chlorhydrate de 
m&loquine est exactement peste et dissoute dans 100 ml 
d’eau distillke. La dissolution est facilitb dans une cuve d 
ultra-sons. La m~floq~ne se trouve alors ;i une concen- 
tration d’environ 1mM. Dans une fiole coniaue rod&z de 50 
ml contenant exactement 10 ml de solution skfovanadique, 
ajouter une quantitt de produit comprise entre 1 et 20 
/Imoles. Un tkmoin contenant seulement le meme volume de 
rCactif est prtpark et l’ensemble port6 au bain marie bouil- 
Iant. 

Le dosage est effect&, aprts 7 hr d’oxydation sur la 
totaS du contenu de chaque iiole, & l’aide de la solution 
tit& de sulfate de fer(I1) et ammonium, avec indication 
potentiomktrique du point d’kquivalence (klectrodes 
platine-calomel). 

Les rkltats sont exprimds en pmoles d’ions VO: rkduits. 

Dosage du dioxyde de carbone 
Le dioxyde de carbone lib&k au tours de I’oxydation est 

recueilli et do& sur une cuve $ mercure selon la mkthode 
gazomktrique de Chaigneau.” Le dosage est effect& B I’aide 
d’une solution concentrCe d’hydroxyde de potassium qui 
permet de capter le gaz. 

Isoiement et identiJication ale i’hydroxy-6 quinolPine 

Aprks environ 3 hr, temps au bout duquel la formation 
du fo~ald~hyde est maximale, la solution issue de 

ml~ 63 

Schkma 1 

l’oxydation de la m&thoxy-6 quinolkine est extraite par 
I’ackate d’tthyle apr&s rkduction de l’excts de vanadium(V) 
par du bisulfite de sodium et tkvation du pH B 2 par une 
solution d’hydroxyde de potassium. Apres evaporation du 
sdvant organique, le rCsidu est repris par une solution 
d’hydroxyde de sodium 11% La solution aqueuse alcaline est 
rincke plusieurs fois g Ether, puis rkacidifike et extraite & 
nouveau par l’adtate d’ethyle. L’kvaporation compltte du 
solvant laisse apparaitre un produit blanc-mat qui est 
ensuite cristallisk dans un mtlange de mCthano1 et d’acttone 
(1: 1). L’analyse Gmentaire foumit les rtsultats C 73,8%; 
H 4,97%; N Q,Q%. Le spectre de masse effkctui en impact 
klectronique B 70 eV conduit & un schCma de fragmentation 
qui con&me Ia structure du d&iv& (schema 1). 

isolement et iakntijcation de I’acide mhthoxy-6 quinoikine 
carboxylique-4 ou acide quininique 

La solution rkactionnelle obtenue en fin d’oxydation de la 
mkthyl-6 quinoldine est extraite par l’acktate d’Cthyle dans 
les m&mes conditions d&rites prkc~demment. t’tvaporation 
du solvant organique fait apparaztre un produit incoiore 
(F = 256-257”) dont I’analyse &mentaire foumit ies r& 
sultats C 51,9%; H 3,8%; N lO,l%. 

L’ttude spectrale (spectre infra rouge et spectre de masse) 
a permis de confirmer que ce produit est l’acide pyridone-2 
carboxylique-3 que nous avons d&ja isoli lors de l’oxydation 
de I’hydroxy-8 quinolBne.5 

~solern~r er i~nt~~~ation de I’acide methoxy-6 quino~~ine 
carboxylique-4 ou a&e quin~nique 

Ce d&-i& est isolC quantitativement en d&but d’oxydation 
de la quinine, de la quinidine ou de la dihydroquinidine. La 
solution rkactionnelle obtenue apr& environ 6 hr de r&action 
est extraite par Ether ap&s reduction de I’excGs de vana- 
dium(V) par le sulfite acide de sodium et Clkvation du pH 
H 2. 

Le prod& jaune pile obtenu apris bvaporation du 
solvant est recristaliis~ dans un mtlange de mdthanol et 
d’acktone (1: 1). L’identification est faite dans un premier 
temps par la mesure du point de fusion (28G281”) et 
l’analyse Bltmentaire (C 64,9%; H 4,4%; N 7.0%), con- 
forme aux donnkes de la littkature.6.7 L’Ctude de la frag- 
mentombtrie de masse n’ayant P notre connaissance jamais 
bC rkatide, nous avons confirm& par ce moyen la structure 
du produit isolt. Le spectre de masse est effect& en impact 
Clectronique (70eV). L’ktude de la fragmentation est pro- 
posh dans le schkma 2. 

Identification de I’acide hydroxy-bquinokne carboxylique-4 

Au tours de l’oxydation de la quinine, de la quinidine ou 
de la dihvdroa~ni~ne. cet acide ceut Ctre identifii en m&me 
temps q;e l’acide q~~inique pr&demment isoli. Sa con- 
centration &ant t&s faible dans l’extrait &h&k, son 
identification a necessitt l’emploi de la spectromktrie de 
masse couplte $ la chromatographie en phase gazeuse 
(colonne de silice fondue, 25 x 0,3 cm, remplie d’une phase 
OVI; gaz veeteur, hklium; four systeme $ programmation). 

Le schkma 3 donne la fragmentation du spectre de masse 
obtenu aprks injection de l’extrait Qth& 

Isolement et identification de l’acide bis(trz$uorom&hyl)-2.8 
quinokne carboxylique-4 

Au tours de l’oxydation de la mifloquine, ce d&S 
apparait dans la solution sulfovanadique sous forme de 
@iits flocons blancs. Aprbs rkupk.rati& sur un filtre en 
verre frittk @lo. 3) et lavaae B l’eau distill&z. le nroduit est 
cristallid d&s un’ mklang d’eau et d’ac&one (j: 7). 

Le spectre de masse obtenu en impact Clectronique donne 
une confirmation de la structure du produit; on observe 
notamment la prksence de pits B m/z = 50, 69 et 119 qui 
correspondent respectivement aux fragments caractbris- 
tiques CF:, CF,+ et (CF,CF2)+ (schkma 4). 
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RESULTA’IS ET DISCUSSION 

Oxydation de la mkthoxy-6 quinolbne 

L’itude prealable du derive le plus simple: la 
mithoxy-6 quinoleine a permis de preciser les condi- 
tions optimales d’oxydation. En effet, nous avons 

Tableau 1. Variation de la quantit6 de rbactif consommke 
en fonction du rapport molaire 

Rapport molaire 50 loo 200 300 400 500 -_ 
Reactif consommk 
(mole/mole) 22,8 26,0 28,7 30,2 31,9 32,3 

note, comme dans le cas de l’oxydation des derives du 
chromanne,’ une evolution de la consommation du 
reactif en fonction du rapport molaire oxydant- 
produit (tableau 1). 

Le rapport molaire est dtfini comme &ant le 
rapport existant entre la quantite de reactif vana- 
dique et la quantite de produit oxydt, exprimees en 
moles. Dans ce contexte, un rapport ileve indique un 
grand exces de reactif dans le milieu reactionnel. 

Les resultats du tableau 1 montrent la nicessite de 
realiser les essais en grand excts de reactif pour 
obtenir une oxydation complete de la molecule. Pour 
des rapports molaires superieurs a 500, la variation de 
la consommation devient ntgligeable, mais dans ces 
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conditions il devient difficile de determiner avec pre- 
cision la quantite de rtactif rkduite. Le tableau 1 
montre que cette quantite est alors d’environ 32 
moles des cations vanadique par mole de prod&. 

L’Ctude cinetique de la reaction r&&e un temps 
relativement long: 72 hr. Cependant le dosage 
spectrofluorimetrique de la methoxy-6 quinoleine r&s- 
iduelle en fonction du temps indique une extinction 
totale de la fluorescence. apres 24 hr d’oxydation. Ces 
deux observations traduisent une plus grande re- 
sistance des produits intermediaires, vis a vis du 
rkactif vanadique. 

Le dosage du formaldehyde montre par chro- 
matographie en phase gazeuse (methode de l’espace 
de t&te et reduction en methane)’ qu’il apparait 
rapidement. Le maximum (0,8 mole/mole) de la 
teneur est determine apres seulement 3 hr 
~oxydation. Ceci montre que l’attaque initiale de 
l’ion VO: s’effectue au niveau du groupement me- 
thoxyle. La demithylation rapide de la molecule est 
Cgalement confirmee par l’identification dans le 
milieu de l’hydroxy-6 quinoleine. 

En fin de reaction, la presence de l’acide pyridone-2 
carboxylique-3 indique que l’oxydation du derive 
hydroxylk conduit ensuite a l’ouverture du cycle 
benzenique. Cette derniere reaction explique les 
quantites importantes de dioxyde de carbone lib&e 
(5,4 mole/mole). 

11 convient de remarquer qu’un certain nombre 
d’autres oxydants: permanganate de potassium,gJO 
acide nit~que,i’,‘z oxydent la quinol~ine ou ses de- 
rives substitues sur l’homocycle avec formation de 
I’acide pyridine dicarboxylique-2,3. Ce diacide n’a pu 
&tre identifie au tours de cette etude, en effet son 
oxydation par le pentoxyde de vanadium conduit a la 
formation de l’acide pyridone-2 carboxylique-3. 

Ceci montre par rapport a l’action des oxydants 
usuels, l’action particuliere du vanadium(V). 

Oxydation de la quinine et des d&iv&s de structure 
voisine 

L’oxydation des derives d’interet therapeutique 
permet &observer cependant que l’attaque initiale de 
l’ion VO: est susceptible de porter sur un site autre 
que le groupement methoxyle. En effet, que ce soit 
dam le cas de la quinine ou de la mefloquine, la 
formation rapide d’un derive acide issu de la rupture 
au niveau du groupement fonctionnel alcool second- 
aire, explique une grande sensibilite de celui-ci vis a 
vis de l’oxydant. 

L’itude parallele de la quinine et de la quinidine 
n’a pas montre une influence notable de l’isom&-ie 
optique. Par contre, I’oxydation de la dihydro- 
quinidine a permis d’observer des diffkrences 
significatives, tant au niveau de la quantitk de rkactif 

*Now remercions les laboratoires Roche qui ont bien voulu 
nous procurer la matibre premiire et le mtdicament 
termint: *LARIAM”. 

consomme qu’au niveau des quantids de for- 
maldehyde et de dioxyde de carbone form&. 

En effet, la dihydroquinidine reduit 32,2 moles par 
mole de produit soit un defaut d’environ 8 moles par 
rapport a la quinine (40,3 mole/moIe) ou a la quin- 
idine (40,4 mole/mole). 

De meme, nous pouvons noter la lib&ration dune 
quantite de formaldehyde (0,86 mole/mole) ou de 
dioxyde de carbone (9,l mole/mole) inferieure 
d’environ une unite a celle de la quinine (re- 
spectivement 1,6 et 10,2 mole/mole) ou de la quin- 
idine (I ,6 et IO,2 mole/mole). 

Ces differences s’expliquent par la mactivite du 
groupement vinylique present dans le cas de la qui- 
nine ou de la quinidine. Si l’oxydation de ces molt- 
cules a permis d’observer 18 encore, une evolution de 
la consommation de reactif en fonction du rapport 
molaire jusqu’ii une valeur tres Cievee de celui-ci, et 
un temps de reaction relativement long (72 hr), celle 
de la mefloquine, realisee dans les memes conditions 
opiratoires, n’a pas montre une influence notable de 
ces deux parametres. En effet, la mefloquine reduit 14 
moles de reactif par mole apres 7 hr d’oxydation 
quelque soit le rapport molaire. 

Le temps de reaction relativement court et la 
regularit de la quantite de reactif consommee peu- 
vent s’expliquer par la grande stabilite du derive 
reactionnel: acide bis(trifluoromCthyl)-2,8 quinoleine 
carboxylique4, forme au tours de la reaction. En 
effet, ce derive est totalement refractaire au reactif 
vanadique, contrairement I l’acide quininique forme 
de facon semblable dans le cas de la quinine, de la 
quinidine ou de la dihydroquinidine et dont la struc- 
ture, s’apparente a celle de la methoxy-6 quinoltine 
preckdemment etudiee. 

Cette observation importante au niveau de 
l’oxydation de Ia m~floquine a rendu possible 
l’itablissement d’un dosage vanadimttrique simpIe et 
prtcis de cette molecule. 

Dans le cas de la quinine ou de ses homologues, la 
ntcessite de realiser les oxydations avec un tris grand 
exds de reactif diminue de fac;on notable la re- 
productibilit~ du dosage, comme le montrent les 
valeurs des coefficients de variations obtenus apres 10 
essais (quinine: 7,2%; mifloquine: 0,9%). 

De plus, le temps d’oxydation trop long ne permet 
pas une methode rapide de dosage de la quinine ou 
de ses homologues. 

~ppIication au microdosage de la m~~oquine dans wie 
forme galffnique 

Appliquee ii la matitre premiere, la methode mon- 
tre une bonne reproductibilite, la droite de regression 
etablie entre 1 et 20 pmoles presente un coefficient de 
correlation r = 0,9999. 

La forme galinique choisie est la cornprime de 
mefloquine dose a 50 mg.* Le cornprime est pulverise 
dans 10 ml de methanol. Apres filtration et Cvapo- 
ration partielle, IC residu est depose sur une plaque de 
silice GF 254, puis chromatographie (solvant: 
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methanol-ammoniaque 25%, 100: 1,s). Apres mi- 
gration sur environ 10 cm, la tache correspondant a 
la mefloquine (R,= 0,3) est r&cup&e et tluke par 
trois fois 25 ml de methanol. La phase organique est 
ensuite Cvaporee et le residu dose par le reactif 
vanadique. 

Les points de gamme d’italonnage sont determines 
dans les mCmes conditions chromatographiques. Le 
rendement quantitatif de l’extraction est verifie en 
diposant sur la plaque chromatographique des quan- 
titb connues de mefloquine. 

La technique est ensuite comparee a la methode 
spectrophotometrique classique fond&e sur 
l’absorption molkculaire. Les rksultats obtenus mon- 
trent l’absence de differences significatives entre les 
deux methodes et une precision legerement plus 
grande de la technique proposke. La teneur par 
rapport a la valeur theorique 915% f 0,88 (n = 5) 
pour la methode proposee et de 925% f 1,2 (n = 5) 
pour le dosage spectrophotomitrique. 

CONCLUSION 

L’oxydation de la methoxyd quinoltine conduit a 
l’ouverture de l’homocycle de la molecule, aprts 
dimbthylation prealable. La quinine ou la mefloquine 
presente par contre une structure qui favorise la 
realisation dun chilate pentagonal, plus stable, au 
niveau du groupement fonctionnel alcool secondaire 

dont la rupture et l’oxydation conduisent a la for- 
mation d’acides quinoleine carboxyliques-4. 

Dans le cas de la mefloquine, le derive acide forme 
dans le milieu reactionnel ne subit par la suite aucune 
attaque du cation vanadique. Cette proprittt entraine 
une consommation de reactif moins importante mais 
plus reproductible et pennet ainsi de real&r un 
dosage simple et p&is de ce nouvel antimalarique 
dans une forme galenique. 

L’avantage de la mithode que nous proposons 
reside essentiellement dans la possibilite de real&r 
des dosages m&me dans des laboratoires ne possedant 
qu’un tquipement restreint. 
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~P~~TR~PHOT~~ETRI~ REACTION-RATE METHOD 
FOR THE DETERMINATION OF NITRITE IN WATERS 

WITH PYRIDINE-ZALDEHYDE 2-PYRIDYLHYDRAZONE 

R. MONTFS and J. J. IAERNA 
Department of Analytical Chemistry, Faculty of Sciences, University of Malaga, 29071 Mblaga, Spain 

Sununary-A method for the kinetic determination of submicrogram amounts af nitrite has been 
developed, based on its acceleration of the rate of bromate oxidation of pyridine-2-aldehyde 
2-pyridylhydrazone in acidic medium. The reaction is monitored spectrophotometrically at 372 nm. A 
comparative study with hydrochloric acid and perchloric acid media shows that the analytical parameters 
are affected by the type of acid used. Within-day precision. based on ten rep&ate dete~i~tions~ was 
better than 0.01 I @g/ml, which corresponds to 2.2-L ~5% relative standard deviation at the concentrations 
examined. Application of this method in the dete~ination of nitrite in water has been discussed. The 
recovery of nitrite from drinking waters ranges from 90 to t17% and the average relative standard 
deviation for nitrite determinations in polluted river water is 32%. Large amounts of nitrate and 
ammonium ions do not interfere. However, there is interference by Cu2+, Pdz+ and electroactive 
substances. Major advantages for the method are simplicity, absence of a reagent blank, and the wide 
determination range. 

Nitrite is an active form of the nitrogen cycle, re- 
sulting from incomplete oxidation of ammonia or 
from reduction of nitrates. Under ordinary candi- 
tions nitrite levels in waters are low (down to 
0.1 ~g~rnl~~ but the increasing use of nitrite as a 
preservative in the food industry and a corrosion 
inhibitor in industrial process water results in these 
levels occasionally being exceeded as a result of 
uncontrolled wastes. Nitrite has been reported to 
cause methenogiobinaemia~ and is a well known 
precursor of carcinogenic ~-nitrosam~nes.2~ Because 
of these properties analytical methods for nitrite are 
of interest for application to environmental samples. 

Ion-chromatography,’ chemihtminescence,6*7 voh- 
ammetry,8,9 amperometry,‘O potentiometry,‘O~” flow- 
injection,‘**‘” and volumetry’ have been used for the 
dete~nat~on of nitrite. Eiowever, the most widely 
used methods are speetrophotornet~~,‘~~~ most of 
them based on diazotization reactions.‘“‘@ Approved 
methods for nitrite in water” belong to this latter 
category and are characterized by high sensitivity 
(minimum determinable concentration 0.003 fig/ml). 
interferences by oxidizing and reducing agents,22 as 
well as long reaction times and large sample volumes, 
are common drawbacks of these methods. 

To date, only a few kinetic methods for nitrite have 
been published.23*z4 Utsumi et ~1.‘~ reported a method 
based on the kinetic effect of nitrite on the colour- 
fading of the iron(Il1) thiocyanate complex in dilute 
nitric acid solution in the presence of iodide. The 
proposed method gives accurate results for nitrite 
concentrations ranging from 0.0005 to 10 pg/ml, but 
no precision data were reported. As a result of use of 
the fixed-time method, the determination at low 

concentrations requires up to 24 min of reaction time. 
Koupparis et ~1.~~ reported an automatic kinetic 
determination of nitrite in waters, with a stopped- 
Bow analyser, based on the diazoti~tion of sul- 
phanilamide, the product being coupled with N-(1- 
naphthyl~thylen~iamine dihydroehio~de. The 
method has limited sensitivity (the calibration graph 
is linear from 0.125 pg/ml nitrite), but compares 
favourably with the Technicon AutoAnalyzer 
method in terms of rate of analysis, precision and 
accuracy. 

The bromate oxidation of p~din~2-aldebyde 
2-pyridylhydrazone in acidic medium has been used 
for the kinetic determination of palladium and co- 
balt.25,26 The present report describes the application 
of this reaction for kinetic determination of nitrite. 
The reaction is monitored s~~opho~ornet~~i~y 
and nitrite in the range 0.04-4 ,ug/ml is determined 
with a relative standard deviation of 1.5%. The 
method has been applied satisfactorily to the deter- 
mination of nitrite in water. 

A Shimadzu model 240 S Graphicord s~photometer, 
fitted with a controlled-temperature cell-holder, was used 
throughout. The kinetic curves were registered by moni- 
toring the changes in absorbance at 372 nm with time. The 
range of absorbance units was kept constant at 1.5 in all the 
experiments. 

Reagents 
Alf solutions were prepared from distilled demineraiixed 

water and analytical grade chemicals. The working solutions 
were all kept In a water-bath at 25”. 

Pyridine”24dehyde 2-pyridylhydrazone (PAPH) was 
purchased from Ega-Chemie and used without purification. 
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Solutions (1.5 x 10m3M) were prepared in O.lM perchloric 
acid and 0.1 M hydrochloric acid. These solutions are stable 
for at least two weeks. 

Potassium bromate was recrystallized twice from water. A 
stock solution (O.lOOM) was prepared by dissolving 16.70 g 
of it in 1 litre of water. 

Standard nitrite solution, 0.250M. was prepared by dis- 
solving 1.725 g of sodium nitrite, dried at 110” for 1 hr, in 
100 ml of water containing a few drops of chloroform as 
preservative. The solution was protected from light. Work- 
ing standards were prepared daily. 

A chromic nitrate solution (Cr’+ 5 g/l.) was also prepared. 

Procedures 
Water samples were collected in May 1986 from the River 

Guadalhorce, near a meat product dump and stored in 
polyethylene bottles which had previously been washed 
several times with dilute nitric acid. The bottles were filled 
and emptied repeatedly with the river water before a sample 
was retained. All samples were filtered through a Whatman 
No. 1 filter paper before analysis. Most analyses were 
performed within 3 hr of sample collection. Otherwise, 
samples were stored at 4” for a maximum of 48 hr. 

Determination of nitrite in perchloric acid medium. Into a 
25-ml standard flask, introduce an aliquot of sample con- 
taining 1.1-23 pg of nitrite and 1.0 ml of 1.5 x lo-‘M 
PAPH. Add 6.5 ml of 5M perchloric acid, 1.0 ml of 
0.012M potassium bromate, and dilute to volume with 
demineralized water. Monitor the absorbance at the 
absorption maximum of PAPH (1 = 372 nm, 6 = 2.5 x lo4 
1 .mole-’ .cm-‘) against water, starting 30 set after the 
addition of bromate. Find the initial rate (AA/At) at the 
start of monitoring. 

Determination of nitrite in hydrochloric acid medium. Into 
a 25-ml standard flask, introduce an aliquot of sample 
containing 1.2-100 pg of nitrite, 3 ml of 5-g/1. Cr3+ solution, 
and 1.0 ml of 1.5 x lo-‘M PAPH. Add 1.0 ml of 1.5M 
hydrochloric acid, 1.0 ml of 0.075M potassium bromate, 
and dilute to volume with demineralized water. Monitor the 
absorbance as above. 

RESULTS AND DISCUSSION 

Nitrite has been found to increase the rate of 
bromate oxidation of PAPH in acidic medium. This 
reaction can be followed spectrophotometrically by 
monitoring the disappearance of the organic reagent, 
at 372 nm. Although the kinetics of the indicator 
reaction has been studied,2s.26 it was decided to re- 
investigate the reaction to find the experimental con- 
ditions leading to maximum sensitivity. The reaction 
rate is found to depend on the initial concentration 
of all three reactants. In addition, preliminary infor- 
mation indicates that the type of acid used has a 
strong effect on the rate. Perchloric acid and hydro- 
chloric acid have been used in this work. As the 
optimum conditions are different for the two acids, 
two methods for nitrite have been developed. 

Oxidation in perchloric acid medium 

The effect of the initial concentrations of the 
reactants on the reaction is summarized in Fig. I. The 
reaction rate in the absence of nitrite was zero in all 
cases. The reaction was zero order with respect to 
perchloric acid for concentrations above I .OM, and a 
concentration of 1.3M was chosen for further studies. 
The reaction rate and the sensitivity increased with 

D 

c 1.2 
2 
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Fig. 1. Effect of initial concentrations of reactants on 
reaction rate in perchloric acid medium. Nitrite concen- 

tration 0.46 fig/ml. 

increasing concentration of bromate and reagent. For 
bromate concentrations >5 x 10m4M the reaction 
rate at 30 set decreased, but this resulted more from 
measurement of the rate in the latter stages of the 
reaction than from a real decrease in reaction rate. 
PAPH concentrations >8 x 10eSM lead to kinetic 
curves difficult to characterize (poor precision in rate 
measurements) because the absorbance is outside the 
best sensitivity range of the apparatus. The combina- 
tion of 4.8 x 10m4M bromate and 6 x 10m5M PAPH 
gives an adequate compromise between precision and 
sensitivity. 

Oxidation in hydrochloric acid medium 

The effect of hydrochloric acid concentration on 
the reaction rate was studied with the optimum 
bromate and PAPH concentrations just mentioned. 
The results are shown in Fig. 2. In this case, the 
reaction rate in the presence of nitrite could be 
distinguished from the background reaction only for 
acid concentrations lower than 0.2M. An acid con- 

I i 

[PAPHI ld5M 

Fig. 2. Effect of initial concentrations of reactants on 
reaction rate in hydrochloric acid medium. (A) Reaction 
rate in the presence of 0.46 pg/ml nitrite. (0) Reaction rate 

in the absence of nitrite. 
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centration ofO.DdM was chosen since this ensured the 
absence of a background signal. 

The rates of the nitrite and blank reactions in- 
creased with increastng concentration of bromate 
(Fig 2). Ahhough the maximum rate difference 
waaat@+3:] = 7 x lW’JW$ a con~~t~~on of 3 X 
1O”M was selected because this is the maximum 
concentration at which there was no blank reaction. 
The optimum PAPH concentration was found to be 
6 x 10-5M. Although at all other PAPH concen- 
trations studied there was no background reaction 
(Fig. 21% this ~~t~at~on gave maxims precision 
of rate rneas~ern~~t~ 

LJnder the chosen experimental conditions, linear 
calibration plots for nitrite, passing through the 
origin, were obtained over the range 0.04-0.92 fig/ml 
nitrite for the perchloric acid method ~~~0~~ 

calkd method I) and O.o$-4.0 pg/mI nitrite for the 

hydrochloric acid method (method II). Figure 3 
shows typical kinetic curves obtained for calibration 
with method II. Statistical analysis of the calibration 
data gave the results in Table 1. The hmit of detection 
could not be calculated according to the usual recom- 
m~~dations~’ because of the absence of a blank 
reaction in both kinetic methods. The limits of de- 

TabXer 1. Statistical proAle of calibration 

Slope Intercept 
RSD, RSD, 

Method Re~sion equationa r a/a % 

I r.sn E f 3.6~$&Kqf + 0.053 a.999 3.22 47.0 
II tan G1 11 1.22[NO, ] f O.OSZ 0.999 1.53 49.0 

‘Concentration of nitrite in p&ml. 
bLimit of detection. 
QLower confidence limit of the LOD, PS% confidence limit. 
dUpper co&denGe timit of the LOD, 95% confiden@ limit, 

Tolerance limit, 
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tection in Table 1 are defined as the minimum 
concentration that can be measured and reported 
with 99% confidence that the nitrite concentration is 
greater than zero. ‘* Although the procedure em- 
ployed allows the limit of detection to be determined 
for various matrices, the data in Table 1 are reported 
for demineralized water to assist in method com- 
parison. Table 1 also indicates that the sensitivity 
(calibration slope) of method I is three times that of 
method II. However, the linear range of concen- 
tration response for method II covers two orders of 
magnitude. The relative standard deviation of ten 
replicate analyses of a 0.46 pg/ml standard was 2.2% 
for method I and 1.5% for method II. Between-day 
precision for ten measurements made over two weeks 
showed relative standard deviations of 4.0% and 
3.4%, respectively. The order of reagent addition is 
not critical with respect to precision and the reaction 
can be started by addition of either acid or bromate. 

Efect of foreign species 

Forty-five foreign species were examined as poten- 
tial interferents. The concentrations at which the 
species caused an error of no more than 6% in the 
rate for 0.46 @g/ml nitrite in method II are listed in 
Table 2. As observed, 27 ions (including nitrate and 
ammonium) can be tolerated at the 1000 pg/ml level. 
Electroactive substances cause interference when 
present at the 50 pg/ml level, as expected from the 
nature of the analytical reaction. Metal ions forming 
complexes with the reagent (Pd2+ and Cu2+) decrease 
its concentration in solution, causing negative inter- 
ferences. The interference from Cu2+ (up to 100 
pgg/ml) can be eliminated by addition of 1000 pg/ml 
EDTA. 

The selectivity of method I is similar to that 
expressed in Table 2 except for chlorate, the tolerance 
for which is lower (limit 1 kg/ml) as a result of the 
higher acidity of the medium. However, this acidity 
increases the tolerance for copper (tolerance limit 100 
,ug/ml) since it facilitates destruction of the 
Cu-PAPH complex. Chloride causes positive inter- 
ference in method I, pres~ably because the chlorine 
produced destroys PAPH, and only 1 pg/ml can be 
tolerated. 

Water analysis 

The study above indicated that both methods 
could be used for the dete~ination of nitrite in 
waters. The recovery for drinking waters spiked with 
nitrite at about ten times natural levels is shown in 
Table 3, which includes the data given by an alterna- 
tive method based on the nitrite reaction with sul- 
phanilic acid and phenol in hydrochloric acid me- 
dium (Zambelli reagent) and spectrophotometric 
measurement of the colour.29 The first two samples 
were mineral waters, and the third tap water. In 
samples 2 and 3, method I requires removal of the 
chloride interference. This can be done by dropwise 
addition of 3.8 g/l. silver nitrate solution until precip 
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Table 4. Analysis of polluted waters by the kinetic method in hydrochloric acid medium (lo-ml sample) 

Kinetic method Standard method 

Nitrite added, Nitrite found, Recovery? Nitrite found, Recovery,bf 
Sample figcglml pgcglml % pglml % r* 

I - 0.360 + 0.009 0.360 f 0.003 0 
1.150 1.529 101(l) 1.484 98 (1) 

2 - 0.320 + 0.008 0.330 f 0.006 0.72 
I.150 1.489 101 (2) 1.454 98 (0) 

3 - 0.268 + 0.005 0.275 + 0.005 2.09 
1.150 1.375 97 (2) 1.392 98 (2) 

4 - 0.283 + 0.009 0.289 + 0.001 1.15 
1.150 1.381 - 96 (2) 

5 - 0.290 f 0.017 
1.150 1.405 97 (1) 

“Average of three determinations k standard deviation. 
bAverage of three determinations. 

1.430 - 99 (1) 
0.285 + 0.001 0.60 
1.423 99 (2) 

‘In parenthesis, relative standard deviation of the recovery, %. 
*t calculated for the difference between the means of paired observations (t z 2.77 needed to indicate a 

significant difference between the kinetic and standard methods; 95% confidence level). 

itation of AgCl is complete, followed by centrifu- 
gation and decantation of the supernatant liquid. 
This treatment is not necessary for sample 1, as the 
chloride concentration is less than 1 pg/ml. In 
method II all samples were analysed directly without 
any pretreatment. The results in Table 3 indicate that 
both methods give satisfactory recovery and pre- 
cision. However, the standard method gave low 
results with sample 3, probably as a result of the 
hypochlorite incorporated in the drinking water, 
which is known to interfere with this method.29 

Method II was applied to the determination of 
nitrite in polluted river water, with IO-ml samples. 
The results are shown in Table 4, where the sample 
number is an arbitrary designation for the sampling 
site in the river stream. Some samples gave low results 
when method II was applied directly. However, the 
interference was found to be eliminated when Cr3+ (3 
ml of S-g/l. solution) was added to the water sample. 
Therefore, as a precaution, addition of C?+ to all 
samples is recommended (but note that it will not 
prevent interference by ascorbic acid). The results in 
Table 4 indicate that the relative standard deviation 
of the direct determinations by the kinetic method 
ranged from 5.9% to 1.9%, with an average of 3.2%. 
This value takes into account all the replicate anal- 
yses performed and is a good indicator of the pre- 
cision expected for the method. Student’s r-test for 
the difference between the means of paired obser- 
vations by the kinetic and standard methods, Table 
4, indicates no significant differences between the two 
methods. 

Although the recovery study indicated that the 
treatment with silver should not affect the results 
obtained with method I, systematically low results 
were obtained for polluted waters. The reason for this 
could not be established, because the exact nature of 
the discharge was not known. However, the polluted 
water presumably contained species capable of ox- 
idizing nitrite under the conditions of method I, since 
the accuracy of method II was satisfactory. 

Conclusions 

The results obtained by the kinetic method for the 
determination of nitrite in water are dependent on the 
type of acid used. The hydrochloric acid method, 
though less sensitive at low nitrite concentrations, is 
better suited than the perchloric acid method when 
variable nitrite concentrations are expected, as in 
polluted waters. The kinetic method is at least one 
order of magnitude less sensitive than established 
polarographic’ and chemiluminescence’ methods, but 
is more rapid than spectrophotomettic or polaro- 
graphic procedures and comparable in speed to 
chemiluminescence. The small sample volume re- 
quired and the wide determination range are other 
relevant characteristics of the method. 
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Summary-An X-ray fluorescence method for determining trace elements in silicate rock samples was 
studied. The procedure focused on the application of the pertinent matrix corrections. Either the Compton 
peak or the reciprocal of the mass absorption coefficient of the sample was used as internal standard for 
this purpose. X-Ray tubes with W or Cr anodes were employed, and the W L/I and Cr Ka Compton 
intensities scattered by the sample were measured. The mass absorption coefficients at both sides of the 
absorption edge for Fe (1.658 and 1.936 A) were calculated. The elements Zr, Y, Rb, Zn, Ni, Cr and V 
were determined in 15 international reference rocks covering wide ranges of concentration. Relative mean 
errors were in many cases less than 10%. 

XRF spectrometry has been widely used for the 
determination of trace elements in a diversity of 
matrices, such as environmental samples,‘,* alloys,’ 
etc. In the present work it was applied to silicate 
rocks. A homogeneous sample is essential, and to 
achieve this some researchers have used fusion with 
borates,4*5 but this introduces problems from dilution. 
For this reason, many workers have compressed the 
samples into briquettes. In any case, the samples 
should always be “infinitely” thick, so that the 
fluorescence intensities of the different elements do 
not change with sample thickness. To obtain the net 
peak intensity, it is necessary to subtract the spectral 
background contribution. Feather and Willis6 used 
blank samples, free from the elements to be deter- 
mined, to assess the background. Although this 
method has the advantage of requiring measurement 
of only one position on the spectrum, it is less 
accurate than those methods based on the measure- 
ment of the background at both sides of the neak of 

signal is linear in the vicinity of the line of interest and 
to take the background correction as the mean of the 
background signals at positions either side of the 
maximum signal and equidistant from it (in terms 
of 28). 

Matrix correction 

The Compton peak is the result of sample-scatter 
of the radiation from the X-ray tube. The re- 
lationship between the concentration Ci and the 
fluorescence intensity li of the analyte is 

where k is an instrumental constant and pu the mass 
absorption coefficient of the sample at the measure- 
ment wavelength 1, for the fluorescence radiation. If 
there is no absorption edge of a major element 
between the wavelength I, and the wavelength of 
measurement of the Compton peak intensity I,-, there 
is an inverse relationship between pl, and 1c:i1-i3 

interest. Franzin; et al.’ proposed a method for 
matrix corrections which takes into account the effect 
of major sample components. However, most work 
mentions the use of either the Compton peak, or the 
reciprocal of the mass absorption coefficient of the 
sample, as an internal standard.‘v9 

- 

i 

(2) 

$ 
>; 
c 

E 
E 

Background correction 

Figure 1 shows the typical shape of the signal 
obtained for a given line in the absence of spectral 
interference. To eliminate background curvature 
effects” it is best to assume that the background 

1 ‘P 

- 

*Present address: Construcciones Aeronauticas S.A., Lab- 26, degrees 

oratorio Central de Garantia de Calidad, Factoria de 
Getafe, Getafe, Madrid. Correspondence address: Dr J. 

Fig. 1. Background correction method. Background in- 

Pascual, c/Ferraz, 73, 28008 Madrid. 
tensity It, = (It,, + I&/2. Net peak intensity I+ = I, - 1, (see 

text). 
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Comparison of these two equations has led to the 
conclusion that the matrix correction can he made by 
use of either F~, or I,,]“” If there is no absorption 
edge of any major element between the analyte line 
and the Comptun peak, I, can be used as internal 
standard, and if there is an absorption edge, the 
reciprocal of p, calculated at the wavelength side 
corresponding to the analyte line, is used as internal 
standard. 

EXPERIMENTAL 

The 15 reference rocks analysed covered a wide range of 
matrices and compositions, and were: AGV- 1 (andesite), 
BCR-1 (basalt), GSP-1 (granodiorite), PCC-1 (peridotite), 
BR (basalt), GA (granite), Mica Fe (biotite), Mica Mg 
(phlogopite), BX-N (bauxite), DR-N (diorite), DT-N (kya- 
nite), UB-N (serpentine), JR-I (basalt) and JG-I (grano- 
diorite). 

The samples were prepared by compression in a Herzog 
HTP-20 press. First a ring (external and internal diameters 
50 and 40 mm) was made from approximately 6 g of borax, 
by application of a load of 10 tons for a period of 30 sec. 
Two or three drops of a 20% wjw solution of &a&e in 
acetone were added as bmder to 4 g of the powdered sample, 
and this mixture was introduced into the borax support and 
compressed under a load of 25 tons for 60 sec. The sample 
disc thus obtained was placed in a sample holder (without 
a Mylar window) presenting a sample surface 36 mm in 
diameter to the radiation used. 

A phi&s PW 1410 sequential ~~-automat spec- 
trometer, with a two-sample changer, was used. Seven trace 
elements were determined Zr, Zn, Ni, Cr, Y, Rb and V. An 
X-ray tube with a tungsten anode was used for the first four, 
and another tube with a chromium anode for the rest. The 
26 settings corresponding to the Ku (and tungsten L/J 
Compton) analytical lines measured are Psted in Table f . An 
LiF (200) andyser crystal, a fme collimator (156 pm) and 
window d~~~~nation were used in ah cases. 

The same counting time (100 set) was used for both the 
peak and the background. Whenever possible, background 
measurements were made at two angular positions for 50 set 
each. 

The Ka fluorescence lines of Zr, Y and V are spectrally 
interfered with by the K/J lines of Sr, Rb and Ti respectively. 

Table 1. Experimental settings 

X-ray 
28, tube 

degrees Line (anode)* Detectort 

22.46 Zr Ka. W S 
38.06 WLfiC FfS 
41.70 zn Ku FfS 
48.57 Ni Ku F+S 

- Fe X edge 
69.27 Cr Ka F 

23.70 Y Ker Cr 
26.50 Rb &-ix ; 

- Fe K edge - 
70.25 Cr KuG 
16.84 v xa 

*W (50 kV, 45 mA); Cr (60 kV, 40 mA). 
tF = flow counter; S = scintillator counter. 

The overlap factors were calculated by the conventional 
method,” from the Ka lines of the interfering elements, 
and found to be 0.0257, 0.121 and 0.0200, in the order 
mentioned. 

The sample weigbt corresponding to “intinite” thickness 
was found experimentally by comparing the Zr KE line 
intensities for samples (of the same material) weighing 2.5, 
3.0, 3.5 and 4.0 g, and it was found that 4 g of sampie was 
enough. 

To check the instrumental drift, a reference sample was 
run after every 4 samples, 

The mass absorption coefficients of the reference 
rocks were calculated at both sides of the Fe K edge 
(1.744 A) for the wavelengths corresponding to the 
Ni iyct (1.658 A) and Fe Ku (1.936 A) lines. Thinh and 
Leroux’s method2’ and the concentrations of the 
major and minor elements in the roeks”“3 were 
employed. The intensities corresponding to the W L/I 
and Cr Ka Compton peaks were also measured as 
recorded in Table 2. The relationship between the 
mass absorption coefficients (&) and the relative 
Compton intensities (&), obtained by a least-squares 
fit, was of the type: 

log LcXl = a,--b,log& (3) 

where a, and bi are constants. Although the cor- 
relation is satisfactory in both cases, it is better for the 
tungsten/nickel combination, for two reasons: (I) the 
@Ni,xa range is 2.3 times that for &&t and (2) the 
tungsten Compton peak is at shorter wavelength than 
the chromium Compton peak, so the incoherent 
scattering has a greater effect. 

For samples of unknown composition, the mass 
absorption coefficient on the wavelength side, corre- 
sponding to the Compton peak, can be calculated by 
measuring Rc and applying equation (3). The mass 
absorption coefficient on the other side of the Fe K 
absorption edge can then be calculated, without 

Table 2. Calculated mass absorption co&cients and relative 
Compton peak intensities on either side af the Fe K e@e 

Referen= P~,.~#, Reference I~F, Ka, 
sample c*‘ig RW,LK+ sample cm”lg Rc,.Kac* 

DT-N 42.0 1.321 UB-N 57.5 1.696 
GH 49.6 1.082 Pee-1 58.9 1.298 
JO-1 52.3 t .029 BX-N 59.4 I.390 
GA 54.1 1.005 DT-N 63.9 I.147 
URN 56.3 0.98t GH 72.3 I. .O49 
EC-1 57.3 0.935 JG-1 73.9 1.017 
GSP-I 59.3 0.903 GA 74.2 1.018 
AGV- 1 65.7 0.823 GSP-1 76.6 0.989 
DR.-N 73.1 0.730 AGV- 1 77.0 0.999 
.lB-1 74.0 0,725 DR-N 77.5 1.027 
Mica Mg 74.6 0.720 Mica Mg 78.2 0.946 
RCR-I 84.1 0.631 Mica Fe 79. I 0.984 
BR 88.3 0.575 BCR-I 80.3 &%f 
BX-N 93.4 0.570 JB-1 81.5 0.95 1 
Mica Fe 113 0.441 BR 88.8 0.877 

*W L,9 and Cr Ka Compton peak intensities relative to the 
values for GA and GSP-1 respectively. 
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‘3X-N. 

US-N 

xl-p&,““-’ 

0 60 100 160 200 260 

RF0 IO2 

Fig. 2. Relationship between p = Ni Ku /Fe Ka and emission intensities of iron, relative to values for BR. 

having to change the X-ray tube, by making use of 
the relationship. 

~N,,Ka tk,Ke = C -t &e (4) 

where c and d are two constants and RFc is the 
emission intensity of Fe. Figure 2 shows this re- 
lationship for the reference rocks under study. The 
emission intensities were measured for the K/? line 
with an LiF (200) crystal and normalized relative to 
the values for BR. 

The matrix corrections which were pertinent, ac- 
cording to the procedure explained in the theoretical 
section, were used in the construction of calibration 
curves. As stated in Table 1, a tungsten X-ray tube 
was used for the determination of Zr, Zn, Ni and Cr. 
Rw,Lpc was used as internal standard for the first 
three, and the reciprocal of or,,,, was used for Cr, 
since the Fe absorption edge is located between the 
W LJ? Compton peak and the Cr Ka line of the 
analyte. A similar procedure was followed for the 
determination of Y, Rb and V, for which a chromium 
X-ray tube was employed. The reciprocal of P~,,~~ 
was used as internal standard for the first two, and 

Rcr ,Iync was used for V. The ~~es~nding calibration 
curves, concentration ranges and relative mean errors 
are recorded in Table 3. It was convenient to use two 
working curves for Ni, according to its range of 

concentration. Blank tests showed the presence of Cr 
at impurity level in the tungsten X-ray tube, and this 
was taken into account in the calibration curve for 
this element. For K&Q, CaC03, Al,4 and MgO 
blanks, 35, 31, 38 and 37 ppm of Cr were obtained. 

The analytical results which correspond to the 
elements under study are recorded in Table 4. There 
is good agreement between the literature data and the 
findings in this work, in view of the errors normally 
tolerated in this type of determination.2s Results are 
reported as “ml” (not determined) if (1) the concen- 
trations of the elements they refer to are outside the 
working ranges given in Table 3 or (2) the intensities 
(in the case of unknown concentrations) are out- 
side the corresponding range. Some of the results in 
Table 4 deviate fairly considerably from the “recom- 
mended” values, which might be regarded as raising 
a question about the latter. Table 5 gives the “mini- 
mum detectable limits” (C,,,)26 calculated from the 
results for peak and background for a reference 
sample of known concentration (Gas): 

1.645 c, 2 Zb ‘D 
C*or_==- - 

Z ( > 
(5) 

i+b 4 

where Z, and tb are the intensity and coming time of 
the background and Z, the peak intensity correcting 
for background. The sensitivities (S), calculated as 

Table 3. Working curves C, = mX, -I- & 

Range, 
Analyte (i) ppm m x, b 

Zr 100-500 136 &I&J>L+K 11 
Zn 30-1350 64.1 8.2 
Ni 3-35 117 

ML,, 
-4.1 

Ni 135-2500 128 R,lRw,~~ -21 
Cr 10-2500 5.46 Rz 
:b 20 5-1500 -70 

@Fe. Ke 3.2 
0.45 4.16 &i‘,mm 2.5 

2.6 
V 20-450 199 20 

*Relative mean error, 0% 

E: 

5.1 
10 
8.4 
5.6 

15 
9.1 
6.7 

13 
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&4&s~ are also given. Finally, the analytical valid- 
ity of the method was tested statistically.27 Table 6 
compares the experimental values of Student’s t with 
the tabulated critical values for confidence levels of 90 
and 99%. It can be said that the method is generally 
adequate, especially if we can take into account that 
the values given are based on measurements made 
several weeks after the calibration curves had been 
obtained. Furthermore, the X-ray tubes were 
changed several times during this period of time. 
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SHORT COMMUNICATIONS 

AN INDIRECT COMPLEXOMETRIC METHOD FOR 
DETERMINATION OF TIN IN ALLOYS 

N. RUKMANI DFSIKAN and M. VIJAYAKUMAR 
Defence Me~llurgi~ Research Laboratory, Kanchanbagh, P.O. Hyderabad 500258, India 

(Received 1 September 1986. Revised 27 May 1987. Accepted 5 Ame 1987) 

Sununary-A simple and fast complexometric method for the determination of tin in alloys is presented. 
It is based on the initial complexation of tin with EDTA and its subsequent decomposition with 
mercaptosuccinic acid. Interference. of ions normally encountered in determination of tin was studied. The 
method has been used for the analysis of alloys such as bronzes, solders, white metal and titanium base 
alloys. 

Numerous methods for the determination of tin in a 
variety of materials are available.‘** The titrimetric 
procedures are preferred because of their speed and 
simplicity in routine analysis. Favoured methods of 
this type are the indirect ones based on the initial 
formation of the tin(W) EDTA complex, followed by 
its selective decomposition and titration of the EDTA 
released. Oxalate,3*4 fluoride,s citric acid and tartaric 
acid,6 lactic acid’ and gallic acids have been reported 
as releasing agents. Recently, use of a totally different 
type of reagent based on the ability of thiols, for 
example, thioglycollic and mercaptopropionic acid, 
to form tin complexes was reported from our labora- 
tory.’ In the present paper, the results of investi- 
gations on the use of mercaptosuccinic acid, which 
has greater complexing ability, in the routine 
determination of tin in alloys are presented. 

Reagents 

EDTA solution, O.O2M, standardized with standard cop- 
per solution in dilute ammonia medium @H 7.5-8.0) with 
murexide as indicator. Standard zinc solution (0.02&f) 
prepared by dissolving the metal in dilute hydrochloric acid, 
adjusting the pH to 5.0-5.5 with sodium hydroxide and 
acetic acid, then diluting to 1000 ml. Me~aptopropioni~ 
acid solution, 0.7% Xylenol Orange solution, 0.1%. 

Procedure 

A 200-500 mg sample is dissolved by heating with lo-20 
ml of concentrated hydrochloric acid and 2-4 ml of concen- 
trated nitric acid on a hot-plate. The cooled solution is 
diluted to volume in a IOO-ml standard Aask with distilled 
water. A suitable aliquot containing S-50 mg of tin is taken 
in a 250-ml conical flask, excess of EDTA is added and the 
pH is adjusted to 5-5.5 with saturated hexamine solution. 
The excess of EDTA is back-titrated with the zinc solution, 
with Xylenol Orange as indicator. Then 10 ml of the thiol 
solution are added for every 10 mg of tin present and the 
EDTA released is titrated with the zinc solution. 

RESULTS AND DISCUSSION 

EDTA forms both Sn(I1) and Sn(IV) complexes. 
Thiols release EDTA from the tin-EDTA complex by 

Volume of OOZMreagent 1 in ml) 

Fig. 1 

reduction of Sn(IV) to Sn(II), and/or complexation of 
Sn(II). Figure 1 shows the amount of EDTA released 
as a function of the volume of 0.02M mercapto- 
succinic acid added to 10 ml of 0.02M Sn(IV)-EDTA 
solution, from which it is clear that at least a 4:l 
mercaptosuccinic acid : tin ratio is required for com- 
plete release of EDTA from the complex. It is 

Table 1. Determination of tin in alloys 

Tin, % 

Alloy 
Certified 

range 

Relative 
standard 

Found* deviation. % 

Leaded bronze 
BCS 364 
White metal 
(Lead base) 
BCS 177/l 
Phosphor bronze 
BCS 374 
Ounce metal 
NBS 124d 
Solder 
NBS 127 b 
Tin-base 
BCS 178/l 
Titanium-base 
NBS 176 

(9.25-9.45) 
(mean 9.35) 
(10.3-10.5) 
(mean 10.4) 

9.68-9.89 
(mean 9.8) 
4.48464 

(mean 4.56) 
39.3 f 0.1 
(mean 39.3) 

86.W36.4 
(mean 86.2) 
2.47 + 0.01 
(mean 2.47) 

9.35 0.6 

10.40 0.03 

9.79 0.4 

4.57 0.8 

39.3 0.3 

86.2 0.1 

2.43 0.1 

*Average of ten determinations. 

1033 
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therefore recommended to use 1 ml of 0.04M (0.7%) Director, DMRL, Hyderabad, for his permission to publish 

mercaptosuccinic acid solution per mg of tin present. this work. 

Ions uormally encountered in the analysis of alloys 
for tin, such as Cu(II), Ni, Pb, Zn, Co(U), Cd, Hg(II), 
Fe(III), Al, Sb(III), Bi, Ti(IV), Zr, V(IV), and lan- 
thanides have been examined for potential inter- 
ference. Cu(II), Hg(I1) and Bi(II1) were found to 
interfere, but Cu(II) can be masked with thiourea.rO 
Interference by Hg(II) and Bi(II1) cannot be avoided, 
however. Other ions were found not to interfere. 

The procedure has been utilized successfully for the 
analysis of various tin-containing alloys such as 
bronzes, solders, white metal and Ti-base alloys. The 
results are presented in Table 1. 

The method is simple and fast, and the Sn-EDTA 
complex is decomposed at room temperature. 
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DETERMINATION OF CHLORIDE IN SULPHURIC 
ACID BY POTENTIOMETRIC MERCUROMETRIC 

TITRATION 

F. G. B~NICX and E. DIACU 
Bucharest Polytechnic, Dept. of Analytical Chemistry, Spl. Independentei 313, Bucharest, Romania 

(Received 16 February 1987. Accepted 27 June 1987) 

Summary-The chloride content of concentrated sulphuric acid is determined by mercurometric titration 
in 80% v/v methanol medium, with a mercury pool as indicator electrode. The method is simple, fast, 
accurate and reasonably sensitive (limit of detection 4.5 pg/ml), and suitable for routine application. 

The chloride content of sulphuric acid is important 
with regard to corrosion of steel equipment in chem- 
ical plants. The recommended methods for deter- 
mination of chloride in sulphuric acid are based on 
precipitation of silver chloride’ and are turbidimetric, 
titrimetric or gravimetric, according to the chloride 
content. However, these methods have some disad- 
vantages connected with the intense turbidity and/or 
colour of many technical grades of sulphuric acid. 
Also the solubility of silver chloride is high enough to 
vitiate this method for determination of very low 
contents of chloride, characteristic of many samples 
of sulphuric acid. This is why other methods are 
sought, such as use of the chloride ion-selective 
electrode.* 

Our goal was to find a titrimetric method appropri- 
ate for routine analysis in plant laboratories. Because 
mercurous chloride is less soluble than silver chloride, 
the mercurous ion was selected as precipitating re- 
agent. Potentiometric end-point determination was 
chosen since it avoids any problems caused by the 
optical properties of the sample. 

Although potentiometric mercurometric titration 
of chloride was proposed a long time ago,3 it seems 
to be almost completely forgotten (see e.g., 
Williams’). However, this method is very promising 
for use in sulphuric acid analysis. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade. A 0.005M 
mercurous nitrate solution was used as titrant. This solution 
was prepared daily by dilution of a 0.05M stock solution 
standardized and stored according to known procedures.s 

Apparatus 

The potentiometric titrations were performed in lOO-ml 
cells, with a mercury pool microelectrode as indicator and 
a double-junction calomel electrode (filled with saturated 
potassium nitrate solution) as reference. The e.m.f. of the 
cell was measured by a high input impedance digital milli- 
voltmeter. The titrant was added from a microburette. 

Procedure 

Since the precision required in the chloride assay is not 
high, the sample is taken by volume, not by weight. 

Five ml of sulphuric acid are diluted with 5 ml of water 
in the titration cell, then 25 ml of methanol are added and 
the solution is titrated with 0.005M mercurous nitrate, 
either automatically or manually. In the manual titration, 
the end-point is directly indicated by attainment of the 
e.m.f. previously found to correspond to the equivalence. 
point for a synthetic sample (290mV for our equipment). 

The mercurous nitrate solution is standardized by 
using it to titrate a solution containing 5 ml of pure 
sulphuric acid (or 0.5M nitric acid), 5 ml of water, 1 ml of 
O.OlM standard sodium chloride solution and 25 ml of 
methanol. 

RESULTS AND DISCUSSION 

The effect of sulphuric acid in aqueous solutions 

During the titration of chloride in the presence of 
an excess of sulphate, both mercurous chloride and 
sulphate can precipitate. From the values of the 
solubility products,’ the solubilities of these com- 
pounds are readily calculated: S,,,,,,, = 6.9 x lo-‘M; 
S Hglso, = 8.6 x 10m4M. Mercurous chloride is also 
much less soluble than silver chloride (S,, = 
1.33 x 10mSM) but this advantage is partly offset by 
the relatively low solubility difference between mercu- 
rous sulphate and chloride, especially as the solubility 
of mercurous sulphate in sulphuric acid is decreased 
somewhat by the common-ion effect. Consequently, 
the potential-jump at the end-point will be small. The 
potential difference between the points corresponding 
to 99 and 101% of the equivalence volume is only 
about 20 mV for a sample of 3 x 10m4M chloride in 
1M sulphate medium, as shown by a simple com- 
putation based on the Nernst equation applied to an 
electrode of the second kind. 

The experimental data (Fig. 1) confirm this conclu- 
sion. The small potential-jump observed (curve 1) 
does not allow precise determination of the end- 
point. However, comparison of curves 1 and 2 in 
Fig. 1 (the second being recorded for chloride ti- 
tration in the absence of sulphuric acid), demon- 
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2 

400 I r r 

V(ml) 

Fig. 1. Titration of chloride (4 x 10W4M) with mercurous 
nitrate in aqueous solution containing (1) 0.8M H,SO,; 

(2) O.OlM HNO,. 

strates the absence of any noticeable effect of sulphate 
on the equivalence volume. 

Although titration in aqueous medium led to satis- 
factory results, an attempt was made to increase the 
potential-jump at the equivalence point by selective 
modification of the solubilities of mercurous chloride 
and sulphate by use of water-alcohol mixtures (Fig. 
2, curves 2-4). Comparison with curve I (obtained in 
aqueous solution) shows that the end-point is much ’ 
better defined in mixed solvents, without change in 
the equivalence volume. 

The curves in Fig. 2 show a strong decrease of the 
solubility of mercurous chloride in the presence of an 
alcohol, whereas the soIubility of merc~ous stdphate 
is only slightly modified. The different behaviour of 
the two compounds may be due to the higher degree 
of hydration of chloride compared with the bulky 
sulphate ion. The partial replacement of water by 
another solvent strongly decreases the degree of 
solvation of chloride and this effect, combined with 
the lower dielectric constant, drastically reduces the 
solubihty of mercurous chloride. 

I I I 

‘1 ’ 
Vfml) 

Fig. 2. The effect of alcohols on the titration curves: 2 ml 
of 0,OlM NaCl and 4 ml of 98% sulphuric acid were added 
to a mixture of x ml of water + (50 - x) ml of alcohol; X: 
(1) 0; (2) 10 (methanol); (3) 10 (ethanol); (4) 6 (n-butanol). 

300 

‘; 
E 

w 
250 

1 I I I I I 

0.41 
V(ml) 

Fig. 3. The effect of water-alcohol ratio: 30 ml of solution 
containing 1 g of H2S04 and 177.5 pg of Cl-. Methanol, % 

v/v: (1) 0; (2) 15; (3) 35; (4) so; (5) 65; (6) 80. 

From a practical point of view, the most con- 
venient titration curves are obtained in presence of 
ethanol or methanol (Fig. 2). Further experiments 
were performed in water-methanol mixtures. 

The eflect of the wuter~eth~51 ratio 

Figure 3 shows that use of higher alcohol contents 
improves the shape of the titration curve and in- 
creases the potential-jump at equivalence, but the 
equivalence volume remains constant. Hence the 
methanol content was made as high as conveniently 
possible, 80% v/v. 

The effect of sulphuric acid content in water-methanol 
mixtures 

Figure 4 shows that when chloride is titrated in a 
water-methanol (1:4) mixture containing O.OlM ni- 
tric acid or a large amount of sulphuric acid, the 
sulphate ion does not modify the equivalence volume. 

Titration of several solutions containing the same 
quantity of chloride (178 pg) and various quantities 
of sulphuric acid (0.4-8.0 g) gave only a fairly small 
variation of the equivalence volume with sulphuric 
acid con~ntration (relative standard deviation, 4%). 

Wmlf 

Fig. 4. Intluence of sulphuric acid on the titration curve in 
80% (v/v) methanol. The sample contains 355 pg of Cl- and 

(1) 4 g of H,SO,; (2) O.OlM HN03. 
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Table 1. The correlation of the equivalence volume, V,, and the chloride content in the sample, m 

m,fig 35.5 71 142 213.5 355 532 710 
V.. ml 0.08 0.17 0.36 0.54 0.90 1.37 1.73 

Line V, = a + bm Line V, = b’m 
Intercept a = 0.0052 a’=0 

s, = 0.017 
Slope b = 0.00248, b’ = 0.00249, 

s, = 4.6 x lO-5 s; = 6.4 x 1O-5 
Standard devn. of V, s,, = 0.0284 s; = 0.064 
Correlation coeff. 0.999 1 - 
Sum of squares of residuals s = 0.00402 S’ = 0.005 11 
Degrees of freedom n=5 n’=6 
Differences S’ - s = 0.0011 n’-n=l 

F = (S’ - S)/s; = 0.269; F(95%, I; 5) = 6.61 

Table 2. Determination of added chloride in p.a. sulphuric 

Cl- added, pgglml 

Cl- found, pgglml 

acid (98%) 

7.1 71 177 248 355 710 

7.7 73 174 243 358 711 

The equivalence potential was constant (290 mV) at 
sulphuric acid concentrations higher than 0.1 g/ml. 

The titration is satisfactory over a wide range of 
sulphuric acid concentration (0.01-0.3 g/ml), but it is 
recommended to use at least 0.1 g/ml sulphuric acid, 
to avoid variations in the equivalence potential. 

Standardization of the mercurous nitrate solution 

It is recommended to use the same titration pro- 
cedure for the standardization of the titrant and the 
analysis of samples. However, if sufficiently pure 
sulphuric acid is not available, an alternative stan- 
dardization procedure must be employed. Figure 4 
suggests the possibility of standardization with a 
dilute nitric acid solution containing chloride. 

Five solutions prepared by adding 1 ml of concen- 
trated sulphuric acid and 1 ml of O.OlM sodium 
chloride to 5 ml of water and 25 ml of methanol, were 
titrated with mercurous nitrate solution. The mean 
equivalence volume and standard deviation were 
0.906 + 0.010 ml. Five solutions similarly prepared 
but with 1 ml of OSM nitric acid instead of the 
sulphuric acid were titrated with the same solution, 
the corresponding values being 0.908 f 0.008 ml. A 
t-test showed that the mean values obtained are 
statistically identical (tfo,, = 0.37; tc950h, 8j = 1.86) and 
either method can be used for standardization of the 
titrant. 

Validation of the method 

First, the linear correlation of the equivalence 
volume and the chloride content was checked with 
synthetic samples (Table 1). The results show that the 
two parameters are directly proportional. 

Next, the method of Currie” was applied to find the 
limits of the analytical procedure. If the standard 
deviation of the blank is taken as that of the intercept 
of the correlation graph, s, (Table l), the decision 

(L,), detection (Lo) and determination (Lo) limits for 
chloride are L, = 2.2, L, = 4.5, La = 13.5 pg/ml. 

The precision of the method was assessed by the 
determination of known amounts of chloride added 
to pure 98% sulphuric acid (Table 2). Additionally, 
technical grade 98% sulphuric acid was doped with 
sodium chloride to contain 25 pg/ml chloride. Five 
replicate determinations gave a mean value of 24.5 
pg/ml with standard deviation 1.2 pgg/ml (values 
corrected for background). 

Finally,‘the ability of less-skilled staff to use the 
method was tested. After 10 minutes of training, a 
laboratory assistant performed ten analysis of tech- 
nical grade sulphuric acid, the first under supervision 
and the others independently. The end-point was 
directly determined from the e.m.f. value. Each 
titration took about 4min. The samples had pre- 
viously been analysed by an expert, by recording the 
whole titration curve. The two series of values agreed 
very well, the deviation not exceeding 2%. 

CONCLUSIONS 

The method described permits the fast and fairly 
accurate determination of chloride concentrations 
higher than 4.5 pg/ml in concentrated sulphuric acid. 
Although not as sensitive as the ion-selective elec- 
trode method,* the mercurometric titration meets all 
requirements for routine determinations. 
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7. 
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Summary-The acidity constants of b-enzidine (Bz) in aqueous solutions determined potentiometrically at 
25” were K., =(l.ll kO.08) x lo-‘, K,=(l.45*0.12) x 10e4. The apparent mixed constants in O.lM 
sodium nitrate are K,, = (5.37 k 0.28) x 10m6 and Kti = (1.14 f 0.09) x 10m4. The ultraviolet spectra were 
recorded as a function of pH and analysed with these constants to obtain the absorption spectra of 
H,Bz*+, HBz+ and Bz; the corresponding wavelengths of maximal absorption are 247, 273 and 278 nm, 
and molar absorptivities 1.63 x 104, 1.76 x lo4 and 2.26 x lo4 l.mole-‘.cm-‘. 

Benzidine (Bz), (4,4’-diaminobiphenyl, C,rH,zNz), 
has a number of analytical applications.“* In partic- 
ular, it forms a complex with copper and oxalic acid 
with molar absorptivity 2.49 x 104 1 .mole-I .cm-I 
at 246 nm, which is used for determining oxalic acid 
in mixtures of decontamination reagents in nuclear 
reactors.3 

The spectral properties of aqueous Bz solutions at 
various pH values are not adequately described in the 
literature. We report here such a study, in conjunc- 
tion with a re-examination of the potentiometric 
determination of the acidity constants of H, Bt+ and 
HBz+, in an attempt to resolve the discrepancies in 
the values reported in the literature.4-7 The molar 
absorptivities of free Bz and its diprotonated form 
H2Bz2+ were also measured, and the value for that of 
the monoprotonated species HBz+ was estimated. 
The electronic transitions involved are discussed 
briefly. 

EXPERIMENTAL 

Reagents 

All reagents were analytical grade and the solutions 
were prepared with doubly distilled water. The benzidine 
(RPL, Belgium, p.a. quality) was used without further 
purification. It was tested for purity by potentiometric 
titration with perchloric acid in glacial acetic acid. No 
purification to above 98% could be achieved by repeated 
recrystallization. 

Potentiometric titrations of aqueous IO-‘M Bz solutions 
in O.lM sodium nitrate at 25.00 f 0.05” were done with a 
Metrohm 636 automatic titrator. The pH-meter was stan- 
dardized with standard buffer solutions at pH values (con- 
ventional activity scale) of 4.OOk 0.02, 7.00 f 0.02 and 
9.00 k 0.02 at 25”. The solutions were deaerated with nitro- 
gen and titrated with 0.012M nitric acid in O.lM sodium 
nitrate. The low solubility of Bz prevented the use of higher 
concentrations of the reagent. All experiments were per- 
formed in duplicate. 

The absorption spectra (24&330 nm) of 10-4-IO-SM Bz 
in 0. IM sodium nitrate solution acidified with sulphuric acid 

were measured at room temperature (22-25”) and various 
pH values, with a Zeiss DM4 spectrophotometer and fused- 
silica cells of 0.5 and 1 cm optical path, against O.lM sodium 
nitrate as reference. 

RESULTS AND DISCUSSION 

Figure 1 shows the potentiometric titration curves 
of 1.001 x 10m3M Bz. The lack of distinct steps is 
typical of acids with relatively close (and rather high) 
K,, and Ka2 values. 

For the evaluation of K,, and Ka2 equations (1) and 
(2) were considered: 

HzBx*+=HBx+ + H+; K,, = (anaz+ ur.t+)l~~n~szz+ (1) 

HBz+ =Bz + H+; K,, = @a, aH+)/anBz+ (2) 

together with the mass-balance relationships (3) and 
(4): 

c,, = ([Bz] + [HBz+] + [H,Bz*+]) 
(3) 

[H+] = 

c, V,-[HBz+l(V,+ Vo)-2[H2B$+](Va+ V,) 

v. + VII 
(4) 

where a, and [i] are the activity and concentration of 
species i, c, and c, are the initial concentrations and 
V, and V, the volumes of Bz and nitric acid. From 
these, equation (5) is derived: 

where: 

Y = l/K,, Ka2 + xl&2 (5) 

y = ( cava-va+ vo)(eI+lY,+) 
wa+ Vo)(~~+l~“+)+(2coVo-c,V,)a~+ > 
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Fig. I. Potentiometric titration of 1.001 x IO-‘A4 benzidine solutions with 0.012M HNO, at 25”; x and 
0 correspond to independent runs. 

and 

V,+ v,)(a,+lY”+)+(c,VO-c,I/,) 

x = V*+ v,)(a~+lY,+)+(2c,~,-c,‘V,)~,+ > 

x 
(7) 

\ YBz / 

The activity coefficient yn+ at I = 0.1 was taken to 
be 0.761, as suggested by Tamamush? from conduc- 
tance data, in agreement with the Bates-Guggenheim 
(pH) convention? 

The activity coefficients for the protonated species 

YH+J+ and YHB~+ were calculated from the Davies 
equation (S),‘O in view of the lack of the thermo- 

dynamic data needed to use more accurate expres- 
sions: 

log y,= -B z;{[&(l +,,,@I-0.31) (8) 

where z, is the charge on species i, I is the ionic 
strength and B is equal to 0.505 at 25”. 

Figure 2 shows experimental results plotted 
according to equation (5). From the slope and inter- 
cept, the values I& =(l.ll kO.08) x 10m5 and 
& = (1.45 + 0.12) x lO-4 are obtained. The corre- 
sponding apparent mixed constants in O.lM sodium 
nitrate are K,, = (5.37 f 0.28) x 1O-6 and 
KS2 = (1.14 + 0.09) x 10m4. These values should be 
preferred to the older figures reported in the 

Fig. 2. Evaluation of acidity constants K., and & at 25” according to equation (5); x and 0 correspond 
to independent runs. 
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Fig. 3. Distribution of species in benzidine solutions show- 
ing the fractionfcorresponding to each species as a function 

of pH at 25” in O.lM NaNO, 

literature” for the apparent constants; the values 
range from 1.05 x 10m5 to 2.19 x 10-j for K,, and 
from 1.78 x 10m4 to 3.31 x 10m4 for Ka2. These earlier 
papers do not give much detail about the calculation 
procedures. 

Figure 3 shows the distribution of Bz species as a 
function of pH. At pH 2.25 HzBz2+ is the only 
species, while at pH 6.00 free Bz predominates. HBz+ 
is never predominant, reaching only 9.5% of the total 
at pH 4.50. 

Figure 4 shows some of the experimental molar 
absorptivities obtained for solution in O.lM sodium 
nitrate media at various pH values. A maximum at 
247 nm for pH 2.28 can be observed to correspond to 

1.2 r 

x/x- 
x_x-xd 

1.0 - 

x/ 
0.6 - / 

/* 
A 0.6- c 

0.4 - 

0.2 - .I i7:=2f30”m 

xl 
x_x-x- , 

I I I 
3 4 5 6 

PH 

Fig. 5. Absorbance of 10-4M benzidine in O.lM NaNO, 
solution in 0.5~cm cells as a function of pH at rl = 280 nm; 

x experimental data, - calculated. 
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Fig. 6. Molar absorptivities of benzidine species in O.lM 
NaNO, as a function of wavelength. 

Fig. 4. Molar absorptivities obtained from the spectra of 10e4M benzidine at various pH values in 
O.lM NaNOa. 
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H,Bz*+, with ~~~~~~~ = 1.633 x lo4 l.mole-‘.cm-‘. 
Molar absorptivities at pH values down to 1.80 had 
the same values. The maximum shifts to longer 
wavelengths as the pH increases, and is at 278 nm, 
(E = 2.259 x lo4 l.mole-‘.cm-‘) for free Bz. There is 
an isosbestic point at 258 nm. The value for cBZ from 
this work is in agreement (within 10%) with the 
values given in the literature for water-methanol 
solution.” 

The absorption spectrum of the monoprotonated 
ion was computed by using the mixed apparent 
potentiometric K,, and K,, values, and the absorp- 
tivities of Bz and H,Bz*+ at each wavelength (from 
the spectra at pH 2.28 and 12.25 respectively), and 
analysing the spectra in the intermediate pH range. A 
least-squares procedure was used to compute a value 
for CHBz+ that would minimize U in equation (9) for 
each species: 

U = A2 - (L%,c,)* 

where 1 is the cell path-length. 

(9) 

The goodness of the fit is checked in Fig. 5, 
which shows the absorbance A of 10m4A4 Bz solutions 
in O.lM sodium nitrate in 0.5-cm cells as a function 
of pH at 280nm, where Bz has its maximum. The 
curve was calculated according to the Lambert- 
Beer law and cBZ = 2.24 x 10m4, ~n~a~~+ = 6.2 x lo* and 
6 - 1.672 x lo4 1 .mole-’ .cm-‘, calculated by the HBz+ - 

procedure above. The points in the plot are data from 
Fig. 4. The agreement is acceptable; similar results 
were obtained for other wavelengths. 

The spectra of H2Bz2+, HBz+ and Bz are shown 
in Fig. 6; small differences from the data shown in 
Fig. 4 reflect the use of a large number of spectral 
runs in the fitting procedure. The absorption maxi- 
mum for the monoprotonated species at 273 nm 

(Q-‘B*+ = 1.76 x lo4 l.mole-‘.cm-’ between the max- 

ima for free Bz (at 278 nm) and H,Bz*+ (at 247 nm). 
The band corresponds to a n-+*n transition (E- 
band), the position being determined by the auxo- 
chromic effect of the -NH, substituents. Upon 
protonation of one group, only a modest shift (from 
278 to 273 nm) is observed, compatible with the 
influence of the remaining non-protonated NH2 
group. There is however a substantial decrease in the 
intensity (see Fig. 6). When the second -NH, group 
is protonated, the maximum shifts to 247 nm, 
reflecting the more difficult interaction of the nitrogen 
non-bonding electrons with the ~-electrons of the 
aromatic nucleus. Related systems such as aniline, 
anilinium and benzene exhibit similar trends.‘* 
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ANALYSIS OF THE CCRMP Oka- RARE-EARTH 
REFERENCE MINERAL OF THE BRITHOLITE-APATITE 
SERIES BY ELECTROTHERMAL ATOMIC-ABSORPTION 

AND INDUCTIVELY-COUPLED PLASMA 
ATOMIC-EMISSION SPECTROMETRY* 
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Summary-The lanthanides and yttrium in the Canadian Certified Reference Materials Project (CCRMP) 
new rare-earth mineral reference material, Oka-2, were determined by electrothermal atomic-absorption 
and inductively-coupled plasma atomic-emission spectrometry (ICPAES) after sample decomposition with 
acids and separation of the rare-earth metals from phosphate and other matrix elements by precipitation 
as fluorides and oxalates. Thorium, yttrium and the common major and minor elements were determined 
by ICPAES after sample decomposition by fusion with lithium meta- and tetraborates and dissolution 
of the melt in a mixture of dilute nitric acid and ethylenediaminetetra-acetic acid solution. For comparison 
purposes, silicon, phosphorus, calcium, magnesium and iron were also determined by other methods. The 
results obtained are compared with other CCRMP values and with those obtained previously for a similar 
rare-earth mineral from the same geographical area. Oka- is considered to be a thorian intermediate 
member of the britholite-apatite series. 

In 1964 the analysis of a thorian intermediate mem- 
ber of the britholite-apatite series from Oka, Quebec 
(henceforth referred to as Oka-A) by ion-exchange 
separation and conventional chemical and X-ray 
fluorescence methods was reported.’ Later, nine lan- 
thanides were determined in four rare-earth minerals, 
including Oka-A, and some rocks by a method based 
on fluoride and oxalate separations of the lan- 
thanides, followed by their co-precipitation with hy- 
drous ferric oxide and ultimate determination by 
flame atomic-absorption (AAS) or atomic-emission 
spectrometry (AES).2 Subsequently, this method, and 
an additional method involving an emission spectro- 
metric finish after co-precipitation of the lanthanides 
with silica and hydrous ferric and aluminium oxides, 
were used to determine trace amounts of the rare- 
earth elements in 24 international reference rocks.3 In 
recent years electrothermal AAS (ETAAS) finishes 
have been applied in the determination of many of 
the rare-earth elements in silicate rocks and related 
materials, after suitable separations as described 
above.4-7 This work resulted in an invitation to 
participate in a Canadian Certified Reference 
Materials Project (CCRMP) interlaboratory pro- 
gramme for the certification of thorium and the 

*Invited paper presented at CASALS W-Congress on 
Advances in Spectroscopy and Laboratory Science, held 
in Toronto, Ontario, 69 October, 1986. Government of 
Canada copyrights reserved. Geological Survey of Can- 
ada contribution 32186. 

rare-earth elements in a britholite mineral, designated 
Oka-2, taken from a massive deposit in the same area 
as the Oka-A mineral.’ This paper gives the results 
obtained for these elements, as well as for the matrix 
elements, by using ETAAS, inductively-coupled 
plasma atomic-emission spectrometry (ICPAES) and 
other finishes. 

EXPERIMENTAL 

Appararus and reagents 

The AAS equipment, auxiliary apparatus and preparation 
of standard solutions of rare-earth elements are described in 
previous papers.@ The operating parameters for the Varian 
GTA-95 graphite-tube atomizer are given in Table 1. Other 
required AAS instrumental parameters were as reported 
previously.‘.’ 

For ICPAES determinations, a Jobin-Yvon Model JY 48 
simultaneous instrument was used. The spectral lines used 
are listed in Table 2. In most cases, synthetic standard 
solutions were prepared from high-purity lOOO-ng/ml com- 
mercial solutions. 

A Beckman Model B spectrophotometer with matched 
IO-mm cells was used for the spectrophotometric deter- 
mination of phosphorus. 

Determination of yttrium and the rare-earth elements after 
decomposition with acids 

Ce, Pr, Nd, Tb, Ho, Er, Tm and Lu by electrothermal AAS. 
The powdered sample (1 g) was decomposed in a covered 
lOO-ml platinum dish by heating with concentrated 
hydrofluoric and nitric acids, and the solution was evapo- 
rated to dryness to remove silica.2 The salts were heated with 
concentrated hydrofluoric acid and the resultant fluorides of 
calcium, magnesium, thorium, yttrium and the rare-earth 
elements were separated from phosphate by filtration 
(1 l-cm No. 40 Whatman paper) and washed with hot 2% 
v/v nitric acid. 

TN. 34112-E 1043 
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Table 1. Operating parameters for electrothermal AAS determination 
of the rare-earth elements 

Element 
Step Temperature, Time, Argon gas flow, 

number “C set I./&n 

Ce, Pr, Nd, Tb, 1 75 15 3 
Ho, Er, Tm and 2 90 60 3 
Lu 3 120 10t 3 

4 850 10 3 
5 1800 10 3 
6 1800 2 0 
7 2700% 1.3 0* 
8 2700% 2 0* 
9 28OOt 56 3 

*Read command initiated. 
t60 set for Lu in a tantalum foil-lined furnace. 
$2600” for Lu as above. 
$1 set for Lu as above. 

The paper containing the precipitate was transferred back 
to the platinum dish and heated first with concentrated 
nitric acid, then with concentrated perchloric acid to destroy 
the paper and convert the salts into perchlorates. After 
evaporation of the solution to dryness, the salts were 
warmed with 10% v/v nitric acid containing 5% hydrogen 
peroxide, and the solution was stirred, then filtered (7-cm 
Whatman No. 40 paper) and the paper was washed with hot 
10% v/v nitric acid-5% hydrogen peroxide solution. Any 
insoluble material remaining was decomposed by transfer- 
ring the paper back to the platinum dish and repeating the 
nitric-perchloric acid treatment. The resulting residue was 
ultimately dissolved as described and the solution was added 
to the initial nitric acid-hydrogen peroxide solution. After 
a double methyl oxalate and a single hydrous ferric oxide 
separation and conversion of the salts into nitrates by 
heating with nitric acid and hydrogen peroxide, as described 
previously,2s4n6 the solution was evaporated to dryness. The 
salts were dissolved in 1M nitric acid by warming and the 
solution was diluted to volume with 1M nitric acid in a 
25-ml standard flask. 

By use of the wavelengths reported previously,’ the 
operating parameters shown in Table 1 and a lo-p1 volume, 
the solution was analysed for holmium and lutetium by 
ETAAS. Thulium and erbium were determined after two- 
fold dilution of the sample solution with O.lM nitric acid; 

Table 2. Wavelengths used for ICPAES deter- 
minations 

Wavelength, Wavelength. 
Element* nm Element nm 

Na 588.99 co 228.62 
Mg, 279.08 Ni 231.60 
Mg, 383.83 cu 324.75 
Al 308.22 Zn 213.86 
Si, 
Si, 

251.61 Sr 407.77 
288.16 Y 371.03 

PA 178.29 Zr 343.80 
K 766.49 Ba 233.53 
Ca, 317.93 La 333.75 
Ca; 315.89 
Ti 337.20 

Ce 413.77 
Sm 359.26 

V 292.40 Eu 381.97 
Cr 267.72 Gd 335.05 
Mn, 257.61 DY 353.17 
Fe, 259.94 Yb 328.94 
Fe, 261.19 Th 283.73 

*Subscript 1 or 2 after the symbol indicates that 
the corresponding wavelength is the most or 
least sensitive, respectively. 

cerium, praseodymium and terbium were determined after 
fourfold dilution in a similar manner, and neodymium was 
determined after a hundredfold dilution. Except for lu- 
tetium, which was atomized from a furnace lined with 
tantalum foil, the elements were atomized from a 
pyrolytically-coated graphite furnace. Standard solutions 
(5-pg/ml I-IO, I-pg/ml Lu, 0.2~pg/ml Er, 1000~pg/ml Ce, 
100~fig/ml Pr, 5-uglml Tb and IO-ualml Nd in O.lM nitric _. _. _, 
acid) were used for calibration. The standard lutetium 
solution contained approximately the same concentrations 
of Y, Th and other rare-earth elements as the sample 
solution. 

Y, La, Ce, Sm, Eu, Cd, Dy and Yb by ICPAES. Cerium 
and lanthanum were determined by ICPAES at the wave- 
lengths given in Table 2, in two solutions obtained after 200- 
and lOO-fold dilutions of the sample solution with 10% v/v 
nitric acid, and the mean of two results was taken. The 
remaining rare-earth elements were determined in both of 
these diluted solutions, and also after 50-fold dilution of the 
sample solution with 10% v/v nitric acid, and the mean of 
these results was taken. The instrument was calibrated at the 
appropriate wavelengths with synthetic standard solutions 
of the rare-earth elements that bracketed the analyte con- 
centrations in the diluted sample solutions. 

Determination of Th, Y and the common elements by 
ICPAES afier decomposition by fusion 

The sample (0.5 g) was mixed with 1.5 g of a flux 
consisting of 2 parts of LiBO, and one part of Li, B,O, and 
fused in a graphite crucible at 1000” for 30 min. The melt 
was poured into a beaker containing _ 150 ml of water and 
10 ml each of concentrated nitric acid and 0.8% di- 
ammonium ethylenediaminetetra-acetate solution. After 
being stirred with a magnetic stirrer to dissolve the salts, the 
solution was transferred to a 250-ml standard flask, diluted 
to volume with water, and then filtered through a dry 1 l-cm 
Whatman No. 40 paper and stored in a plastic bottle. 
Thorium was determined by ICPAES, at 283.73 nm, after 
tenfold dilution of the solution with water. Two synthetic 
solutions containing 1- and IO-pg/ml thorium and approxi- 
mately similar concentrations of yttrium, the rare-earth 
elements, lithium meta- and tetraborate and diammonium 
EDTA as the sample solutions were used for calibration. 
Yttrium and common major and minor elements were 
determined by ICPAES in the undiluted sample solution, at 
the spectral lines given in Table 2. Some synthetic and 
“in-house” reference material solutions were used to pre- 
pare calibration curves. 

For comparison purposes, calcium, magnesium and iron 
were determined by AAS in an air-acetylene flame after 
12.5-fold dilution of the sample solution and addition of 
sufficient strontium nitrate solution to give a final strontium 
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Table 3. Determination of thorium, yttrium and the rare-earth elements (%) in Oka- 

Standard Range of Number of 
Found* deviation CCRMP contributing Mean of 

Constituent (this work) 0) values laboratories Methods used? CCRMP values f 2s 

y203 

La203 
CeO, 

P@,, 
Nd,G, 
Sm24 
E”203 

Gd203 

TW, 

Dy203 

Ho203 

Er203 

Tm203 

yw3 

LuP3 

3.3st 

O.SO$ 
0.40t 
5.84$ 

lS.Sf 
15.4j 
1.7@$ 
7,7u$ 
1.30$ 
0.30$ 
0.73: 
a.0535 
0.26$ 
0.0094$ 
0.01223 
0.001 rp 
O.OlOS$ 
0.0010/1 

0.045 

0.010 
0.007 
0.055 
0.100 
0.145 
0 
0.12 
0 

zoo5 
0:001 
0.007 
0.0001 
0.0003 
0 
0.0003 
0 

3.11-3.57 

0.27-0.37 

5.51-6.21 
12.87-16.02 

1.37-2.18 
6.11-7.68 
0.86-1.21 
0.20-0.37 
0.28-0.80 

0.033-0.076 
0.131-0.318 

0.0186-0.0282 
0.0053-O. 1000 
0.~17~.~34 
0.0076-0.0171 
0.0006-0.0017 

25 

4 

11 
12 

9 
10 
Ii 
12 
10 
10 
9 
4 
3 
3 
5 
6 

A, B, C, D, 
E F, G 
A, E F, H 

A, D, E, F, H 
A, D, E, F, 
H 
A, D. F, H 
A, D, F, H 
A, D, F, H 
A Q F, H 
A, JA F, H 
A. D. F. H 
A; D; E; F, H 
D, F, H 
A, D, F, H 
D, F, H 
D, E, F, H 
D, F, 

3.34 f 0.25 

0.31 + 0.08 

5.8 f 0.5 
14.4 k 1.8 

1.8 kO.5 
6.7 + 1.0 
l.OkO.2 

0.26 + 0.09 
0.6 + 0.3 

0.06 f 0.03 
0.19*0.11 

0.023 + 0.008 
0.06 + 0.02” 

0.003 &- 0.002 
0.013 rt 0.008 

0.0012 * 0.0007 

*Mean of 5 values. 
tDetermined by ICPAES after fusion of the sample with lithium meta- and tetraborates. 
IDetermined by ICPAES after preconcentration by fluoride and oxalate precipitations. 
§Determined by ETAAS after preconcentration as described above, 
l[~te~ned by ETAAS in a tantalum foil-any furnace after p~ncentration as described above. 

T/A-X-ray Buorescence spectrometry; R-spectrophotometry; C-gamma-ray spectrometry; D-neutron activation 
analysis; E-ICPAES; F-direct coupled plasma emission spectrometry; G-titrimetry; H-inductively-coupled plasma 
mass spectrometry. 

PMean f s. 

concentration of * 1500 pg/mkq Silica, in a suitable aliquot, 
was determined gravimetrically after dehydration by evapo- 
ration with perchloric acid, ignition, and treatment of the 
residue with hydrofluoric acid and perchloric acid, and a 
correction was applied for silica not recovered from the 
filtrate. Phosphorus was determined spectrophotometricaily 
by the molybdenum blue method’* in the solution obtained 
after fusion of the silica residue with sodium carbonate, 
dissolution of the melt in water, filtration, and addition of 
the filtrate to the original filtrate from the separation of the 
impure silica. The concentration of phosphorus in the final 
solution measured was _ 1 pg/ml. 

Delerm~~lion of total water and carbon dioxide 
Total water and carbon dioxide were determined by 

volatilization and non-dispersive infrared abso~tiomet~.” 
A 0.2-g sample was mixed with I g of a 1: 1 mixture of 
vanadium pentoxide and tungsten trioxide in a nickel boat 
and heated at 950” in a silica tube in an electric furnace. The 
evolved gases were carried in a current of nitrogen to two 
Beckman Model 864 infrared analysers, connected to an 
integrator where the signals (mV) were displayed digitally. 
The instrument was calibrated with “in-house” reference 
materials. 

Determination of fluorine 

The sample (0.1 g) was mixed with 0.5 g of vanadium 
pentoxide and heated in a combustion furnace at 1050”. The 
evolved gas was swept out by a carrier gas (water vapour at 
60”, saturated with oxygen) at a flow-rate of 1 ml/min and 
absorbed in 50ml of a 0.003M sodium bicarbonate/ 
0.0024M sodium carbonate buffer. The fluorine content of 
this solution was determined by ion-chromatography in a 
Dionex System 12 analyser. 

RESULTS AND DISCUSSION 

The results for thorium, yttrium and the rare-earth 
elements by ETAAS and ICPAES are given in Table 
3. In the absence of a similar type of rare-earth 
reference mineral, the recoveries of the rare-earth 
elements were monitored by analysing the CCRMP 
reference syenite rock, SY-3, which was taken 
through the entire procedure used for Oka- and for 
which the thorium and most rare-earth element con- 
tents are known.‘* Table 3 also shows the range of 
results obtained during the CCRMP interlaboratory 
certification programme after extreme outhers, and 
any rest&s more than two standard deviations away 
from the mean had been deleted by using the 
“trimmed mean” approach described by Steele et aLI 
and Gladney and Goode.14 In most cases, the results 
of the present work fall within the range of the 
“trimmed” CCRMP values and are in relatively good 
agreement with the final “trimmed mean” values. 

Table 4 shows that the results obtained for the 
common major and minor elements by ICPAES and 
for water, carbon dioxide and fluorine are in reason- 
ably good agreement, where applicable, with those 
obtained by other investigators during the inter- 
laboratory ~rtifi~ation programme. The results ob- 
tained for silica and phosphorus and for total iron, 
magnesium and calcium also agree fairly well with 
those obtained by gravimetric, spectrophotometric 
and flame AAS methods, respectively. 
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Table 4. Comparison of results for common elements in Oka- 

Found, %, this work* 

Standard Other Standard 
Constituent ICPAESt deviation methods deviation CCRMP values, % 

SiO, 15.3 0.2 14.9$ 0.1 14.72,14.9 
TiO, 0.33 0.01 0.24 
AW, 1.00 0 0.82 
Fe,O, total 5.40 0.05 5.285 0.03 5.83, 5.4 
MnO 0.56 0.01 0.51 
MgO I .26 0.01 1.205 0 1.24 
CaO 22.1 0.2 21.65 0.2 22.4,23.2 
Na,O 0.49 0.01 0.36,0.45,0.30 
W 0.42 0.01 0.35 
H,O total 1.10 0 
CO, 1.20 0 
P*G, 11.4 0.9 11.467 0 11.9 
F 1.68 0 
BaO 0.13 0.002 
coo 0.006 0.0001 
CrrGr 0.013 0.0001 
cue 0.036 0.001 
NiO 0.017 0.002 
SrO 0.85 0.01 
V*G, 0.09 0 
ZnO 0.024 0.0004 
ZrO, 0.074 0.001 

*Mean of five values (a standard deviation of zero means that the five results were 
identical within experimental error). 

tAll results by ICPAES except for water, carbon dioxide and fluorine. 
SGravimetric value. 
$Flame AAS value. 
BSpectrophotometric value. 

Table 5 shows that Oka- contains significantly less contaminant it contains is apatite. In Oka- some 
phosphorus, calcium, thorium and fluorine than does non-metamict britholite diffraction spacings were 
the earlier Oka-A mineral but more silica, aluminium, observed and the major contaminants identified were 
iron and magnesium. However, the rare-earth mica and apatite with very minor amounts of calcite 
content and specific gravity (determined with a and magnetite. The presence of several per cent of 
pycnometer) are only slightly higher than those of apatite in Oka-A, even after a series of magnetic and 
Oka-A. X-Ray powder diffraction studies of gravity separations from gangue minerals, was 
unignited Oka-A and Oka- samples, made with a reported previously.’ Because there are other 
Phillips diffractometer with nickel-filtered copper impurities in Oka- in addition to apatite, some 
radiation, indicated that the Oka-A britholite is differences in the compositions of the common 
totally metamict and that the only identifiable elements in the two samples is to be expected. 

Table 5. A comparison of specific gravities and partial compositions of 
britholite, fluorapatite and the Oka- and Oka-A rare-earth minerals 

Sp. gr. 
SiO, 
P,G, 
CaO 
Z Rare-earths 
ThG* 
MgO 
Fe, 0, total 
AW, 
Na,O 
TiO, 
H,O total 

Britholite* Oka-2t 
(Greenland) 

4.446 
16.71 
6.48 

11.28 
60.54 

(this work) 

3.95 
15.3 
11.4 
22.1 
33.8 
3.38 
1.26 
5.40 
1.00 
0.49 
0.33 
1.10 

Oka-A* Fluorapatite’ 

3.86 3.203 
12.28 - 
16.96 41.87 
28.84 55.16 
33.43 - 

5.62 
0.20 
0.14 
0.47 
0.21 
0.09 - 
0.54 - 

F- - 1.68 2.10 - 

*Concentrations (%) reported previously.’ 
tconcentration in %. 
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J 

0 CCRMP Oka- rare-earth mineral (this work) 

a Oka-A rare-earth mmeral’.’ 

Atomic number 

Fig. 1. Chondrite-normalized yttrium and rare-earth 
element pattern for Oka-A and Oka- rare-earth minerals. 

However, from X-ray powder diffraction patterns 
and the compositions shown in Table 5, it appears 
that there is less apatite in Oka- than in Oka-A, and 
that like britholite, Oka- contains more silica than 
phosphorus. Therefore, although Oka- can be 
placed one step closer to britholite than can Oka-A 
it is still considered to be an intermediate member of 
the britholite-apatite series. 

Figure 1 shows the abundances of yttrium (nor- 
malized to the average chondritic abundance data 
given by Haskin et ~1.‘~) and the rare-earth elements 
(normalized to the average Cl chondritic abundance 
values given by Evensen et ~1.‘~) for the Oka-A and 
Oka- minerals. The abundance for yttrium is plotted 
between that for dysprosium and holmium because of 
the similarity in properties and ionic radii of the three 

elements. The rare-earth distribution in the samples 
is found to be highly fractionated with respect to 
chondrites, lighter rare earths being much more en- 
riched than the heavier ones. The similarity of the 
abundance patterns for the rare earths in the two 
samples is indicated by the single curve in Fig. 1. The 
curve is reasonably smooth, which indicates the 
reliability of the analytical data. 
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Software package TAL-012787 
ENZFITTER 

Contributor: Dr. R. J. LEATHERBARRQW, ImperSaE College of Science and 
Technology, London 

Brief description: EN2 FITTER fits 
non-tineer 

two sets of experimental data by 
regression CF4a rqua rdt slgorithm) to one of several different 

equations provided. If the equation required is not on the list belou, it 
can be added with the easy-to-use integrated equation editor. The results 
are presented in tabular and graphic form, with a presentation quality 
screen-dump faci Lity available for Epson-compatible printers and the Hewlett 
Packard Laserjet. Extra sets of data and transforaedlderivatfve plots of 
the same data can be shown on screen at the same t$me* Graphs can be 
drawn side-by-side for comparison. To distinguish data sets, a variety of 
symbo 1s snd semi-continuous lines can be selecttd, and labels can be added 
(including some Greek alphabet characters). 
perform ueighting, 

ENZFITTER can be set up to 
remora 1 of out lying data, and to run in batch made 

(performing several analyses automatically, withaut user intervention). All 
results can be sent to a printer. It provides sophisticated entry and 
editing facilities and ui 11 read ASCII files, including LCiTuS 1-2-S PRN, 
ENfFITTER is presented in menu form, uith ui ndows and context-sensitive 
hetp. 

The equations that can be fitted are: linear 
determination; 

regression; pK 
Michaelis-Menten kinetics; 

single, double or 
ligand binding Cl or 2 sites)? 

triple exponential decay; first 
Hi 1 I 

order rate equation; 
equation. Transformediderivative ptots fitted are: 

Scatchard; 
residua 1s; 

Eadi e; Lineweaver-Burk; seni-logarithmic; linearize PK,. 

Potential users: Scientists. 

Fields of interest: -- Enzyme kinetics, chemistry, biochemistry. 

This application program has been devtloped for the IBFl PC and is written in 
Turbo Pascal, to run under DOG 2.0 or later. It is available on 
5.25-in dauble-sided floppy discs. The memory required is 38&K minimum, 

Distributed by Elsevier-Biosoft, 68 Hills Road, Cambridge, C82 ttA. 

The IBM reuui res an IBH CGA or EGA, or a Hercules graphics card. The 
program has extensive external documentation. The source code is not 
avai table. The software is fully operational, and is in use at over 60 
sites. The publisher is Milling to deal with enquiries. 



1050 Software Survey Section 

Software package TAL-013/87 
COMPUTERIZED QUALITY CONTROL 

Contributor: T.F. HARTLEY, Institute of 
Adelaide, Australia; and M.R. MASSON, 

Medical and Veterinary Science, 
Dept. of Chemistry, University of 

Aberdeen, Meston Walk, Old Aberdeen, AB9 2UE. 

Brief description: The computer programs published in the book T.F. 
Hartley, Computerized 
laboratory, Ellis Horuood, C ichester, f 

Qual;ry Control:987;rog;;~;ina~ ~,,a,;al;;fca~ 

Labtam computer, have been converted to run on several other machines. The 
topics covered are: Calibration graphs, including linear calibration 
graphs, and non-linear calibration graphs fitted by cubic spline or by a 
partial sigmoid equation; Batch quality control, including an operating 
characteristic curve program and a geometric mean regression program; 
Between-batch quality control, including programs to implement a 
computerized cusum V-mask, and to use that and the Trigg tracking signal to 
produce a summary report on between-batch quality-control data; and a 
Gaussian error generator. The programs are all written in an open readable 
format, and are fully described and explained in the book. The program 
organization closely follows the accompanying description of the technique 
and the equations. Memory requirements for the programs and data files are 
modest compared uith those of commercial packages. 

The discs include, in addition to the programs given in the book, 
an additional program that is a menu-driven combination of the between-batch 
quality control programs. 

Potential users: Analytical chemists, clinical chemists. 

Fields of interest: -- Clinical laboratories, analytical laboratories. 

These programs uere developed for a Labtam 3000 computer, but they have been 
converted to run on IBM PC and compatibles, Apple II, and Acorn BBC 
computers. They are uritten in BASIC. The programs all run in less than 
32 K of memory. They are available on 5.25-in floppy disc, in appropriate 
formats. An IO-column card is recommended for the Apple, and a BBC B+ or 
Master is more suitable than a BBC B, because screen displays are designed 
for BO-columns. No graphics card is required, because the displays use 
"line-printer" type graphics. 

Distributed by Eltis Horwood Ltd., Market Cross House, Cooper Street, 
Chichester, West Sussex PO19 lEB, UK. Price f20.00 + postage and packing. 

The programs are documented mainly in the book, but a manual for the 
additional program is included uith the disc. The source code is provided. 

The programs are fully operational, and in regular use. The contributors 
are willing to deal uith enquiries. 
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FAZAKAS and MICHEL HOENIG. (21 August 1987) 
Spectrophotometric determination of NO; and NO;: ZHAO XINWEI, Kou Z~NGYAN and Hu ZHIDE. (21 August 1987) 
Determination of the sum of rare earth elements by flow-injection analysis with Arsenaxo III, 4-&pyridylaso)resorcinol, 
Chromazurol S and 5-bromo-2-(2-pyridylso)-5diethylaminopheuol as spectrophotometric indicators: D. B. GLADIUIVICH, V. 
KuB~~ and L. SOMMER. (21 August 1987) 
Utlllty of 7,7,8&tetracyanoquinodimethane and sodium acetate for the calorimetric determination of some bensothiadiazine 
diuretics: ABDEL-MABOUD I. MOHAMED. (24 August 1987) 
A novel and specific solid-state detection and semiquantitative determination of catechol and o-nitrophenol, and some of their 
binetic parameters: PUSHKIN M. QIJRESHI, K. M. SHAMSUDDIN and ?&ED ALI. (26 August 1987) 
Improvements on methodological search with non-aqueous media: A. GUSTAVO GONZALEZ. (28 August 1987) 
Towards a donor-acceptor approach to ion-exchang+I: Correlation between the ion-exchange properties of stannic teUurItez 
Explanation of the selectivity sequence of oxoanlons: S. ASHFAQ NABI, RIFAQAT A. K. RAO and PUSHKIN M. QURESHI. 
(4 September 1987) 
Electrochemical reduction behaviour of ruthenium(Ill~alicylaldehyde thiosemicarbazone system: R. PALANIAPPAN and AGNEW 
PAUL. (4 September 1987) 
Extraction of several bensoic and phenylacetic acid derivatives and their complexation with Ianthanides: YUKO HASEGAWA, 
YOKO MORITA, MA~AKO HASE and TOMOMI ISHIZAWA. (4 September 1987) 
Determination of selenium(IV) and telhuhun(IV) by differential pulse polarography: B. V. TRI~DI and N. V. THAKKAR. 
(4 September 1987) 
Biamperometrlc titrations of anions with chloranlllc acid-B Phosphate: M. A. MALLEA, S. QUINTAR DE GUZMAN and V. A. 
CORTINEZ. (10 September 1987) 
A new indirect spectrophotometric procedure for determination of stdphur dioxide: ABDULHAMEED LAILA. (10 September 1987). 
The uranyl-chloro-substltuted benzoic acid-RhodamIne B-bcnzew extraction system: RETAT APAK, FIKRET BAYK~T and 
ADNAN ADYIN. (10 September 1987) 
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Analytical determination of dimethyl sulphoxide by complex formation with pentacyanoferrate(II1): HENRIQIJE E. TOMA. 
DENISE OLIVEIRA and AMERICO T. MEENOCHITE. (10 September 1987) 
Lmnineseenee characteristics of dibenzofuran and several polychlorinated dibenzofurans and dibenzo-pdioxins: I. M. 
KHASAWNEH and J. D. WINEFORDNER. (10 September 1987) 
Rapid decomposition and rapid dissolution methods for silicate rocks with lithium tetraborate/lithium sulphate fusion: 
NOBUTAKA YOGI-IIKUNI. (14 September 1987) 
Mge potentiom&rIque des acides ami& par le cuivre II, h l’aide d’une Clectrode bniicatrice de cuivre: ELIAN LATI, CHANTAL 
DAUPHIN and MICHEL HAMON. (31 August 1987) 
3,3’,4’,5,7-Pentahydroxygavylium chloride: A selective spectropbotometric reagent for determination of aboninium and tin: 
C. A. NWADINIGWE and B. C. IGWE. (14 September 1987) 
Comparative study of IBMK and DIBK as extracting solvents in strongly acidic media: Effect of mutual solubIIty of solvents 
on the extraction of Cu(PCD), and its kinetic stability: MASAHIKO MURAKAMI and TAKEO TAKADA. (14 September 1987) 
High-Performamx liquid chromatography of micellar solubilization complexes-IV: Reversed-phase ion-pair chromatography 
of 3,5diBr-PADAP-Triton-X-100 complexes: YOU-XIAN YUAN and YUE-JUN WANG. (14 September 1987) 
A comparison of glassy-carbon and carbowpolymer composite electrodes incorporated into electrochemical detection systems 
for high-performance liquid chromatography: J.-M. KAUFFMANN, C. R. LONDERS, G. J. PATRIARCHE and MALCOLM R. Shnnl. 
(14 September 1987) 
Molecular emission spectrometry in a low-pressure electrical discharge: T. Yu and J. D. WINEFORDNER. (15 September 1987) 
Extraction and determination of zinc from pharmaceutical analysis samples: BHANIJ RAMAN and V. M. SHINDE. (15 September 
1987) 
Determination of lead in fly-ash from a arbage incinerator by atomic-absorption and X-ray fluorescence spectrometry: MARIT 
ANDERSSON, CHRISTINA ERIK~~N and x KE OLIN. (17 September 1987) 
Studies OII catalytic kinetic spectrophotometric determination of iron: DAI CUO-ZHONG, JIANG ZHI-LIANG and LI CHANG-\KEI. 
(23 September 1987) 
Preparation, characterization and performance of surface-loaded chelating resins for ion-chromatography: P. M. M. JONAS, 
D. J. EVE and J. R. PARRISH. (23 September 1987) 
Extraktion von Ginsenosiden mit Ammoniak und Kohlensiiure unter erh6htem Druck: J. R. KIM and H. LENTZ. (23 September 
1987) 
Determination of arsenic in ores, concentrates and related materials by continuous hydride generation atomic-absorption 
spectrometry after separation by xanthate extraction: ELSIE M. DONALDSON and MAUREEN E. LEAVER. (23 September 1987) 
Solution nebtdization of aqueous samples into the tubular electrode-torch capacitatively-coupled microwave plasma: B. M. 
PATEL, J. P. DEAVOR and J. D. WINEFORDNER. (23 September 1987) 
Solvent effect on tbe liquid-liquid distribution of lead(D) with monothiothenoyBritluoroacetone: TAKAHARU HONJO, AKIKO 
IICAZAKI, KIKUO TERADA and T~~HIYASU KIBA. (23 September 1987) 
Am&-stripping voltammetric determination of trace lead with a naiIon/crown+ther film electrode: SHAOJUN DONG and 
YUWNG WANG. (23 September 1987) 
Photometric determination of malathion with molybdenum: U. VENKATADRI NAIDU, P. RAMA DEVI, K. SE~HAIAH and 
G. R. K. NAIDU. (29 September 1987) 
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F~OW&&~~OII AMI@SZ Principles and Applicatioos: M. VALCARCEL and M. D. LUQUE DE CASTRO, Ellis Horwood, 
Chichester 1987. Pages x + 400. f49.50. 

The book has been translated from the Spanish and consists of thirteen chapters. The first two chapters consist of a general 
d&km&on and ela.ssilication of automatic methods of analysis and define the position of flow-inj~tion analysis in the 
complex of analytkal methods. The third chapter describes analyte zone dispersion as the theoretical background of FIA. 
Chapter 4 and 5 discuss in detail the FIA instrumentation, including the present commercial instruments. Chapters 6-10 
are concerned with various experimental techniques that are systematically treated, from simple single-channel measure- 
ments, through multi-channel and closed-loop analyses, measurement involving intermittent pumping and zone merging, 
to gradient and titration techniques and kinetic measurements. On-line separations (distillation, dialysis, ion-exchange, 
extraction, etc.) are also discussed in detail. The applications of FIA to the two most important fields, namely, clinical and 
environmental analysis, are treated in Chapters 11 and 12 and the book is completed by an outline of the features, present 
trends and the future of FIA. 

The book contains a wealth of concrete data, often summarized in ligures and tables, and is a very good source of 
references to the original literature. Great care has also been exercised in its editing and technical preparation so that it 
is virtually free of printers’ errors. 

This is certainly the most extensive treatment of flow-injection analysis to date and, in fact, often transcends the scope 
sug8ested by the title, as many general aspects of automatic analysis are also discussed The most important part of the 
book is the description of experimental techniques and applications (Chapters 6-12), from which all practising analysts, 
those with experience in flow analysis and novices alike, will benefit. The first three chapters sulfer a little from a tendency 
to over~l~fi~tion and over-d~nition, which necessarily leads to somewhat subjective conclusions and in plaoes obscures 
the principal questions. The homogeneity and readability of the theoretical treatment has perhaps been affected in several 
places by too great emphasis being placed on the polemics that have accompanied the development of FIA. Of course, 
the lack of a unified treatment reflects the fact that the theoretical background of FIA and, indeed, of all flow methods 
is far from complete. 

The book makes an important contribution to the rapidly expanding field of flow analysis and will be useful for all 
analysts, particularly those active in the fields of clinical and environmental analysis, as well as for undergraduate and 
graduate students of chemistry. 

Chganlc Pollataots in Water: T. H. (MEL) S-T and MIJRUGAN MALAIYAND. (Editors), American Chemical Society, 1987. 
Pages XV + 797. $109.95 (US. & Canada), $131.95 (elsewhere). 

The conventional methods for analysing drinking waters typically account for only 10% of their total organic contents. 
Biological testing of waters sometimes reveals levels of toxicity that cannot be explained on the basis of the chemical 
analyses. Also, the more ~p~sti~~ analytical methods are being questioned because of their cost, selectivity and artifacts. 
In this book a great deal of expertise has been marshalled into the battle against these problems in order that we may achieve 
an adequate means of assessing the quality of natural and drinking waters. 

The book begins with a summary of the USA Environmental protection Agency Priority Pollutants protocol and Master 
Analytical Scheme procedures, and goes on to explain in detail the merits of the modem developments in biological testing, 
sampling methods, and the various concentration and extraction procedures, including use of reverse osmosis, solid 
sorbents, supercritical fluid carbon dioxide, and continuous ~q~d~q~d extraction. It is also meticulous in its assessment 
of the difficulties associated with these techniques: their recovery efficiencies, artifacts, awkward expiations, and their 
cost. It examines the question of how to tackle the as yet unidentitied toxic substances which some waters appear to contain. 
And it gives examples of statistical methods for assessing and comparing complex sets of data. 

Although the book was developed from a symposium at the 188th meeting of the American Chemical Society, and retains 
the lay-out of a conference proceedings, with individual papers (now called chapters) retaining the formal pattern of 
introduction, experimental, etc., a unified approach to the subject has been achieved This is due to the very high standard 
of both the review and the specialized papers, and also the willingness of each contributor to discuss the problems as well 
as the attributes of his method. The result is that one can “read” this book and gain an understanding of the relative meriti 
of the techniques. This self-critical approach is infectious and readers may find themselves taking a fresh look at their own 
proeedures-+ven those in unrelated fields. It should help to generate new ideas. 

B. I. BROOKES 

~Qctors for quid chromatography: E. S. YEUNG (Editor), Wiley-Interscience, New York 1986. Pages VI + 366. E52.75. 

?%e book consists of nine chapters devoted to various detector types: refractive index (II. S. Yeung), absorption 
(R. B. Green), FTIR (J. Jinno), indirect absorbance (M. D. Morris), fluorimetric (M. J. Sepaniak and C. N. Rettler), 
polarimetric (E. S. Yeung), those based on electrical and electrochemical measurements (S. G. Weber), mass-vtrometric 
(J. B. Crowther, T. R. Covey and J. D. Henion) and miscellaneous (E. S. Yeung). Although there exist spscializ#l 
monographs on liquid chromatography detection, e.g. R. P. W. Scott, Liquid Chromatography Detectors, Ekrevier, 1977 
and 1986 or T. M. Vickrey (ed.), Liquid Chromatography Detectors. Dekker, New York, 1983, the publication of this new 
book is justified, as the field is developing very rapidly and there is constant need for new sensitive detectors, both selective 
and universal. 
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The reader will find in the book a compact and lucid explanation of the principles of detection, elements of the 
instrumentation, main advantages and drawbacks, and examples of some important applications. The detectors are critically 
discussed and future trends outlined. 

The most important contribution of the book to the field lies in the treatment of the newest detection techniques, such 
as FTIR, LC-MS, m~ti~veleng~ s~romet~, infrared absorption and intracavity absorption, as well as photo~o~tic 
and thermal lens spectroscopy with laser radiation sources. It is also useful that the detectors are discussed from the point 
of view of their miniaturization, necessary for their application to micropacked and open tubular column HPLC, and from 
the viewpoint of use in supercritical fluid chromatography, as these belong among the major directions of future 
development of high-performance chromatography. 

A certain shortcoming of the book is the absence of a chapter on the general requirements placed on detectors and their 
principal properties. These topics are only discussed to a certain extent in Chapter 7 on electrochemical detection. 
~~~tornet~c detectors are discussed in two chapters, Chapter 7, where they belong, and in Chapter 9, but the symbols 
have not been unified. The problems of reaction detection might perhaps have been discussed more generally. 

The book will he useful for all analysts using HPLC, as well as for advanced courses in separation sciences. 

v. PAChKOV6 

Chputer !hpported Spectmcopic Databamx 3. ZUPAN (Editor), Ellis Horwood, Chichester, 1986. Pages viii + 165. 
f28.50. 

The book is one of the titles in the Ellis Horwood series in Analytical Chemistry. There are eight chapters which discuss 
the possibilities for and problems associated with computer-assisted spectrum interpretation. The first part of the book deals 
with various aspects of database organization, with one chapter devoted to an evaluation of the current status of 
computer-assisted structure elucidation, one to a discussion of problems in the management of chemical databases, and 
one to a demonstration of the advantages in a hierarchical database organization. Following this general discussion, 
information systems based on specific types of spectroscopy are presented. Two chapters deal with infrared spectra, one 
with mass spectra and one with nuclear magnetic resonance spectra. Finally, chapter eight surveys the problems in 
multis~tro~opy expert systems. The book gives a thorough survey of useful approaches and of a number of widely used 
search and interpretation systems. It is well organized with an index and several clear illustrations. Further, since the book 
contains many suggestions as regards tlte future development of computerized retrieval and interpretation systems, I believe 
it would be a valuable source of information both for potential users of such systems and for researchers who either supply 
the experimental data or are engaged in software development. 

LAas RRYciEa 

CRnicaI Qeeimens: D. HAWCROF~ and T. HECTOR, Wiley, Chichester, 1987, Pages xvii + 123. E9.95 (soft cover), E28.00 
(cloth bound). 

This book is one of the titles in the ACOL (Analytical Chemistry by Open Learning) series and introduces the range of 
human specimens that can be considered in clinical analysis. The main part of the book discusses the range of clinical 
specimens (blood, urine, saliva and many more) available, their roles, origins, and characteristics with an indication of their 
in~~du~ irn~~n~ in diagnosis. It also considers the techniques used to obtain representative samples of them materials, 
and the problems involved in sampling, transport, storage and analysis. There is also a good discussion on haxards 
associated with collecting blood specimens. Further coverage includes discussion on how the composition of biofluids is 
intluenced by factors such as age, sex, diet, stress and physical activity. 

In the latter part of the book some common type of biopsy specimens (body tissues) used in clinical investigations are 
considered together with the methods employed for their removal and problems involved in their analysis. 

At the end of each chapter a summary is given emphasising the important points covered in the chapter and at the end 
of the book revision questions (and answers) are provided. On the whole, the book is written in &ear, simple and informal 
style; it is relatively free of errors, and is recommended to newcomers to medical laboratory work. 

A. C. MEHTA 

Magna&e Rnaymology: D. HAWCROFT, Wiley, Chichester, 1987. Pages xxi $280. El 1.50 (soft cover), E32.00 (cloth bound). 

This book is also one of the texts in ACOL series and deals with enzyme methodology in the diagnosis of human illness. 
The book begins with a detailed discussion of the general properties of enzymes, followed by the spectroscopic and 
non-spectroscopic techniques used for measuring their activity, and the problems associated with obtaining reproducible 
and meaningful results. There is also a chapter on quality control in enzyme assays. The book culminates with a discussion 
on clinical applications of enzyme assays. The diagnostic value of the assays is highlighted with specific examples of disease 
states (e.g., enzyme assays in diagnosis of liver disease). Further references on enzyme literature are provided at the end 
of the book. 

The general format of the book is in accordance with the other ACOL titles (or units as they are generally called), viz. 
summary at the end of each chapter, and self-assessment questions (and answers) provided ~roughout the book. I am not 
quite sure why Tables are referred to as Figures (although they are referred to as TabIes in ap~ndi~!) and indexes are 
ignored in these books. A small criticism of this particular book is that it seems to be more biochemically oriented and 
there is no mention of enzyme-based drug assays such as EMIT, RIA, or FIA. Nevertheless, the book is already thick for 
its price and there is a lot of information in it. It is neatly presented, the diagrams are clear, and there are hardly any errors. 
It should be very useful to technical staff working in clinical chemistry laboratories. 
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A rapid spectrophotometric method for the determination of carbon monoxide io ambient air: P. SELVAPA~, T. V. 
RAMAKRISHNA and R. PITCHAI. (6 April 1987) 
Potentiometric titration of fuivic acids from lignite. in acetone, acetonitrile and propan-2*,1: JOSE M. ANDRE!S and CLEMENTE I _ _ 
ROMERO. (6 April 1987) 
Electrochemical behaviour of some substituted benzophenone oximesz I. GURRAPPA and S. JAYARAMA REDDY. (8 April 1987) 
Snectronhotometric studv and analvticel auulications of rare+arth-kojic acid complexes: The direct determination of Nd, Ho 
and Er in mixed rare-e&thsz SH&U ZH& and ZHONG LI. (8 April 1987) _ 
Studies on chelating resins-Ill: An alternative way to represent metal-resin complex equilibria: 0. SZABADKA. (8 April 1987) 
Determination of mercury by differential-pulse anodic-stripping voltammetry with various working electrodes and its application 
in analysis of natural water sediments: MIR~~LAV H.&TLE. (15 April 1987) 
Ion-pair liquid-solid extraction for the preconcentration of trace metal ions: Optimization of experimental conditions: VALERIO 
PORTA, EWARD~ MENTASTI, C~RRAIXI SARZANINI and MARIA CARLA GENNARO. (18 April 1987) 
Determination of arsenic in ores, concentrates and related materials by graphite-furnace atomic-absorption spectrometry after 
separation by xanthate extraction: ELSIE M. DONALDSON. (18 April 1987) 
Spectrophotometric determination of iron(lll), in blood amI pharmaceutical products, with I-hydroxy-2,3diaminopropane- 
tetra-acetic acid (HPDT): MA. TERESA SEVILLA ESCRIBANO, JOSE MA. PINILLA MACIAS and LUCAS HERNANDEZ HERNANDEZ. 
(18 April 1987). 
Separation of amino-alcohols by HPLC with a ternary mobile phase containing nickel(l1) chelate additives: GRZEG~RZ 
BAZYLAK and JOANNA MASZOWSKA. (18 April 1987) 
Conditional stability constant determination of metal aquatic fulvic acid complexes: DANIEL T. HAWORTH, MARK R. PITLUCK 
and BRUCE D. POLLARD. (18 April 1987) 
The effect of surfactants on the dissociation constants of phenothiaziw derivatives: An alkalimetric determination of dietbde 
and chlorpromazine: P. RYCHLOVSK~ and I. NE~covi. (14 April 1987) 
Room-temperature phosphorimetry of polyammatic hydrocarbons using organized media and paper substrate: A comparative 
study: G. RAMIS RAMOS, 1. M. KHASAWNEH, M. C. GARCIA-ALVAREZ-C• and J. D. WINEFORDNER. (14 April 1987) 
Flow-injection determination of ethanol in whole blood by use of immobilized enzymes: J. Ruz, M. D. LUQUE DE CASTRO and 
M. VALCARCEL. (14 April 1987) 
Quantitative analysis by surface-enhanced Raman spectrometry on silver hydrosols in a flow-injection configuration: J. J. 
LASERNA, A. BERTHOD and J. D. WINEFORDNER. (21 April 1987) 
Identification and determination of volatiles derived from phenol-formaldehyde materials. ROMAN GRZE~KOWIAK and GRAHAM 
D. JONES. (21 April 1987) 
Determination of molecular nitrogen by electron-impact-induced fluorescence: DAVID A. RADSPINNER and E. L. WEHRY. 
(10 April 1987) 
A spectrophotometric study on the complex formation of 3-(1-naphthyl)-2-mercaptopropenoic acid with nickel(ll), paBadilrm(lI) 
and hydrogen ions: ALVARO IZQUIERD~ and JOSE LUIS BELTRAN. (21 April 1987) 
Three-dimensional synchronous fluorescence spectrometry for the analysis of three-component alkaloid mixtures: F. GARCIA 
SANCHEZ, A. L. RAMOS RUBIO and C. CRUCES BLANCO. (21 April 1987) 
Separation of some transition-metal ions and preconcentration of Pt(lV) and Cr(ll1) on ahunina-immobilized 
diethylenetriaminepenta-acetic acid by ligand exchange: D. K. SINGH and PALLAVI MEHROTRA. (22 April 1987) 
The interaction between sodium dodecyl sulphate (SDS) and Eriochrome Azurol B (ECAB) or Chrome Azurol S (US) studied 
by means of NMR and spectrophotometry: ZHENG YONGXI and CHU JINJING. (24 April 1987) 
Determination of amodiaquine in pharmaceuticals and plasma by reaction with periodate and spectrophotometry or by 
high-performance liquid chromatography: KRISHNA K. VERMA and SUNIL K. SANGHI. (24 April 1987) 
Electrochemical reduction of methylparathion: T. N. REDDY and S. J. REDDY. (24 April 1987) 
Electrochemical determination of metronidazole: P. SIVA SANKAR and S. JAYARAMA REDDY. (24 April 1987) 
Multiparametric curve fitting-XIII: Reliability of formation constants determioed by analysis of potentiometric titration data: 
MILAN MELOUN, MICHAL BARTOS and ERIK H&FELDT. (27 April 1987) 
Studies on the extraction of Ni(ll), Fe(ll), Fe(ll1) and V(W) with bis(4-hydroxypent-2-ylidene)diaminoethane: Separation and 
spectrophotometric determination of iron, nickel and vanadium: F. IK NWABIJE and E. N. OKAFO. (27 April 1987) 
Direct polarographic determination of Ce(ll1) in aqueous medium: J. LOPEZ PALACI~~ and M. BARRERA. (27 April 1987) 
Solvent extraction equilibria of the 3-(2-fury&2-mercaptopropenoic acid complex of nickel(H) as an ion-pair with diphenyl- 
guanidium: A. IZQUIERDO, M. D. PRAT and A. GARBAYO. (24 April 1987) 
Ultrasensitive and selective measurements of tin by adsorptive stripping voltammetry of the tin-tropolone complex: JOSEPH 
WANG and JAVID ZADEII. (24 April 1987) 
Mass-transfer coefficient for a normal circular cylinder placed in a circular Bow tube: ROMAN E. SIODA. (24 April 1987) 
Modilcation of a Beckman model 501 autosampler for presohmm derivative-formation: T. J. BYDALEK, D. A. Cox and 
L. R. DREWE.S. (5 May 1987) 
Separation of oxyanions of sulphur by single-column ion-chromatography: A. BEVERIDGE, W. F. PICKERING and J. SLAVEK. 
(5 May 1987) 
Spectrophotometrlc determination of some antiamoebic and anthelmintic drugs witb metol and chromium(W): C. S. P. SASTRY, 
M. ARUNA and A. RAMA MOHANA RAO. (5 May 1987) 
Studies on non-aqueous porphi_I: Synthesis of a,/I,y,a-tetra-(4-methylpbenyl) porphine and spectrophotometric study of 
its reaction with palladium: ZE-XING HUANG, SHIJ-QIONG HE, JIN-TONG Lu and TIAN-FU HUANG. (5 May 1987) 

i 
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Studies on non-aqueous porpidnes_lI: Synthesis of a,8,y,s-tetra_(eacetyloxylphenyl)porphine and spectrophotometric study 
of its colour reaction with copper(M): ZE-XING HUANG, SHU-QIONG HE, DONGJIN WANG, TIAN-HU CHEN and CHANG-MING 
JIN. (5 May 1987) 
Room-temperPture &osphorescence off and S-substituted indoles: CATHERINE HAUSTEIN. WILLIAM D. SAVAGE. Cm F. ISHAK 
and RONALD T. KLAUS. (5 May 1987) 
Formation constants of tervalent lanthanide ions and pdiketonehydrazows in 75% dioxa+water medilmt: BA~HEIR A. 
EL-SHETARY, MOHAMED S. ABDEL-MOEZ, SHAKER LABIB STEFAN and MAHMOUD M. MASHALY. (5 Mav 1987) 
Ion-chromatography using pH detection and CO2 removal: HIDEHARU SHINTANI and F’ERNEANDU K. ‘DA&PTA. (5 May 1987) 
Study on a coated carbon rod PVC thallimn ion-selective electrode and its application to the determination of thallium in rocks 
and miner& DEZHONG DAN and YALAN DONG. (5 May 1987) 
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Quar~tItativc Analysis of Cetecholamines and Releted Cot~~pounds A. M. KRSTULOVIC (Editor), Ellis Hoi-wood. Chichester, 
1986. Pages 384. f47.50. 

The heart of this book is a multi-section chapter on HPLC methodology for the determination of the biogcnic amines. 
The simplicity and sensitivity oi the HPLC technique, which has recently come to the fore as the method of choice for 
estimating the trace amounts of catecholamines and associated materials in biological fluids and tissues, are clearly presented 
in a very well-organized text. The favoured detection systems (electrochemical and fluoromctric) are discussed at length 
The seven sections cover the fundamentals of HPLC. sample preparation and handling, electrochemical detection (with full 
details of ,dctector design) involvmg dual-electrode systems in combination with microbore columns and the use of 
reversed-phase and ion-exchange packing materials, assays of the cnzymcs involved in catecholamine metabolism, 
fluorescena detection following the formation of phthalaldchydc derivatives, and automated analyses by use of 
trihydroxyindolc oxidation products. Other methods covered include GLC and GLC/MS, radioenxymatic assays, 
immunoassay procedures (including that for chromogranin), and immunofluorcscence and fluorescence assays. An 
introductory chapter on the biochemistry of ncurotransmitters and their role in disease processes, together with a final one 
on tissue analysis, complete a text compiled by 25 scientists representing 18 laboratories around the world. The volume 
overall provides a clear, comprehensive and detailed picture of current analytical procedure for an important group of 
natural products, together with a refreshing amount of chemical and biochemical background material. 

A. B. TURNER 

hdwti~ely Co~pkd Plasma lhhion Spectroscopy: P. W. J. M. bJMANS (Editor), Wiley-Interscience, New York, 1987. 
Part 1, pages xi + 584, E71.75. Part 2, pages xiii + 486, E64.20. 

As a pioneer in ICP studies Dr Paul Boumans is uniquely qualified to edit the two-volume treatise, Inductively Coupled 
Phvna Emission Spectroscopy. Part 1 deals with methodology, instrumentation and performance, while Part 2 is concerned 
with applications and fundamentals. It is surprising that a field so important and extensive as emission spectroscopy with 
inductively coupled plasma sources has had to wait so long for a definitive work and so the publication of the treatise is 
timely. Chapter one gives an easy introduction to atomic-emission spectrometry with an outline of, for instance, spectro- 
scopic instrumentation, the basis of quantitative analysis, together with information on sample introduction and excitation 
sources. The section on a guide to the literature on emission spectroscopic analysis is useful but it is a pity that the RSC 
publication Annual Reports on Analytical Aiomic Spectroscopy (latterly Journal of Analytical Atomic Spectromerry) is only 
mentioned in a bibliographical list and not in the main text. There is a chapter on plasma sources other than ICPs and 
then one devoted to the ICP itself, which also gives brief mention of the related techniques of ICP-AFS and ICP-MS. 
The bulk of the volume is the chapter on Basic Concepts and Characteristics of ICP-AES. Here, Boumans discusses at 
length detection limits, precision, accuracy, dynamic range, multielement capability, line selection and optimization of ICP 
operating conditions. There are chapters, jointly written with G. M. Hieftje, on torches for ICPs and with J. A. C. Broekaert 
on the important topic of sample introduction, then Boumans brings his experience to bear with a chapter on line selection 
and spectral interferences. The final two chapters of the volume are the only ones not contributed to by the editor, and 
these deal with spectrometers and detection and measurement. 

The first half of Part 2 deals with applications and there are sections on metals and industrial materials, geological, 
environmental, agriculture and food, biological, clinical and organic samples. These chapters are written by different authors 
and so reflect their experience. With some exceptions, notably the chapter on biological and clinical materials by Maessen, 
there is a lack of information in tabular form, but there are ample references for those willing to search. 

The remainder of the volume is concerned with fundamentals. There is a chapter on the direct analysis of solids, describing 
the multitude of methods that have been used to investigate this difficult problem. Browner describes in theoretical terms 
his work with aerosol generation and transport, and Boulos and Barnes describe plasma modelling and computer 
simulation. There are chapters by Mermet and Blades on spectroscopic diagnostics and excitation mechanisms and 
discharge characteristics. The volume ends with a chapter by Broekaert and T6lg on the status and trends in elemental 
trace determinations. 

Two of the stated aims of the volume are to fill an essential gap in the AES literature and to provide a critical and tutorial 
survey of more than 20 years of research, development, and application in the field of ICPs and related plasma sources. 
In both of these it succeeds admirably. 

G. B. MARSHALL 

Photom&c DatermhtatIon of Tnces of Metals, 4th Ed., Part IIA: Individual Met&, AIuminum to Lithium: HIRO~HI ONISHI, 
Wiley-Interscience, New York, 1986. Pages xix + 885. f 143.70. 

This long-awaited companion to Part I, published in 1978, was inevitably delayed by the death in 1984 of Professor 
E. B. Sandell, the author of the first three editions, and co-author of Part I. It is a great pity that he did not see Part IIA 
(to which he contributed material) come to fruition, but it will be a lasting memorial to his many contributions to analytical 
chemistry, and spectrophotometric analysis in particular. The book contains an enormous amount of practical information, 
with useful footnotes (appearing in the guise of references) in the style of Hillebrand, Lundell, Bright and Hoffman’s classic 
“Applied Inorganic Analysis”. For each element there is a thorough survey of the separation methods available for 
concentrating traces of the element and/or removing interferents, followed by a review of the reagents available for the 
determination of the element, and finally applications to various types of sample, with full details of procedures 
recommended by the author. The work is thorough, scholarly and comprehensive. Part IIB will be as eagerly awaited. 

R. A. ChlALMERS 
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Non-look Snrfactaa ta-Che&al Analysis: JOHN CROSS (Editor), Dekker, New York, 1987. Pages x + 417. Price S82.75 U.S. 
and Canada; S99.25 elsewhere. 

This book is in three parts: a short introduction to non-ionic surfactants (part A) is followed by analytical methods specific 
to oxyalkylated surfactants (part B), and more than half of the book is devoted to separational and instrumental methods 
of analysis (part C). 

The opening chapter, “Introduction to non-ionic surfactants” (John Cross), deals with the characteristics and general 
properties of various categories of non-ionic surfactants. Chapter 2, “Metal ion complexes of polyoxyalkylene chains” (John 
Cross), deals with the formation of a complex between a polyether chain and an inorganic ion (Ba2+, K+, Na+) followed 
by a reaction of the complexed ion with a relatively large anion to produce a salt which will either precipitate out from 
the aqueous solution, or can be readily extracted by a less polar solvent. Rapid progress is shown to have been made in 
this field of study but a concise picture of the reaction between the oxyethylate chains and metal ions has not yet emerged. 
Chapter 3, “Trace analysis of non-ionic surfactants” (Phillip Crisp) is concerned mainly with the preconcentration of 
surfactants by solvent extraction before analysis, and by forming complexes in aqueous media and then extracting with 
solvents for analysis by chromatographic, spectroscopic, or other methods. Critical assessments of up-to-date methods are 
made and recommendations given. It is regrettable that the use of such hazardous solvents as benzene and halohydrocarbons 
continues. Chapter 4, “Potentiometry of Oxyalkylates” (Gwilym Moody and John Thomas), describes the fabrication and 
operation of poly(vinylc chloride) membrane ion-selective electrodes, which were originally designed for the determination 
of barium ions, but which were found to give a linear response to the logarithm of the concentration of oxyalkylates. The 
characteristic break in the linearity of the curves provides a useful and simple determination of the critical micelle 
concentration. The oxyalkylate/barium sensors have potential use for on-line industrial and environmental monitoring. 

Chapter 5, “Determination of total oxyethylene content by fission techniques” (John Cross), confines itself to analytical 
methods based on the fission of oxyethylene chains into discrete recognizable fragments, using such cleavage agents as 
hydriodic acid, hydrogen bromide, mixed acid anhydrides, acetyl and Lewis acids. Some methods are suitable for the 
determination of the total ethylene oxide content, whilst others are suitable for determining oxyethylene/oxypropylene ratios 
in copolymers. 

The remainder of the book deals with description and applications of separational and instrumental methods of analysis 
of non-ionic surfactants: these include gas-liquid chromatography (John Cross), high performance liquid chromatography 
(Nissim Garti, Vered Kaufman and Avraham Aserin), thin-layer and paper chromatography (Fredric Babel), nuclear 
magnetic resonance spectrometry (Antony Montana), infrared spectroscopy and mass spectrometry (Georgi Bauscher). The 
book ends with a chapter on “Aspects of quality and process control” (John Cross) dealing with a range of chemical and 
physical tests used in maintaining quality control of manufactured products. 

The book is well-written, comprehensive, informative and reasonably up-to-date: the layout is good and the number of 
typographical errors is small. Each author has written with authority, each topic has a good introduction, and experimental 
methods are described in detail and assessed critically. No single method of analysis is perfect or adequate, and the need 
for internal standardization is emphasized. The problems and pitfalls in analyses are treated seriously and ways of 
overcoming or avoiding these are described. The complex formulation of non-ionic surfactants for industrial, domestic and 
personal use, requires a combination of several complementary methods and instrumental techniques, of the types described 
in this book, before a good qualitative and quantitative analysis can be achieved. Anyone working with, or having an 
interest in, the manufacture, use or environmental effects of non-ionic surfactants, will benefit considerably from reading 
this book. 

J. B. CRUO 

Hamlbeok of Polycycllc Aromatic Hydrocarbons, Vol. 2: ALF BJDRSETH and THOMAS RAMDAHL (Editors), Dekker, New 
York, 1985. Pp. x + 416. S95.00 (US. and Canada); $114.00 (all other countries). 

It would be natural to ask how this volume relates to the first, published in 1983-does it repeat some of the same material? 
Does it follow the same pattern? Is it useful on its own without the first volume? The editors state that they found it necessary 
to update some important areas and add new information on selected topics. I think the second volume is much more than 
just a supplement-it is a complement to the first. Whereas the tirst devoted much space to the analytical and sampling 
methodology this concentrates on the findings resulting from applying these methods. There is an introductory chapter on 
the sources of PAHs followed by three on detailed reports of the emissions of PAHs from coal-burning boilers, combustion 
of biomass, and automobile engines. There is also some coverage of nitrogen-containing PAHs and of occupational 
exposure to them. Analytical methodology is not ignored, but is reviewed in two chapters, one on GC methods, and one 
on HPLC methods, usefully supplemented by one on reference materials. Finally, there is a chapter on some PAH 
chemistry-dealing with atmospheric reactions of these compounds. 

This volume, like the first, is set from camera-ready copy, but on better quality paper than the first. It is well presented 
and illustrated. I would expect it to find a wider readership than the fhst because it deals with environmental aspects as 
well as with the analytical methods. 

ii 
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Modem Analysis of Antibiotics: A. ASZALW (Editor), Dekker, New York, 1986. Pages xvi + 535, S107.50. 

There are 14 chapters in this book. Half of them deal with chemical analysis and the remainder with biological assays of 
antibiotics. The chemistry section includes chapters (reviews) on gas chromatographic analysis, ultraviolet and light 
absorption spectrometry, infrared spectrometry, mass spectrometric analysis, electron spin resonance spectroscopy, 
thin-layer chromatography, high-performance liquid chromatography, and thermal analysis. Each chapter provides an 
up-to-date account of methods that were developed in the last 5-7 years and have proved to be valuable tools in the 
laboratory. Procedures are described in reasonable detail so that sufficient information about them is available without 
consultation of other sources. The emphasis is on quality control, safety, and stability evaluations of bulk and formulated 
antibiotics derived from natural, synthetic, and semisynthetic sources. In the HPLC chapter, body fluid and tissue analyses 
are also discussed. All the chapters have an extensive list of references. 

The biological section includes chapters, among others, on microbiological and immunological assays. These chapters 
should interest analytical chemists because chemical assays (in particular HPLC) for antibiotics are frequently correlated 
with microbiological assays (to test the biological activity of the drug), and immunological assays (RIA, EMIT, etc.) are 
now routinely performed in many chemical laboratories. 

On the whole the book is well presented. It contains numerous tables, figures, and structures. The index is comprehensive. 
The book would be a valuable source of information for anyone involved in the analysis of antibiotics. 

A. C. MFHTA 

Assessment and Control of Biochemical Methods: T. HECTOR, Wiley, Chichester, 1986. Pages xvii + 150. f9.95. 

This book is one of the titles in the ACOL (Analytical Chemistry by Open Learning) series and deals with the problems 
associated with selecting and evaluating biochemical assays. It is specially designed for either private study or for specific 
units in courses leading to BTEC, RSC, or other qualifications. The level is that of senior technician. 

The book takes the reader through the process of method selection, testing, quality control, and assessment. Examples 
are taken from assays used in clinical laboratories. At the end of each chapter a summary is given emphasizing the important 
points covered in the chapter and a list of objectives which should have been achieved. Self-assessment questions are 
provided throughout the book to enable the learner to check his/her progress. The answers are discussed at the end of the 
book. 

There is a good discussion on basic statistics, accuracy, precision, method comparison, calibration and control materials 
(mainly serum), and internal and external quality control. With accuracy and precision it would have been nice to have 
some discussion on other analytical parameters such as sensitivity and limit of detection. The book is written in simple, 
unambiguous and informal style; the diagrams are clear and there are hardly any errors, except on p. 119 where iceteric 
should read icteric. Unfortunately there is no index. 

Overall the book is quite suitable for its intended audience. It would also be useful for technical staff working in 
pharmaceutical or clinical chemistry laboratories. The price is reasonable by today’s standards. 

A. C. MEHTA 

Ultratrace Analysis of Pharmaceuticals and other Compounds of Interest: SATINDER AHUJA (editor), Wiley-Interscience, New 
York, 1968. Pages xvi + 384. f57.50. 

This text was written in response to a perceived need for a means of evaluating methodologies at the limits of trace analysis. 
It covers a wide range of analyses performed at submicrogram levels, principally of pharmaceuticals, together with some 
carried out at microgram levels with animal feeds, animal-derived foods, and in forensic work. 

The first half of the book deals with the techniques involved, and comprises chapters by leading authorities on gas and 
liquid chromatography (including derivatization procedures), selected ion-monitoring, GCMS and LC-MS, thin-layer 
chromatography (including HPTLC and reversed-phase systems), and atomic spectroscopy. 

Applications form the second half of the book, starting with the quality control of drugs and the inert substances used 
in their formulation. Examples are drawn from many classes of pharmaceutical compounds, and the treatment here appears 
somewhat cursory, although it does not aim to provide in-depth assessment of specific areas of work. Metabolic and 
toxicological studies are then reviewed, and the final chapers deal with drug analysis in animal feeds (both in the areas 
of toxicological testing and medicated feedstuffs), regulatory analysis of drug residues in foods derived from animals, and 
drug analysis in forensic science, including postmortem toxicology. 

A. B. TURNER 
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Separation and Spectrophotometric Determination of EiemenQ: ZYGMUNT MARCZENKO, Ellis Horwood, Chichester, 1986. 
Pages 678. E69.50. 

The determination of low element concentrations by precise and comparatively low cost photometric absorption methods 
continues to be. of great value and this new book by Professor Marczenko fully lives up to the reputation of his earlier 
work on the topic. The book begins with a chapter on separation and preconcentration of elements which deals in detail 
with solvent extraction, precipitation, flotation, volatilization and ion-exchange, including use of chelating resins. Use of 
periodic table charts to illustrate the range of applications of various reagents is a useful feature. Chapter 2 covers principles 
and practice of spectrophotometric analysis and deals clearly and concisely with the basis of colour, Beer’s law and causes 
of deviation therefrom, various expressions concerning sensitivity of methods, errors, masking and the development of 
specific methods. The section closes with an excellent summary of the basic colour-forming reactions, with examples. Chapter 
3 surveys the most commonly used reagents with masterly pinpointing of the salient features of each. There follows part 
2 of the book in which the elements, both metallic and otherwise, are dealt with in alphabetical order by name. For each 
element (or group, e.g., alkali metals) there is a section on methods of separation (precipitation, solvent extraction, 
ion-exchange and other relevant techniques) followed by methods of determination. Here two or three tried and trusted 
procedures are described in detail for immediate use in the laboratory. Other methods of value are mentioned briefly but 
with very comprehensive referencing up to early 1986. Surfactant enhancement techniques and use of newer reagents such 
as porphyrins are well covered. Under “Carbon” are described methods for cyanide, thiocyanate, cyanate, hexacyano- 
ferrates, carbon monoxide and carbon disulphide; under “Oxygen,” methods for ozone and hydrogen peroxide. The chapter 
on fluorine analysis, a subject of particular interest to your reviewer, gives an excellent balanced account of popular 
methods. Some minor errors were noted including a lapse in structure printing on pp. 101 and 103 but the book as a whole 
is a masterpiece of lucid condensation of a great mass of material and translation editor Dr. Mary Masson is to be 
congratulated on ensuring that Professor Marczenco’s well constructed work has appeared in first-rate and enjoyable 
English. For those who still enjoy a little chemistry with their analysis this book is a delight and can be warmly 
recommended. 

M. A. LEONARD 
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Kenmalden der Verfabrenstechaik: HANS WETZLER, Hiithig Verlag, Heidelberg, 1985. pp. 167. 

The use of characteristic numbers in the context of the technological application of heat and mass transfer mechanisms 
is rapidly growing and constantly being refined. 

In this book 400 of the most popular characteristic numbers are listed alphabetically together with their definitions and 
physical application. It also contains an extensive up to date bibliography. 

The book is written primarily in German but it does contain a brief English translation of all comments and explanations. 
Even though the alphabetical order is derived from the German version of the characteristic numbers this does not normally 
cause problems, because with few exceptions the English and German nomenclature correspond to each other. It would 
have been nice to include cross references for the very few cases where they do not. The English translations are sometimes 
a bit awkward but generally understandable. 

In summary it can be said that this book is a very compact source of reference and useful beyond the stage of a pure 
dictionary becatms it also gives equations for application of the characteristic numbers. Considering it was written by a 
German primarily for Germans, it is still useful to English-speaking scientists from student to expert levels because of its 
compactness and wide coverage. 

KLAUS WIBBELMANN 
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Nuclear Magnetic Resonance Spectroscopy: D. A. R. WILLIAMS, Wiley, New York, 1986. Pages xix f 272. Hard cover E28.00, 
Soft cover E9.95. 

The intention of this book (one of the series “Analytical Chemistry by Open Learning”) is to provide an introduction to 
the practice of NMR spectroscopy at a basic level for those studying for &Tech,, levels IV and V and similar quali~tions. 
It del~~rately avoids the more general theoretical treatment necessary for progression to advanced study and in this sense 
is unsuitable as a general elementary book. However, in its declared objectives it succeeds admirably and it will be useful 
up to senior technician level. The numerous self-assessment questions, lists of objectives, and worked examples make it 
particularly suitable for students working with minimum supervision or without access to specialist teaching staff. 

The severe curtailment of theoretical material does lead, perhaps inevitably, to some unevenness of reagent. For 
example, the explanation of FT spectra seems very inadequate in contrast to a very detailed account of signal/noise 
enhancement methods. Again, the understandable desire to minimize complications has resulted in oversimplification to 
the point of occasional inaccuracy. The use of a and fi to designate nuclear spin states is tlte reverse of normal convention 
and could lead to confusion if the student consults other texts. 

Figures, including spectra, are very well reproduced, though additional labelling would have been helpful in some cases. 
There are a number of typographical errors of a minor nature. On the whole this is a useful and worthwhile book which 
fills a gap in the range of teaching material in this topic. 

D. 0. WILLIAtifSON 

Fourier Transform Infrared Spectrometry: P. R. GRIFFITH~ and J. A. DE HASETH, 2nd Ed., Wiley, New York, 1986. Pages 
xv + 656. E76.75. 

This book is divided into two almost equal halves, the first dealing with operational aspects of Fourier transform 
spectrometry, the second with advances in the diverse applications to which this powerful technique lends itself, 

Full treatments are given of the basic optical and computational requirements of FTIR and their recent developments 
and re~nements towards higher efficiency, resolution, and ~nsitivity. Although a highly technical subject, this is written 
in an eminently readable manner, with many instructive diagrams. 

The applications of FTIR spectrometry to analysis and chemical research in general range from the well-established to 
the newly-developing. Amongst others, individual chapters are devoted to quantitative analysis, surface analysis, studies 
of biochemical and biomedical processes, atomic-emission spectrometry, time-dependent studies and time-resolved 
spectrometry, studies of polymers, the well-established gas chromatography interface, and the developing interface with high 
performance liquid chromatography. 

Selected references to pertinent reports in the literature are included at the end of each chapter of an excellent book. 

Pohtants and their Ekotoxicobgical Signi5cance: Edited by H. W. N~RNBERG, J. Wiley, Chichester, 1985. Pages xi + 51% 
Price iX9.50. 

Pollution-environment-ecology: an emotive combination of three terms always sure to catch the’attention of the media 
and the public, yet which of our young scientists are trained to cover this field? Our new graduates do not have the 
background necessary to cross the many interdi~plina~ boundaries encountered in such studies, and current trends in 
training tend to take them into ever narrower specializations. This first-rate compilation of thirty essays, compiled by the 
late Hans Niirnberg, will be welcomed by any reader attempting to cope with the many unknowns and imponderables in 
environmental studies, so far removed from the (almost) ideal model systems usually chosen for investi~tion in the 
laboratory. 

The topics, grouped for convenience under four headings-Atmosphere, Aquatic Environment, Terrestrial Environment 
and Man, and Regulatory and General Aspects-range from chemistry @OZ. strong acids, halocarbons, carcinogens, heavy 
metals, hydrocarbons, organ~hlorines) through physics of transport and diffusion, the botany of plants as bio-indicator 
and the zoology of aquatic systems, birds eggs and pesticides, to aspects of human biology, geography and le~slation. 

The compiler aimed to present “a comprehensive treatment of the subject exemplified by instructive examples and based 
on experience, expertise and recent findings of experts.. .” This he has indeed achieved, with the co-operation of his many 
colleagues in Western Europe. It is perhaps a little disappointing that only one cont~bution is from a British author. I 
would have wished for at least a chapter on UK legislation to complement the one on German regulations. On the other 
hand, all tlte authors and the editor are to be congratulated on presenting a fascinating, informative and readable survey 
of #is complex topic. It deserves to be widely consult&, not just by researchers but by all those concerned about the future 
of our environment and what can be and is being done to preserve it for the future. This book will stand as a fitting memorial 
to Hans Niirnberg-a man who believed in combining research in analytical chemistry with its application outside the 
laboratory. 

IAIN L. MARR 
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Fleet Street Editor: D. CLARE, J. WARMISHAM, F. DART, S. MERCER and P. BITTON, Mirrorsoft, London, 1986. (2 discs) 
E39.95. Admin Xtra: (1 disc) f14.95. Available for the BBC-B, B+ and Master 128, in 40 and IO-track versions. 

The title of this piece of software, which may suggest some sort of computer game, conceals a most useful and valuable 
package. Described as “the first of a new generation of one-step publishing packages”, it allows graphics and text to be 
combined together and printed out by a dot-matrix printer. The facilities offered include a graphics library of illustrations, 
symbols and typefaces, a drawing package that allows modification of items from the graphics library or creation of new 
illustrations, and a word processor that allows text (in 2 sizes of type and 10 founts in all) to wrap around the graphics 
on a page. These facilities allow the creation of “panels” which can then be combined in various ways to make up the 
page for printing. 

I have been aware for some time of a need for some way of producing printed hand-outs for students, incorporating 
illustrations along with the text (particularly desirable in chemistry), and Fleet Street Editor meets this need admirably. 
Also, the ability to print large text-either the normal double height founts, or the larger letters available in the graphics 
library-could be utilized profitably for production of material for “poster sessions” at meetings and conferences. 

The Admin Xtra supplementary disc further enhances the usefulness of the package by allowing conversion of graphics 
between the various screen modes of the BBC microcomputer, so aiding the incorporation of chemical illustrations produced 
by other programs. It also allows printing of enlarged single panels for “posters”, and viewing of previously created panels, 
and includes a database program especially designed for cataloguing discs. 

In both the main package and the supplementary disc, most of the applications are ikon-driven. The whole system has 
been programmed in a thoroughly professional fashion, and, despite its complexity, is easy to learn to use. The printed 
pages produced look professional, yet are refreshingly different from duplicated typescript or the normal printed page. The 
handbook is nicely produced in a loose-leaf binder, and it provides the detailed information required in a most helpful 
way. One suggestion-I would like to have had a reference card summarizing the main points of operation, to save having 
to refer to the manual for minor points. 

Overall, I think this is an excellent package offered at a most competitive price. 

MARY MASON 

Computer Aids to Chemistry: G. VERNIN and M. CIUNON, Editors, Ellis Honvood, Chichester, 1986. Pages 411. E49.50. 

The wide variety of topics covered in this book reflects the importance of computers as aids in most branches of chemistry 
today. The chapter titles give an idea of the range of coverage: Computer-aided organic synthesis, Teaching chemistry with 
microcomputers, Computer graphics: a new tool in chemical education, Kinetics, Multivariate analysis of chemical data 
sets with factorial methods, Computer aids to crystallography, Mass spectra and Kovbts’ indices databank of volatile aroma 
compounds, and Online access to chemical information. Although there are many other applications of computers in 
chemistry, I think the editors have succeeded admirably in their aim to select topics that illustrate most of the types of 
chemical problems that computers are used to solve. The wide range of topics may seem reminiscent of a Conference 
Proceedings, but the text shows no resemblance to such a publication. Each chapter goes into some detail, so that the reader 
will acquire considerable depth of knowledge. This book can be recommended for reading by senior undergraduate and 
postgraduate students, as a guide to what is being done in chemistry ivith computers at the present time, and many of their 
teachers would find it a stimulating introduction to chemical applications of modem computer systems. 

MARYMASSQN 
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CORRIGENDA 

In the paper by Akira Sano, Masaaki Takezawa and Shoji Takitani, Talanta, 1987, 34, 743, the following 
corrections should be made. 
Page 743, lines 12-14 from the bottom should read: 

concentrations and the pH, the following procedure is recommended. To 500 ml of aqueous 
sample solution add 500 ~1 of 0.6 mM taurine solution in 0.05M borate+O.lM phosphate 
buffer (pH 9.0) and 500~1 of 0.4mM NDA solution in the same buffer. Measure the 
fluorescence 

Page 744, line 11 should read: 

and its tolerance ratio was found to be 100. 

Ill 
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LOUIS GORDON MEMORIAL AWARD 

The Louis Gordon Memorial Award for 1985 was presented to Professor Ben Freiser by Professor J. W. 
Winefordner at the 1987 Pittsburgh Conference 

Professor Freiser and Professor Winefordner 

Professor Winefordner, Professor B. Freiser and 
his parents (Professor Henry Freiser and Mrs. Freiser) 

III 
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NOTICE 

1st INTERNATIONAL SYMPOSIUM ON SEPARATION OF 
CHIRAL MOLECULES 

PARIS, 31 May-2 June 1988 

ORGANIZATION 

SCIENTIFIC 

SociCtk Francaise de Chimie (S.F.C.) 
Congress department: G. PERREAU 
250, rue Saint-Jacques 
75005 PARIS (France) 
Tel.: (1) 432520.78 

ORGANIZATION 

Analytical Chemistry Division of S.F.C. 
10, rue Vauquelin, 75231 PARIS Cedex 05 (France) 
Tel.: (1) 47.07.08.71 
D. BAUER (Chairman) 
F. GUYON (Secretary)-Tel.: (1) 42.34.82.62 

The 3 days meeting will consist of several sessions with a main topic: how to separate chiral molecules on 
the analytical or preparative scale. Various techniques will be presented. It will be pointed out how they are 
complementary. In addition, we propose invited introductory lectures dealing with subjects of general interest, 
such as importance of chiral molecules for “high-tech” chemistry, chiral molecules in pha~a~lo~, current 
status of physical methods in analysis of chiral molecules. 

4 sessions will be organized on the following subjects: 

l Direct separation: static and dynamic crystallizations. 
a Crystallization by diastereoisomer formation. 
l Chromato~p~c methods (Cc, LC) based on chiral separative phases (CSP) or not. 
l Enxymatic separations. 

Each session will consist of plenary lectures, oral and poster communications. Panels will be organized on 
specific topics. 

A one-page definitive abstract (300 words in French or English) of a proposed paper should be sent no later 
than 5th October 1987 to the scientific oblation (address above). Acceptance will be notified to authors 
by the end of November 1987. 

The official languages for the meeting will be French or English. 

. . . 
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EDITORIAL 

This issue contains a review paper on the determination of the platinum group metals. We draw special 
attention to it because of the large number of papers on spectrophotometric reagents for these metals 
that already clutters up the literature and continues to increase. Like copper, cobalt and most transition 
metals, the platinum group metals (and silver and gold) readily form coloured complexes with a wide 
diversity of organic compounds. The consequence is that it is rather easy to manufacture still more such 
reagents, and write papers about them, without bothering to think about whether it is really worthwhile 
doing so except for the purpose of training research students. There are now some thousands of these 
reagents, most of which are variations on a theme, with no real advantages over the many others available 
for the same purpose. It is even questionable whether the work on such reagents can properly be called 
research at all, since in many ways it is akin to using a well established chemical reaction and merely 
changing the final method of measurement from say spectrophotometry in the visible region to spectrometry 
in the ultraviolet, or exchanging one buffer for another. The importance of the review paper referred to 
is that it should give prospective workers in this field some idea of where new methods would really be 
useful, acquaint them with what has been done already, and warn them that the nature of these metals 
is such that the preliminary chemistry of decomposition and adjustment of oxidation state is more 
important than the final determination method. After all, if the metal is present in an oxidation state 
that will not give the desired (or expected) reaction with the selected reagent, the result obtained will 
be incorrect, and probably expensively so. For that reason, referees and editors should firmly reject all 
papers that do not give detailed procedures for producing the required oxidation states (free from 
polynuclear or mixed-ligand or hydrolysed species) and not simply rely on use of simulated samples 
prepared by starting with solutions of the correct kind. Those who wish to work in fields so narrow that 
they are the scientific equivalent of battery farming are welcome to do so, of course, but they should 
not expect to publish the results-publication is a privilege, not a right. 

R. A. CHALMERS 

III 
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THE PHARMACIA PRIZE 

Pharmacia AB (Uppsala, Sweden) and the Editorial Board and Publisher of Talanzu take great pleasure in 
announcing that the Pharmacia Prize for 1985-1986 (for the paper published in Tahtu that was judged to 
be the best contributed from an industrial laboratory) has been awarded to Silve Kallmann, Ledoux and 
Company, Teaneck, NJ, U.S.A., for his paper “Analysis of sweeps: The cuprous sulphide collecting system” 
(T&m, 1986, 33, 75). 

III 
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THE RONALD BELCHER MEMORIAL AWARD FOR 1988 

Applicaltions are invited for the Ronald Belcher Memorial Award, in commemoration of the late Professor 
Belcher’s outstanding contributions to analytical chemistry, international relations and understanding, his 
interest in student welfare, and continued association with Tufanta from his conception of the journal in 1957 
right up to his death. The award takes the form of a travel grant of US$lOOO to enable a young analytical 
scientist to undertake travel abroad and is made in even-numbered years. Candidates may be of either sex 
and any nationality, but must be under 30 years of age at the time of application, and not have had more 
than one year of post-doctoral experience. Applications may be sent by the candidates themselves, or on their 
behalf by a responsible senior (e.g., Head of Department, research supervisor), and must be submitted by the 
end of the year preceding the award. They must include a brief curriculum vitae, a short statement of the 
purpose of travel and the places to be visited, a testimonial of ability, and a recommendation from a senior 
research worker. 

Applications for the 1988 award should be sent to either 

Dr. R. A. Chalmers 
Department of Chemistry 
University of Aberdeen 
Old Aberdeen, Scotland 

or 

Professor J. D. Winefordner 
Department of Chemistry 
University of Florida 
Gainesville, Florida 32611, U.S.A. 

to arrive before 31 December 1987. 

III 
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NOTICE 

1988 Winter Conference on Plasma Spectrochemistry 

San Diego, California 
3-9 January, 1988 

Papers describing original work with plasma spectrochemical applications, fundamentals, and novel 
instrumentation developments are solicited for the 1988 Winter Conference on Plasma Spectrochemistry to 
be held 3-9 January 1988 at the San Diego Princess resort and Convention Center in San Diego, California. 
Titles and 50-word abstracts are due by 2 July 1987. 

Sponsored by the ICP Information Newsletter, this fifth in a series of biennial meetings will feature 
developments in plasma spectrochemical analysis as performed with inductively coupled plasma, dc plasma, 
microwave plasma, or glow and hollow-cathode discharge sources. Ten symposia organized and chaired by 
recognized experts will be presented in lecture and poster sessions along with six plenary and 15 invited 
lectures. Thirty expert short courses will be taught at introductory and advanced levels. A three-day exhibition 
of spectroscopic instrumentation and chemicals, electronics, glassware, publications and software supporting 
plasma spectroscopy will complement the scheduled sessions. 

For details, contact Dr. Ramon M. Barnes, Conference Chairman, Department of Chemistry, GRC 
Towers, University of Massachusetts, Amherst, MA 01003-0035, U.S.A. Telephone (413) 545-2294. 

. . . 
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EDITORIAL 

This issue contains a fresh batch of contributions to the Software Survey feature. To avoid the risk of this 
material being lost when the journal comes to be bound, the contributions have been treated in the same way 
as the other features, and given regular page numbers, and not supplementary page numbers. This will also 
facilitate indexing. The success of this feature, which offers a very convenient format for display of software 
that is available for various purposes, depends on a regular flow of material, and contributions will be 
welcome. Readers wishing to contribute are invited to complete and submit a Software Description Form 
(found at the end of this issue). 

III 
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NOTICES 

CAC-88 

4th INTERNATIONAL CONFERENCE ON CHEMOMETRICS 
IN ANALYTICAL C~MISTRY 

Amsterdam, The Netherlands 
18-20 May 1988 

The influence of chemometrics in analytical chemistry is unmistakable and the application of chemometric 
techniques in daily and analytical practice is of growing importance. The theme of this 4th CAC conference 
will be “Chemometrics in Analytical Chemistry, with emphasis on practical applications, theoretical 
developments, and chemometric software”. 

The scientific programme will include invited plenary lectures, keynote lectures, and submitted research 
papers. 

-Application and development of formal techniques for design, optimization and evaluation of analytical 
procedures and results. 

-Sampling 
-Application of systems theory, operations research, information theory, statistics and other chemometric 

techniques in analytical chemistry. 
-Computerized signal-, image-, and data analysis/pro~ssing, optimum filtering, parameter estimation, time 

series analysis, calibration, curve resolution. 
-Multivariate data analysis, pattern recognition, cluster analysis, principal-components analysis, factor 

analysis, etc. 
-Expert systems/artificial intelligence. Data retrieval/library searching, management systems. 
-Mathematical modelling and computer simulation of analytical processes. 
-Robotics, automation 
-Education in chemometries. 

Final date for receipt of abstracts: 15 January 1988. 
Registration and information: 
Secretariat, CAC-88, Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 
166, 1018 WV Amsterdam, The Netherlands [telephone: (020)-52X341, Dr. Smit]. 

INTERNATIONAL SEMINAR ON ANALYTICAL TECHNIQUES 
IN MONITORING THE ENVIRONMENT 

ISAME 
Department of Chemistry, Sri Venkateswara University, College of Engineering, Tirupati-517 502, 
India 

lo-12 January, 1989 

OBJECTIVES 

This International Seminar intends to focus on the state-of-the-art and the progress made in developing 
analytical methods for use in monitoring the environment. 

. 
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iv NOTICES 

SESSIONS 

1. Electroanalytical methods 
2. Spectral methods 
3. Radioanalytical methods 
4. Chromatographic methods 

Scientific sessions of the Seminar will include plenary lectures, invited and contributed papers as well as 
posters. Exhibition of scientific equipment will also be arranged. Efforts will be made to print Extended 
Abstracts. 

Abstracts of papers to be sent in duplicate before April 30 1988, Preliminary Registration by 1 January 1988, 
to the address shown above. 
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PUBLICATIONS RECEIVED 

Radiochemical Methods: W. GE-Y, Wiley, Chichester, 1986. Pages 229. E9.95 

This book (in the ACOL-Analytical Chemistry by Open Learning-series) is aimed at those “who wish to study in a more 
flexible way than traditional institute attendance or to augment such attendance”. After an introduction, there are chapters 
on radioisotopes and labelled compounds, practical aspects, radioanalytical methods, new applications (which includes 
reprints of three research publications) a repeat of all the self-assessment questions but with responses, and five useful tables 
of units. The inclusion of the research papers displays clearly the necessity to understand the basics of radiochemistry before 
tackling more complex problems. The use in each chapter of an overview, followed by explanation, self-assessment 
questions, summary, and objectives, is an excellent concept. The style of writing and layout of text are good, and there 
are few errors. In the text, tables are labelled as figures. 

The theory and techniques are explained in a reasonably satisfactory way, but there are several statements with little 
or no supporting evidence or explanation: a “distance learner” would, for example, find it difficult to comprehend why 
one would choose a detector of low resolution, rather than one of high resolution, to resolve complex mixtures of 
photopeaks. The author’s decision to use an inherently faulty expression to predict whether or not a particular isotope is 
radioactive, rather than to provide a simple table or chart of stable and unstable isotopes, seems open to question. 

On balance, the book is reasonably good value for money, but distance or other learners might require tutorial assistance 
to meet all the objectives of the book. It should be considered as a useful introduction to the subject of radiochemical 
methods, but reference should be made to the text-books quoted in the bibliography before the commencement of any 
practical work. 

J. B. CRAIG 

PAPERRASE De Luxe: A. DURHAM, Wight Scientific, London, 1985. f90. Available for MS-DOS, PC-DOS and CP/M 
computers. 

Many database programs are available for personal computers, and most of these would be eminently suitable for storing 
a bibliographic reference collection, so is there a place for a specialized program like this one? Testing the program for 
this review has convinced me that there are indeed many advantages in the specialized approach. A major one is the use 
of sequential ASCII files, with fields delimited by commas, to store the data, rather than the usual random access files: 
this allows great flexibility in the amount of information that can be stored, since only the space actually needed for each 
reference is used. Even more important is the program’s ability to print out references in the correct format for any journal. 
A section of the program uses a question-and-answer session to produce and store the code needed for any particular format, 
but also codes are already included on the disc for many of the most popular journals. It would be a great joy to editors 
if this facility became more widely used by the scientific community. The information is stored as four “lines” of data; first, 
the names of the author(s) and year of publication; second, the title of the publication; third, the journal, volume, first 
page and last page numbers, keywords; and fourth, any link to an abstract in another tile, and any comments. Lines may 
be as long as is needed, or left blank if the information is not required. The searching, selecting and sorting facilities would 
be expected in any database program: here they can be used for authors’ names, or for keywords in the title of the paper 
or the keyword list. An EDIT program is included, although the ASCII files can also be edited by most word-processor 
programs. In the past, I have looked at main-frame bibliographic packages with a view to utilizing them, but concluded 
that a card-index was still superior for my purposes. This system I will certainly use, and will encourage postgraduate 
students to use; the only remaining problem is that it is difficult to take the computer to the library, so paper or cards 
would still be needed to transfer the information. I suppose the next step is to get a hand-held computer to take to the 
library, then transfer the data collected to the main database on the PC by an RS232 link. 

MARY MASON 

Solubility and Related Properties (Drugs and the Pharmaceutical Sciences Series, Volume 28); KENNETH C. JAMES. Dekker, 
New York, 1986. $69.75 (U.S. and Canada), S83.50 (elsewhere). Pages ix + 425. 

This books attempts to cover the subject of solubility with a practical approach, and with particular reference to choices 
of solvents for use in pharmaceutical and related applications. It has two basic aims: to enable the reader to select the most 
suitable solvent for the purpose he has in mind; and to provide information from which the reader can estimate solubilities 
that have not been determined experimentally. Topics covered include solutions and solubility, the liquid state, qualitative 
treatment of solubility, ideal solutions, regular solutions, “nearly regular” solutions, solute-solute and solvent-solvent 
interactions, solutesolvent complexation, the distribution law, and aqueous solubilities. Besides the practical approach, 
a great deal of theoretical material is included. 

MARY MASON 

111 



iv PUBLICATIONS RECEIVED 

Chemometrks: M. A. SHAIUF, D. L. ILLMAN and B. R. KOWALXI, Wiley, New York, 1986. Pages xi + 332. E51.00. 

The publication of two new journals on chemometrics this year must signal confidence by publishers that the topic is 
becoming well established, but surely these authors’ reference to a “new science” being born is a little extravagant. The 
present book aims to introduce the field of chemometrics to advanced students of chemistry, with an admission that it was 
not possible for the descriptions of the seven major concepts to be complete in a volume of this size. The main topics referred 
to are Sampling Theory, Fundamentals of Experimental Design and Optimization, Signal Detection and Manipulation, 
Calibration and Chemical Analysis, Resolution of Analytical Signals, Exploratory Data Analysis, and An Introduction to 
Control and Optimization. Much of the material is quite familiar as the subject of several books (or chapters in books) 
on statistics for analytical chemistry. I liked the way some of the topics were presented, but I think I would prefer some 
of the other available texts for use with students. The other material, particularly that on signal resolution and pattern 
recognition, is less familiar and therefore potentially more useful. However, I found the treatment rather uneven: some parts, 
particularly the longer descriptive sections, were excellent, while others were difficult to follow, making it difficult to grasp 
the real aim of the technique being expounded. The preface states “The treatments are focused on chemistry with 
mathematical derivations avoided as much as possible.” This should not be taken to mean that mathematics is avoided as 
much as possible: there are many mathematical expressions and equations given, and the reader would need to be well 
acquainted with probability theory, matrix algebra, and calculus to make full use of this book. I think that in some instances, 
the inclusion of mathematical derivations might have made the mathematics easier for non-mathematicians to follow. 
However, the book does offer a useful compact introduction to many of the concepts and techniques of chemometrics, and 
each chapter has an extensive bibliography which would be most valuable to a reader who wanted to delve further into 
the subject. 

MARY MASON 

SIGNWRITER: A. DURHAM, Wight Scientific, London, 1986. IBM PC version tested: ES0 + VAT, Sl20. Also available 
for Apricot, BBC, Amstrad. 

SIGNWRITER is a software package designed to allow the user to produce posters with the use of a dot-matrix printer. 
Dot-matrix print-out is usually rather like newspaper photographs, but the programmers have ensured that the lettering 
produced by SIGNWRITER is an intense solid black, by using three passes of the printer head (except in the fast 
draft-printing mode). It is quick and very easy to input text to the program and lay it out on the page to look like a real 
professional job. The printing takes much longer, but needs no supervision. Printing can be done sideways to allow for 
signs wider than the standard 80-column paper. Characters can be any size that will fit onto the paper, and the bigger they 
are, the better the shapes appear. A full set of the usual keyboard characters is provided, and there is also an on-screen 
DESIGN program that lets the user modify existing characters, or design new ones from scratch. SIGNWRITER would 
be ideal for producing textual material for poster presentations at conferences, and conference organisers would find it 
invaluable for making the many signs that are usually required. Highly recommended. 

MARY MASON 

COPS: P. F. A. VAN DER WIEL, B. G. M. VANDENGINSTE and G. KATEMAN, Elsevier Scientific Software, Amsterdam, 1986. 
Available for Apple II series and IBM-PC, IBM-PC AT. Dfl. 975, S405. Manual only (no listings) Dfl. 100.00, S41.50. The 
IBM-PC version was tested. 

Most analytical chemists must know about simplex optimization; it is a technique that is quite easy to describe and discuss 
in qualitative terms. However, it has not been particularly easy to actually use simplex optimization in the laboratory. 
However, the availability of COPS (Chemometrical Optimization by Simplex) means that there is no longer a valid excuse 
for avoiding use of this powerful and potentially time-saving method. The programs (driver program, input program, 
modified simplex program, super-modified simplex program, and a utility program) are written in Pascal. Both the source 
code and compiled programs are provided on the disc; the compiled programs will run without Pascal in the machine. The 
package ran without any trouble on a “PC-compatible” that is not particularly compatible. A model response surface is 
provided as part of the package; this allows the user to become familiar with operation of the programs without having 
to collect data for a real system, and it also makes COPS a useful tool for teaching. However, use for doing a real 
optimization is also convenient; the program may be halted at any time and the current data saved to disc, ready for 
reloading whenever required. The package is easy to use, and to learn to use. The handbook, which includes the source 
code listings when obtained with the software, is well produced, and includes examples of the use of the programs. The 
background theory is well presented, and there is a useful bibliography. 

MARY MASXIN 
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NAME OF JOURNAL TALANTA 

PERGAHON 
SOFTWARE DESCRIPTION FORM 

Title of software package: 

It Is: [ IApplication program [ IUtility [ ]Other 

Specific area 
(e.g. stability constants, calibration, pattern recognition, optimization) 

Software developed for [name of computer(s)] 

in [language(s)] 

to run under [operating system] 
and available on: 
[ ] Floppy disk/diskette. 

Size Density [ ISingle-sided [ IDouble-sided 

I j Magnetic tape. 

Size Density Character set 
Distributed by: 

Minimum hardware configuration required: 

Memory required: User friendly?: [ ]Yes [ ]No 

Documentation: [ ]None [ JMinimal [ ]Self-documenting 

[ IExtensive external documentation 

Source code available: [ ]Yes [ ]No 

Level of development: [ IDesign complete [ ICoding complete 

[ ]Fully operational [ ICollaboration would be welcomed 

Is software being currently used? [ ]Yes t INo 
If yes, how long? If yes, how many sites? 

Contributor is willing to deal with enquiries?: 1 IYes 1 INo 
(continued) 

RETURN COMPLETED FORM TO: 

I Dr. M. R. Masson 
Department of Chemistry 
University of Aberdeen 
Old Aberdeen, Scotland 

]This Software Descriotion Form may be sied without oermissia 

. . . 
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iv Software Survey Section 

Description of what software does 
[ZOO words maximum; use separate sheet if necessary]: 

Potential users: 

Fields of interest: 

#####I# 

Name of contributor: - 

Institution: 

Address: 

Telephone number: 

###W##l 

Reference No. [Assigned by Journal Editor] 

[The information below is not for publication.] 
Would you like to have your program: 

Reviewed? [ ]Yes [ ]No [ ]Not at this time 
Marketed and distributed? [ ]Yes [ ]No [ ]Not at this time 
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NOTICES 

X CONFERENCE ON ANALYTICAL ATOMIC 
SPECTROSCOPY (CANAS) 

Ton.& Poland, 5-12 September 1988 

This conference and the VII Polish Spectroanalytical Conference with international participation will be organized by the 
Commission of Analytical Atomic Spectrometry of the Committee of Analytical Chemistry of the Polish Academy of 
Sciences and by the Nicholas Copernicus University in Toruti. The Conference will take place at the Campus of the Nicholas 
Copernicus University in Tort& Poland, from 5 till 9 September 1988. 

The Conference will cover the following branches of spectroscopy: 

physical aspects of analytical atomic spectroscopy 
optical emission spectroscopy and excitation sources 
atomic-absorption and fluorescence spectroscopy 
X-ray spectroscopy 
inorganic mass spectrometry 
electron and ion spectrometry 
instrumental neutron-activation analysis 
lasers in analytical atomic spectroscopy 
application of spectroscopy in trace analysis 
speciation analysis 
surface analysis 

All correspondence concerning the Conference should be addressed to: 

Dr J. Fijalkowski 
Institute of Nuclear Chemistry and Technology 
ul. Dorodna 16 
03-195 Warsxawa 
Poland 

5TH INTERNATIONAL WORKSHOP 
ON TRACE ELEMENT ANALYTICAL CHEMISTRY 

IN MEDICINE AND BIOLOGY 

Neuherberg, FRG, 15-18 April 1988 

The main scientific topics will be: 

(I) Trace element analysis 
(1) Analysis of trace elements, especially new trace elements such as Ge or Pt. 
(2) Solid sample analysis 
(3) New developments in the decomposition of biological materials 

(II) Speciation analysis of trace elements 
(1) Methodical aspects of the identification of trace element compounds in biological matrixes 
(2) Coupling of different analytical methods for speciation analysis 

(III) Trace elements in the bio-medical field 
(1) Diagnosis, therapy, therapy-control 
(2) Homeostatic control mechanism 
(3) Bioavailability 
(4) Supplementation 

The most important aspect will be to cover different problems within special sessions in order to deal with all new points 
of view and to initiate fruitful discussions among the participating experts. The invited papers will deal with modem 
developments and latest scientific findings in these special fields. The Workshop will consist of a number of invited papers 
on specific problem areas followed by an extended discussion period in which all participants will be invited to take part. 
Short contributed papers (oral or poster presentation) are also solicited for the Workshop. 

1.. 
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iv Notices 

Call for Papers 

Included in this circular is a Provisional Application Form. Preliminary title and some catchwords must be delivered 
by 30 June 1987. 

Abstracts of papers intended as contributions to the Workshop must be submitted in English (three copies), to the 
Chairman of the Organizing Committee by 30 November 1987. 

Provisional Application Form 

PLEASE PRINT 

Surname: ................................................................................ 

First name(s): ............................................................................ 

Title: .................................................................................... 

Institution: ............................................................................... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

......................................................................................... 

Street: ................................................................................... 

ZIP code: ................................................................................ 

Country: ................................................................................ 

0 I intend to participate in the 5th Workshop 

q I intend to submit a paper on: ......................................................... 

......................................................................................... 

Catchwords: ......................................................................... 

Name: ................................................................................... 

Address: ................................................................................. 

Date: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Signature: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Address for Correspondence 

Gesellschaft filr Strahlen und Umweltforschung mbH 
Institut Rlr Gkologische Chemie 

AG “Spurenelementanalytik” 

Dr P. Schramel 
Ingolstidter LandstraDe 1 

D-8042 Neuherberg 
Federal Republic of Germany 
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NOTICES 

SELENIUM IN MEDICINE AND BIOLOGY 

SECOND CONGRESS ON TRACE ELEMENTS INMEDICINE AND BIOLOGY 
AVORIAZ (France), 15-18 March 1988 

This Congress, held under the auspices of the Association des Intemes et Anciens Intemes du C.H.U. de 
Grenoble, the Association Frangaise. d’Etude et de Recherche sur les elements traces essentiels, and the Centre 
d’Etude et de Recherche sur les oligoelbments et les vitamines will have four sessions, on Biological functions, 
metabolism and requirements; Biological parameters for assessing selenium status and selenium supple- 
mentation; Selenium and human diseases (I); Selenium and human (II) or animal diseases. Three hours will 
be left free each afternoon, for skiing. The deadline for offer of oral communications, posters and workshops 
is 15 January 1988. Further information and registration forms may be obtained from: 

CONRGES OLIGOELEMENTS: 
SELENIUM 
Laboratoire de Biochimie C 
C.H.R.U.G-BP 217 X 
38043 GRENOBLE CEDEX FRANCE 

ElectroFinnAnalysis 

An International Conference on Electroanalytical Chemistry 
6-9 June 1988 

Turku-Abe, Finland 

The scientific programme will consist of invited plenary lectures, keynote lectures, submitted research papers 
and posters. The programme will be divided into the following sessions, where the speakers mentioned have 
promised to give their contributions: 

1. 

2. 

3. 

4. 

5. 

6. 

Instrumentation 
Prof. L. R. Faulkner, University of Illinois at Urbana-Champaign, Illinois, USA 
Prof. J. J. Kanakare, University of Turku, Turku, Finland 

Industrial applications 
Prof. E. Pungor, Technical University, Budapest, Hungary 
Dr. J. Asplund, Nobel Chemicals AB, Karlskoga, Sweden 
Dr. P. M. Bersier, Ciba-Geigy Ltd, Basel, Switzerland 

Pharmaceutical applications 
Prof. W. F. Smyth, Queen’s University, Belfast, Northern Ireland 
Dr. J. Reust, Sandoz Ltd, Basel, Switzerland 

Clinical applications 
Prof. W. Simon, Swiss Federal Institute of Technology, Ziirich, Switzerland 
Dr. A. Lewenstam, Abe Akademi, Turku, Finland 

Electrochemical sensors 
Prof. J. Janata, University of Utah, Utah, USA 
Prof. I. Lundstrom, Linkijping Technical University, Linkoping, Sweden 
Electrochemical flow analysis 
Dr. E. Hansen, Technical University of Denmark, Lyngby, Denmark 
Dr. M. Trojanowicz, University of Warsaw, Warsaw, Poland 
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Participants wishing to present a paper should submit an abstract, in English, of about 250 words before 
December 31, 1987 to 

Dr. Ari Ivaska 
Laboratory of Analytical Chemistry 
Abe Akademi 
SF-20500 Turku (Abe) 
FINLAND 
Telephone 358-21-654420; telex aabib sf 62301 
from whom further information can be obtained. 

ISM- 11 
11 th International Symposium on Microchemical Techniques 

Wiesbaden 
28 August-l September 1989 

Like preceding Symposia, ISM-11 will cover both pure and applied aspects of analytical chemistry related 
to micro- and trace-analysis. Special attention will be paid to the application of modem instrumental 
techniques in the field of trace-analysis. 
Plenary and keynote lectures will be presented by invited speakers. For the general sessions, contributions 
are requested for presentation in either oral or poster sessions. 
The Gesellschaft Deutscher Chemiker will be responsible for the detailed organization of the Congress. 

I am interested in attending the 
11th International Symposium on Micro- 
chemical Techniques 1989 at Wiesbaden 

IJ Please send me all relevant circulars 

(Title) 

(Initials) (Name) 

(Institution) 

(Street) 

(ZIP) (QtY) 

I 

POSTCARD 

Gesellschaft 
Deutscher Chemiker 
Abt. Tagungen 
P.O. Box 90 04 40 
D-6000 Frankfurt/Main 90 
(Fed. Rep. Germany) 
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NOTICES 

FESTSTOFF COLLOQUIUM WETZLAR 

SOLID SAMPLING COLLOQUIA 

3RD INTERNATIONAL COLLOQUIUM 
WETZLAR FRG 
lo-12 OCT 1988 

SOLID SAMPLING FOR OPTICAL ATOMIC SPECTROSCOPY 

OBJEcTIVEs 
This series of meetings intends to focus on the state-of-the art and progress of solid sampling with optical 
atomic spectroscopic methods. It will consist of invited and contributed papers, possibly also posters with 
discussion time for themes of particular importance. 

MAIN TOPICS 
-Theory and instrumentation 
-Methodology and procedures 
-Biological and medical applications 
-Food applications 
-Environmental applications 
-Product and quality control 

Details from: 

Dr. M. Stoeppler 
KFA Jiilich-ICH4 
Postfach 1913 
D-5170 Jiilich, FRG 

32nd IUPAC CONGRESS 

Stockholm 2-7 August 1989 

Organized by the Swedish National Committee for Chemistry 
The Royal Swedish Academy of Sciences 

SCIENTIFIC PROGRAMME 

Section I Large-SeaIe Separation of Biologkal Maeromolecales, Cells and Particles. 
-Recovery of bioproducts directly from crude homogenates. 
-Chromatographic techniques, conventional and HPLC. 
-Amenity purification techniques. 
-Electrokinetic techniques. 
-Automation and control of separation processes in biotechnology. 

Section II Atmospheric and MPriae Chemistry. 
-Atmospheric chemistry. 
-Air-sea interface chemistry. 
-Marine chemistry. 
-Marine biochemistry. 
-Analytical air and sea chemistry. 

. . . ill 
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Section III 

Section IV 

Section V 

Section VI 

Section VII 

Details from: 

NOTICES 

CbemicPlCommunicntioaPndIaterPctIonbetweenOrg~ 

-The chemistry of exocrine chemical signals. 
-Structure-activity relationships. 
-Chemical application for pest control. 

Solid State Chemistry-Frontiers ia the Chemistry of Inorganic Materials. 
-New preparative routes to inorganic materials 
-Low-dimensional solids. 
-Extended defects and grossly non-stoichiometric solids. 
-The chemistry of new electronic, magnetic and superconducting materials. 
-The chemistry of high-performance ceramics and superhard materials. 

Structure and Dynamics of Macromolecules. 
-Dynamic aspects of protein structures. 
-Computational chemistry. 
-Protein engineering. 
-Interaction between macromolecules. 
-Folding. 

Electron Trader Reactions. 
-Mechanisms of electron transfer reactions of organic molecules. 
--Organic syntheses using electron transfer mediated steps. 
-Photoelectrochemistry, photochemistry and chemiluminescence. 
-Conducting and superconducting organic materials. 
-Electron transfer and toxicity. 

Chemistry and Biochemistry of Bile Acids. 
-Analytical chemistry of bile acids. 
-Physical chemistry of bile acids. 
-Biosynthesis and metabolism of bile acids. 
-Inborn and acquired defects in bile acid biosynthesis. 

IUPAC 
c/o Stockholm Convention Bureau 
Box 6911 
S-102 39 Stockholm, Sweden 

SAC 89 

CAMBRIDGE, ENGLAND, 30 JULY-5 AUGUST 1989 
INTERNATIONAL CONFERENCE ON ANALYTICAL CHEMISTRY 

ANALYTICAL DIVISION ROYAL SOCIETY OF CHEMISTRY 

The scientific programme will be organized around plenary, invited and contributed papers and posters 
covering the whole field of analytical chemistry. As at previous Conferences, special symposia on particular 
analytical themes will be organised by RSC Groups and the East Anglia Region of the Analytical Division. 
The programme will include Workshops, where research workers can demonstrate new apparatus and 
techniques. Update Courses are also planned, to provide all-day tutorial and practical demonstration sessions. 
These will be held on the Wednesday, as an alternative to scientific or cultural visits. 

Details from: 

The Secretary, Analytical Division, 
Royal Society of Chemistry, 
Burlington House, 
London WlV OBN, UK. 



NOllcEl V 

6th INTERNATIONAL SYMPOSIUM ON ISOTACHOPHORESIS 
AND CAPILLARY ZONE ELECTROPHORESIS 

Vienna 21-23 September, 1988 

&terreichische Gesellschaft fiir Mikrochemie und Analytische Chemie 
Institute for Analytical Chemistry of the University of Vienna 

The programme will include all aspects of electrophoresis in capillaries, i.e. isotachophoresis, high per- 
formance zone electrophoresis and electrokinetic chromatography. The programme will comprise lectures and 
poster presentations. Symposium language is English. It is intended to publish the proceedings of the 
symposium in a special issue of “Journal of Chromatography”. 

Details from: 

E. Kenndler 
Institute for Analytical Chemistry, 
University of Vienna, Wiihringer Stral3e 38, 
A-1090 Vienna, Austria 
Phone: (0222) 34 46 3047 or 53 

Vth INTERNATIONAL SYMPOSIUM ON 
BIOLUMINESCENCE AND CHEMILUMINESCENCE 

Florence, Bologna-Italy, 25-29 September, 1988 

The Symposium in Florence will cover the fundamental aspects and the most recent applications of 
Bioluminescence and Chemiluminescence in clinical sciences, biotechnology, genetics, microbiology, phago- 
cytosis, immunoassay, environmental monitoring. 
The Symposium will consist of Invited Lectures, Short Communications, Poster Sessions and Workshops. 
“ALMA MATER STUDIORUM SAECULARIA NONA”: the meeting will include a special Symposium 
on 27 September 1988 in Bologna as part of the Celebration to mark the Foundation of the University of 
Bologna in the XIth Century. 

Further information is available from: 

Deadline for Abstracts: 15th 

Prof. Mario Pazzagli 
Endocrinology Unit 
University of Florence 
Viale Morgagni, 85 
50134 FLORENCE, Italy 

March 1988 

CHROMATOGRAPHIC COURSE AT KEN-T STATE UNIVERSITY 

FUNDAMENTALS OF CHROMATOGRAPHIC ANALYSIS, 
KENT STATE UNIVERSITY, 7-l 1 DECEMBER,. 1987 

The course., sponsored by Nicolet Instrument Corporation in cooperation with KSU’s Chemistry Department 
and the University Conference Bureau, will be given for the tifth consecutive year. 



vi NOTICES 

An overview of chemical separations by chromatographic methods will be presented. The course is different 
from other programs in that the material will include gas, liquid and thin-layer methods stressing the three 
techniques as complementary rather than competing processes. The program will blend fundamental 
information on theory and instrumentation with applications. Accompanying laboratory sessions will provide 
intensive hands-on training in the various techniques discussed in the lectures. 

The lecturers will be Dr. Roger K. Gilpin, Course Director and Department Chairman at Kent State 
University, Dr. Neil D. Danielson, Associate Professor at Miami University, and Mr. Ronald I. Lewis of 
Nicolet Instrument Corporation. 

Additional information can be obtained from 

Carl J. Knauss, 
Chromatographic Course Coordinator, 
Chemistry Department, Kent State University, 
Kent, Ohio 44242, 
or by calling 216/672-2327. 
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Liquid-liquid extraction separation and sequential determination of plu- 
tonium and americium in environmental samples by alpha-spectrometry 

Fluorescence in thin liquid films: a simple model 

Anodic-stripping voltammetric determination of arsenic at a copper- 
coated glassy-carbon electrode 

A PVC membrane pH-sensitive electrode based on methyldioctadecyl- 
amine as neutral carrier 

Dete~ination of copper, iron, manganese, lead and cadmium in auto- 
matically wet-digested animal tissue by graphite-furnace atomic- 
absorption spectrometry with Zeeman background correction 

Potentiometric titration of fulvic acids from lignite, in dimethylformamide 
and dimethylsulphoxide media 

Signal processing with a sum~ng operational amplifier in multi- 
component potentiometric titrations 

Etude de l’adsorption de substances organiques sur l’amiante chrysotile 
par chromatographie en phase gazeuse 

Ionic strength dependence of formation constan+X. Proton activity 
coefficients at vaiious temperatures and ionic strengths and their use in the 
study of complex equilibria 

STATSTREAM; TADPOLE; MOLGRAF; REFSYS; REFSCAN; 
DADiSP; MULTI-Q; KINETIC EBDA LIGAND LOWRY; 
MKMODEL 

Questionnaire: Software Survey Section V 



Salah M. Sultan 605 

Anil C. Mehtn 

Annika Carbon, Ulln Lund&am 
and bike Olin 

Mary Ryan-Hot&kiss and 
J. D. Ingle, Jr. 

G. Zaray, J. A. C. Broekaert, 
R. G. Biihmer and F. Leis 

F. Garcia SPnchez, 
M. Hernbdez Lopez and 
J. C. Marquez Gomez 

P. L. De&&e, J. Berthelot, 
M. Ouchefoun, C. Guette, 
J. J. Basselier, R. Boulet and 
A. Desbb-Monvemay 

Short Communications 
Bazant Sahu and Usha Tandon 

F. Salinaz, T. Galeann Diaz and 
J. C. Jim&z SPncbez 

Wan Zhen and Chen Qiang 651 

Muhammad Nazir, 
Muhammad Klmrsldd Bhattv 

_ and Frank D. Gulfey 

Minori Kamaya, Tetsuro Murakami 
and Eizen I&ii 

Yutaka Saito, Masaki Mifune, 
Suzuyo Nakasbima, Junichi Odo, 
Yoshimasa Tanaka, 
Masahiko Chikuna and 
Hisashi Tanaka 

A. S. Isea, M. S. Mahrous, 
M. Abdel Salam and N. Soliman 

Analytical Data 
A. M. Came&n Femtiez 

and M. GuzmPn Chozas 

Papers Received 
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Spcctrophotometric determination of paracctamol in drug formulations 
by oxidation with potassium dichromate 

609 

615 

Drug determination in biological fluids-approaches to method validation 

Spectrophotometric determination of bromide (and iodide) in a flow 
system after oxidation by peroxodisulphate 

619 Design and characterization of an intensified diode array data-acquisition 
system for spectrometric measurements 

629 Comparative study of analytical inductively-coupled argon-plasma dis- 
charges using different outer gases 

639 A graphical derivative approach to the photometric determination of 
lutetium and praseodymium in mixtures 

645 fitude analytique des produits lourds du p&role-V. Bromation des 
rbsidus lourds petroliers au moyen dun reactif original, le tribromure de 
tetrabutylammonium, et essais preliminaires de determination d’un indice 
de brome applicable aux fractions lourdes 

653 Use of N-benzyl-2-naphthohydroxamic acid as a highly selective 
reagent for solvent extraction and spectrophotometric determination of 
vanadium(V) 

655 Spectrophotometric determination of iron by extraction of the iron(IIk 
5,5-dimethyl-1,2,3cyclohexanetrione- 1,2-dioxime-3-thiosemicarbazone 
complex 

Hydrodynamic voltammetry at tubular electrodes-III. Determination of 
traces of bismuth by differential-pulse anodic-stripping voltammetry at a 
glassy-carbon tubular electrode with in situ mercury plating 

661 Artifacts of the decalin-molecular sieve system in the analysis of mineral 
waxes 

664 Photometric determination of selenium with ferrocene 

667 Determination of hydrogen peroxide with N,N-diethylaniline and 
4-aminoantipyrine by use of an anion-exchange resin modified with 
manganesetetrakis(sulphophenyl)porphine, as a substitute for peroxidase 

670 The use of 2,3-dichloro-5,6-dicyano-p-benzoquinone for the spectro- 
photometric determination of some cardiovascular drugs 

613 Colour specification of pyridine-2-aldehyde and 6-methylpyridine-2- 
aldehyde p-nitrophenylhydrazones as indicators for pH determination 

i 
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JULY 

AUGUST 

Editorial 

S&e Kallmann 

Jing Ski-lian, LI Slmo-yuan, 
Wang Ronprong, Ma Yl-zai, 
Yu Chu-mlng, Yan Yan, 
Zkang Dong-hua, Sun Jina 
and zllang zkong-ming 

III 

677 A survey of the determination of the platinum group elements 

699 A new type of Zeeman-effect atomic-absorption spectrophotometer 

ix 



Rudolf FWbil and Madeleine !%ulikovP 

Drora Kaplan, Dan Raphaeli 709 Application of personal computers in the analytical laboratory--III. ASV 
and Sam Ben-Yaakov analysis 

E. Klaos, R. Taikop and V. Odiwts 715 Direct flame atomic-absorption determination of minor elements in 
argillites 

Saad S. M. Hassm, M. A. Ahmed and 
F. S. Tadros 

Short Communications 
S. C. Sounder Rajan 

Amir Besada 

Toshiaki Hattori and Hitoshi Yoshida 

Andreas DiPmantatos 

Analytical Data 
Harvey Diehl and 

Naomi Horchak-Morris 

Preliminary Communicalions 
Akira Sane, Masaaki Takezawa 

and Shoji Takitani 

J. J. Laserna, A. Berthod 
and J. D. Winefordner 

Papers Received 

Publications Received 
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705 An electrochemical stripping method for the selective determination of 
traces of silver 

723 New liquid-membrane electrodes for direct determination of atropine in 
pharmaceutical preparations 

729 Determination of free acidity in antimony chloride solutions 

73 1 A facile and sensitive spectrophotometric determination of ascorbic acid 

733 Thermometric titration of cadmium with sodium diethyldithiocarbamate, 
with oxidation by hydrogen peroxide as indicator reaction 

736 Fire-assay collection of gold and silver by copper 

739 Studies on fluorescein-V. The absorbance of fluorescein in the ultra- 
violet, as a function of pH 

743 Fluorometric determination of cyanide with 2,3_naphthalenedialdehyde 
and taurine 

745 Quantitative analysis by surface-enhanced Raman spectrometry on silver 
hydrosols in a flow-injection system 

. . . 
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SEPTEMBER 

S. Al-Najall, C. A. Wellington, 
A. P. Wade, T. J. Sly 
and D. Betteridge 

749 Computer-assisted optimization of HPLC with post-column reaction for 
the determination of amino-acids 

Mikael Wasberg and P&r Sgrkhny 757 Control of voltammetric experiments by means of the Commodore 64 
microcomputer 

C. Louis et J. Bessihre 763 Diagrammes potentiel-niveau d’aciditk dans les milieux H,O-H,PO,-I. 
Systbmes tlectrochimiques ne faisant pas intervenir le proton 

C. Louis et J. Be&&e 771 Diagrammes potentiel-niveau d’aciditb dans les milieux H,O-H,PO,-II. 
Systkmes Clectrochimiques faisant intervenir le proton 

Shigeo Umetani, Kohji Maeda, 
Sorin Kihara and Masakazu Matsui 

Kenneth Bilckstriim, 
Lars-tXran Danielsson, 
Folke fngman and Zhao Huazhang 

779 Solvent extraction of lithium and sodium with 4-benzoyl or 
4-perfluoroacyl-5-pyrazolone and TOP0 

783 Studies of two-phase equilibria by liquid-liquid segmented flow extraction 
of dithiocarbamic acids into various solvents 

Y. Liagappa, K. Husslia Reddy 
and D. Venkata Reddy 

Magda Ayad, Saied Bela& 
Afaf Abou El Kheir 
and Sobhi El Adl 

E. Postaire, C. Vii& 
M. Hamon et A. Gond 

789 Analytical properties of 2-nitro-5,6_dimethyl-1,3-indanedione dithiosemi- 
carbazone 

793 Utilization of charge-transfer complexation in the spectrophotometric 
determination of some monosaccharides through their osazone 
intermediates 

799 Oxydation vanadique de l’iodomkthylate de pchlorobenzyl4 dimtthoxy- 
6,7 isoquinolkine en milieu sulfurique aqueux 

X 
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V. Chaadran~ouli, R. B. Yadav 
and P. R. Vasudevn Rao 

Fatma Basyoni Salem 

Zaofan Zhao, Klaohua Cal 
and Peibiao Li 

Analytical Data 
Leo Harju 

Software Survey Section 

Papers Received 

Publications Received 
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Louis Gordon Memorial Award 

Kunio Shiraishi, Hisao Kawamura 
and Gi-ichiro Tanaka 

Lena Hansson, Jean Pettersson 
and bike Olin 

Fernando de Pablos, Guillermlna Galan 
and Jose Gomez Ariza 

M. L. Sii&s Goqalves and 
A. M. Mota 

Peter G. Mitchell and Joseph Sneddon 

P. C. Ioannou 

J. Kragten and L. G. Decnop-Weever 861 

Adam Mierzwinski and 
Zygfryd Witkiewicz 

L. E. Zel’tser, Sh. Talipov 
and N. G. Verechaglna 

Plotr Paneth 

Short Communications 
D. Amin and Talal A. K. Al-Allaf 

M. S. Ionescu, M. Lazarescu, 
A. Ioneacu and G. E. Baiulescu 

885 

887 

Sadanobu Brow, Suwaru Ho&i 
and Mutsuya Matsubara 

889 

M. T. Vidal and M. de la Guardia 892 

Frans W. E. Strelow and 
Tjaart N. van der Walt 

807 A wet chemical method for the estimation of carbon in uranium carbides 

810 Spectrophotometric and titrimetric determination of catecholamines 

813 The uranium-Xylidyl Blue I complex and its application in linear sweep 
polarography 

817 Determination of stability constants for alkaline-earth and alkali metal ion 
complexes of glycine by spectrophotometry 

821 JESS; LWD 
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823 Determination of alkaline-earth metals in foetus bones by inductively- 
coupled plasma atomic-emission spectrometry 

829 A comparison of two digestion procedures for the determination of 
selenium in biological material 

835 Fluorimetric determination of gallium in a nickel alloy and aluminium 
with N-oxalylamine(salicylaldehyde hydrazone) 

839 Complexes of vanadyl and uranyl ions with the chelating groups of humic 
matter 

849 Direct determination of metals in milligram masses and microlitre volumes 
by direct-current argon-plasma emission spectrometry with sample intro- 
duction by electrothermal vaporization 

857 A simple and rapid fluorimetric method for the microdetermination of 
isonicotinic acid hydrazide 

Hydroxide complexes of lanthanides-VIII. Lanthanum@) in 
perchlorate medium 

865 Piezoelectric detectors coated with liquid-crystal materials 

873 Sensitive luminescence analysis for inorganic ions 

877 Some analytical aspects of the measurement of heavy-atom kinetic isotope 
effects 

Iodimetric determination of organolead compounds 

Use of an ion-selective membrane electrode for the determination of the 
active components in Intestopan 

Spectrophotometric determination of titanium with N-m-tolyl-N-phenyl- 
hydroxylamine and its application to environmental samples 

Influence of the nature of organic phase emulsions on sensitivity in 
atomic-absorption determinations 

895 Separation of trace amounts of indium, gallium and aluminium from each 
other by cation-exchange chromatography on AG50W-X4 resin 

OCTOBER 

xi 
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John H. Kallvas 899 

V. J. Koshy end V. N. Garg 905 

Joseph Wang and Javad Zadeii 909 

A. Rkts, M. D. Lnqw De Castro and 
M. VaIcPreel 

915 

HIrokaxu Hara, Yosklkl Wakizaka and 
Sat&l Okaxakl 

Ghan-Hnaa Chnng, Etsnm Iwamoto and 
Yuroku Yamamoto 

921 

927 

AIeawmdru De Rohertla, 
Coneetta De Stefano, 
SRvlo Sammartana and 
Carmelo Rlgana 

K. Torrance and C. Gatford 

933 

939 

C. L&w and L. Lamharta 945 

S. Arpadjan, M. Mltewa and 
P. R. Bontehev 

953 

L. Sehnmack and A. Chow 957 
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David A. Radspinner and E. L. Wehry 963 

S. Jaya, T. Praaada Rao and 
G. Prabhakara Rao 

965 

SaIwa R. EI-Shabanrl, 
Fardons A. Mohamed and 
Ahdel-Mahoud I. Mohamed 

968 

Analytical Data 
Montaerrat FllelIa, Nhria Garrlga and 

Alvaro Izqnlerdo 
971 
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Publications Receiued 

Corrigenda 
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Shou-xhau Yao, Jing Shlao 
and Ll-hua Nle 

NOVEMBER 

Evaluation of volume and matrix effects for the generalized standard 
addition method 

Spectrophotometric determination of chloride in I%-Al,O#iO, catalysts 
with Hg(SCN),-Fe’+ reagent 

Ultrasensitive and selective measurements of tin by adsorptive stripping 
voltammetry of the tin-tropolone complex 

Determination of viscosity with an open-closed flow-injection system 

Continuous flow dete~ination of chloride in the non-linear response 
region with a tubular chloride ion-selective electrode 

Periodic trends in sensitivity and its dependence on the properties of 
pyrolytic and non-pyrolytic graphite in graphite-furnace atomic- 
absorption spectrometry 

The dete~nation of formation constants of weak complexes by potentio- 
metric measurements: experimental procedures and calculation methods 

Determination of soluble chromium in simulated PWR coolant by 
differential-pulse adsorptive stripping voltammetry 

The role of thiourea as additive for solving medium-modi~~tion 
problems in potentiometric stripping analysis 

Liquid-liquid extraction of metal ions by the 6-membered N-containing 
macrocycle hexacyclen 

Extraction of aromatic organic compounds by polyurethane foam 

Determination of molecnlar nitrogen by electron-impact induced 
fluorescence 

Galvanic stripping determination of trace amounts of lead 

A rapid s~trophotomet~c method for determination of piperazine 

Formation constants for the complexes of 2-mercapto-3-phenylpropanoate 
with nickel(B) and hydrogen ions 

DECEMBER 

977 Sulpha-drug sensitive membrane electrodes and their analytical 
applications 

xii 
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J. Pascual 1027 

Short Communications 
N. Rukmani Desikan and 
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F. G. B&&H and E. Diacu 

Analytical Data 
G. B. Rear&s, S. J. Liberman 

and M. A. Bless 

J. G. Sen Gupta 
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983 A t~methop~m-~l~tive membrane electrode 

987 Diode-array detectors in flow-injection analysis. Mixture resolution by 
multi-wavelength analysis 

995 Determination of traces of Zn, Cd, Pb and Cu in white sugar by anodic 
stripping voltammetry and a modified oxygen-flask combustion technique 

1001 ~te~ination of mercury by differential-pull anvil-stopping voltam- 
metry with various working eiectrodes. Appii~tion to the analysis of 
natural water sediments 

1009 

1015 

1021 

End effects in flow-analysis and process systems 

Oxydation vanadique de la quinine et de quelques analogues. Application 
au dosage dun nouvel antipaludeen: la mefloquine 

Spectrophotometric reaction-rate method for the determination of nitrite 
in waters with py~dine-2-aldehyde 2-pyridylhydrazone 

Determination of several trace elements in silicate rocks by an XRF 
method with background and matrix corrections 

1033 

1035 

1039 

1043 

1049 
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An indirect complexometric method for determination of tin in alloys 

Determination of chloride in sulphuric acid by potentiometric mercuro- 
metric titration 

Acidity constants of benzidine in aqueous solutions 

Analysis of the CCRMP Oka- rare-earth reference mineral of the 
britholite-apatite series by electrothermal atomic-absorption and 
inductively-coupled plasma atomic-emission spectrometry 

ENZFITTER, Computerized Quality Control 
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Tahta, Vol. 34, No. 6, p. IV, 1987 
Pcrgamon Journals Ltd. Rinted in Chat Britain 

THE LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publisher of Talantu take great pleasure in announcing that the Louis Gordon 
Memorial Award for 1986 (for the paper judged to be the best written of those appearing in Talanta during 
the year) will be made to Dr Anil C. Mehta, of the General Infirmary, Leeds, England, for his paper “Sample 
pretreatment in the trace determination of drugs in biological fluids” (Tuhntu, 1986, 33, 67). 
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Talanta, Vol. 34, No. 2, p. iv, 1987 
Pergamon Journals Ltd. Printed in Great Britain 

ERRATA 

In the paper by Om P. Bhargava, Tulunta, 1975, 22, 471, the last line of the procedure should read 
26.98 x M/S.... 

In the paper by B. Rozanska and E. Lachowicz, Talanta, 1986, 33, 1072, an acknowledgement was omitted 
at the end. It should read: 

Acknowledgemenf-This work was supported in part by the research programme C.P.B.P.-01.17. 
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Talonta, Vol. 34, No. I, p. V, 1987 
Pergamon Journals Ltd. Printed in Great Britain 

FOREWORD 

As pointed out by one of the contributors to this special issue of Talantu, there is a semipermeable information 
barrier between scientists in the Soviet Union and those in the rest of the world, many of the latter either 
being ignorant of the developments in research in the Soviet Union, or at any rate choosing not to 
acknowledge them. This state of affairs is contrary to the scientific tradition that knowledge and exchange 
of information should transcend all frontiers, and to a large extent is due to the language barrier, which has 
not yet been satisfactorily tunnelled by computers. Some Soviet journals-but all too few-are available in 
translation (and at a price) in the rest of the world, whereas the major journals in other languages circulate 
widely in the Soviet Union. The purpose of this issue, then, is partly to try to improve this situation, but mainly 
to give readers some idea of the quality and scope of the enormous range of analytical research being 
conducted in the Soviet Union. In addition, it provides an introduction to the ways in which analytical 
chemistry is organized and taught there, which contrast very markedly with the situation in many other parts 
of the world and will give many of us food for thought. In spite of the information barrier, the names of 
many of the contributors to this issue will already be familiar to all our readers, particularly that of the doyen 
of Soviet analytical chemistry, Professor I. P. Alimarin, one of the two Soviet Union recipients of the Talanta 
Gold Medal (the other being Professor B. V. L’vov). The Publisher and Editorial Board of Tulunta take great 
pleasure in presenting this issue as a tribute to the skill and ability of the analytical chemists of the Soviet 
Union. 

R. A. CHALMERS 
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Talunru, Vol. 34, No. 2, pp. V-VIII, 1987 
Pargamon Journals Ltd. Printed in Great Britain 

TALANTA ADVISORY BOARD 

The Editorial Board and the Publisher of Talunta take pleasure in welcoming the following new members 
of the Advisory Board of the journal. 

D. T. E. HUNT D. MALJKOVIC N. OMENETTO 
L. SOMMER E. L. WEHRY, JR 

The Editorial Board and the Publisher also wish to record their sincere thanks for the help given by 

G. M. HIEFTJE G. WERNER 

who retire from the Advisory Board. 

DR D. T. E. HUNT was born in Aberystwyth, Wales in 1950 and graduated in Chemistry in 1971 from Imperial 
College, London. He subsequently obtained a Master’s degree in Physical Oceanography at the Marine 
Science Laboratories of the University College of North Wales. Research work, undertaken during tenure 
of a Demonstratorship at the same institution, involved heavy-metal adsorption and silicon chemistry in fresh 
and saline waters and led to a Ph.D. degree in 1978. Since then he has worked at the Water Research Centre’s 
Medmenham Laboratory. Formerly Head of the Analytical Development Section, he is now Head of 
Environmental Chemistry-Inorganics. His interests include trace element determination and water analysis 
in general, trace element speciation and its effects on toxicity and analytical quality control. He is an author 
of over 40 papers and technical reports, and is co-author with the late A. L. Wilson of the second edition 
of The Chemical Analysis of Water, General Principles and Techniques, published by the Royal Society of 
Chemistry in 1986. For some years he chaired the Department of the Environment’s Analytical Quality 
Control (Harmonised Monitoring) Committee, and he is a member of the Department’s Standing Committee 
of Analysts for the water cycle. 

D. T. E. HUNT 

PROFESSOR DARKO MALJKOVIC was born on 12 July 1935 at Osijek, Croatia, Yugoslavia. He obtained his 
B.Sc (Chemical Engineering), M.Sc. (Physical Chemistry) and Ph.D. (Solvent Extraction studies) from the 
University of Zagreb. From 1960 to 1965 he worked as Assistant in the Department of Petroleum Refining 
of the University of Zagreb, then successively as Lecturer (1965-1969), Assistant Professor (1969-1976) and 
Associate Professor (1976-1979). Since 1979 he has been associated with the Laboratory of Chemistry and 
Non-Ferrous Metallurgy in the Faculty of Metallurgy and the Laboratory of Analytical Chemistry in the 
Faculty of Natural Sciences and Mathematics in the University of Zagreb, as Associate Professor (1979-1981) 
and Professor (1981 onwards). His research interests are in sample preparation for X-ray emission 
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spectrometry, and separation by solvent extraction and paper chromatography, on which he has published 
more than 40 papers. He is a member of the Croatian Chemical Society (and was a member of its Executive 
Board, and Head of the Section of Analytical Chemistry from 1981 to 1984. He has been a member of the 
Executive Board of the Yugoslav Academy of Sciences and Arts Scientific Council for Petroleum since 1981, 
and Editor-in-Chief of the Council’s publications. He is a member of the Advisory Boards of Croatica 
Chemica Acta and ~et~~~ja (Sisak). 

D. MALJKOVK! 

NICXIL~ OMENETTO graduated in chemistry at the University of Padova in 1964. During 1965-68 he was 
granted a joint fellowship from the University of Pavia and the European Co~unity Centre in Ispra (vatese) 
for the development of spectroscopic methods of analysis. He was appointed at the University of Pavia in 
1969 and remained there until 1979 when he became associated with the Joint Research Centre of the 
European Community in Ispra (Varese). He has also spent 3 years (1971-73 and 1978-79) at the University 
of Florida, Gainesville (USA) working with Prof. Winefordner. Since 1980, he has held the summer position 
of Distinguished Visiting Professor in analytical spectroscopy at the University of Florida. N. Omenetto is 
a member of the Italian Chemical Society (Division of Analytical Chemistry) and of the Society of Applied 
Spectroscopy. He is now the European Editor of Applied Spectroscopy (Atomic Spectroscopy) and serves on 
the Editorial Boards of S~ctro~~im~ca Acta (Part B), CRC Critical Reviews in Analytical chemistry, Progress 
in A~a~ytiea~ Atomic S~~tros&opy and Journal of Analytical Atomic Spectroscopy. His research interests have 
been directed towards the theory and application of atomic and molecular spectroscopic methods to analytical 
chemistry, in particular to the use of the laser-induced fluorescence and ionization techniques in atmospheric 
pressure flames and plasmas, to the ~hara~te~ation of scattering, to the possibility of local sensing of physical 
parameters such as temperature, number density and quantum efficiency for combustion diagnostics, and to 
the study of saturation effects in laser induced fluorescence. In this and related fields, he has published more 
than 100 papers and has lectured to many International Conferences in Atomic Spectroscopy. He is the Editor 
of the book Analytical Laser Spectroscopy (Wiley, 1979). 



TALANTA ADVISORY LtOARLl VII 

PROFDSOR LuhltR S~MMFX was born 19 January 1929 in Opava (Czechoslovakia), graduated in Chemistry 
and Physics in 1952 at the Faculty of Science, J. E. Purkyne University, Bmo (Rer. Nat. Doctor) and received 
his D.Sc. (in Chemistry) in 1964 from the Technical University in Prague. From 1964 he has served as full 
Professor of Analytical Chemistry in the Department of Analytical Chemistry of Bmo University, as vice-head 
of this Department from 1961 till 1973 and as Dean of the Faculty of Science from 1962 to 1965. For many 
years he has been the director of various internal and inter-university research projects in analytical chemistry, 
has taught undergraduate and graduate topics of analytical chemistry in Bmo University, lectured at 
universities in the USSR, Germany (DDR and BRD), Hungary, Poland, Bulgaria, India, Italy, Sweden and 
Great Britain and spent one year as visiting professor at Dalhousie University (1969/70) in Halifax (Canada). 
He has published more than 150 papers on analytical and solution co-ordination chemistry; his main research 
interests are in organic analytical reagents, complex equilibria in solutions, analytical spectrometry 
(UV + VIS), molecular and atomic-absorption spectrometry, emission spectrometry, fluorimetry, trace 
analysis and environmental analysis. He is a titular member of Commission V.l. (Analytical Reactions and 
Reagents) of IUPAC and the recipient of the Silver Medal of Bmo University, Memory Medal of the High 
School of Mines, Ostrava and the Gregor Mendel Award for Science, etc. 

EARL L. WEHRY, JR was born in Reading, Pennsylvania on 13 February 1941. He received the B.S. degree 
from Juniata College (Huntingdon, Pennsylvania) in 1962 and the Ph.D. under the direction of L. B. Rogers 
at Purdue University in 1965. From 1965 to 1970, he was a member of the chemistry faculty at Indiana 
University (Bloomington). Since 1970, he has been a member of the chemistry faculty at the University of 
Tennessee (Knoxville), where he is now Professor of Chemistry. Dr Wehry’s research interests are 
concentrated in the general areas of spectroscopy, photochemistry, and trace organic analysis. Current 
research activities include: applications of low-temperature and molecular fragmentation techniques to 
analytical fluorescence spectrometry; analytical applications of laser-excited fluorescence; the analytical 
chemistry of polycyclic aromatic compounds; the chemical fate of environmental pollutants; and the chemical 
properties of electronically excited molecules. He is the editor of the four-volume monograph series Modern 
Fluorescence Spectroscopy, and has published approximately 100 research papers. From 1980 to 1986, he was 
author of the biennial fundamental review article on “Molecular Fluorescence, Phosphorescence, and 
Chemiluminescence Spectrometry” published in Analytical Chemistry. He is a member of the Editorial Board 
of Analytical Letters. Professor Wehry was co-recipient (with Professor Gleb Mamantov and Dr Arlene 
Garrison) of the William F. Meggers Award of the Society of Applied Spectroscopy in 1982. He received an 
award as “Outstanding Scholar” from the University of Tennessee chapter of the Phi Kappa Phi honor society 
in 1985, and was named a University of Tennessee Chancellor’s Research Scholar in 1986. He is a member 
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of the American Chemical Society, Society for Applied Spectroscopy, Optical Society of America, Inter- 
American Photochemical Society, American Association for the Advancement of Science, Sigma Xi, and Phi 
Lambda Upsilon. 

E. L. WEHRY, JR 
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